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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.

ISO collaborates closely with the International Electrotechnical Commission (IEC) on all mat

ters of

electrotechnical standardization.

The procedures used to develop this document and those intended for its further majdtenar
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria neéded
different types of ISO documents should be noted. This document was drafted in accordance wj
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Attention is drawn to the possibility that some of the elements of this documént'may be the subject of

patent rights. ISO shall not be held responsible for identifying any or all such patent rights. De
any patent rights identified during the development of the document wilkbe in the Introduction
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the;convenience of users and d
constitute an endorsement.

For an explanation of the voluntary nature of standards{ the meaning of ISO specific terr
expressions related to conformity assessment, as wellvas information about ISO's adherg
the World Trade Organization (WTO) principles it the Technical Barriers to Trade (TB]
www.iso.org/iso/foreword.html.

This document was prepared by TechnicalxCommittee [SO/TC 261, Additive manufactur
cooperation with ASTM Committee F42, Additive Manufacturing Technologies, on the basi

fails of
and/or

es not

hs and
nce to
), see

ing, in
s of a

partnership agreement between ISO and ASTM International with the aim to create a common set of

ISO/ASTM standards on additive manufacturing, and in collaboration with the European Commift
Standardization (CEN) Technical Committee CEN/TC 438, Additive manufacturing, in accordang
the Agreement on technical cooperation between ISO and CEN (Vienna Agreement).

Alist of all parts in the ISO 5291T series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards |
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Powder bed fusion of metals (PBF/M) is an additive manufacturing (AM) process that offers additional
manufacturing options alongside other established AM processes. PBF/M has the potential to reduce
manufacturing time and costs, and increase part functionality. Practitioners are aware of the strengths
and weaknesses of conventional, long-established manufacturing processes, such as cutting, joining and
shaping processes (e.g. by machining, welding or injection moulding), and of giving them appropriate
consideration at the design stage and when selecting the manufacturing process. In the case of PBF/M

and A
Witho
manuf
limitat

The IS
to this
of met

In_general, design and manutacturing engineers only have a limited pool Of experience.
t the limitations associated with conventional processes, the use of PBF/M offers designers and
hcturers a high degree of freedom and this requires an understanding about the possibilities.and
ions of the process.

D 52911 series provides guidance for different powder bed fusion (PBF) technologies:In addition
document on PBF-EB/M, the series is made up of ISO 52911-1 on laser-based powder bed fusion
hls (PBF-LB/M) and ISO 52911-2 on laser-based powder bed fusion of polymers (PBF-LB/P). Each

documient in the series shares Clauses 1 to 5, where general information including terminology and the

PBF prj

This d
design
explor
parts.

for AM

pcess is provided. The subsequent clauses focus on the specific technolog¥x

bcument provides support to technology users, such as design and production engineers, when
ng parts that need to be manufactured by means of PBF-EB/M-It will help practitioners to
e the benefits of PBF-EB/M and to recognize the process-related limitations when designing
t also builds on ISO/ASTM 52910 to extend the requirements, guidelines and recommendations
design to include the PBF-EB/M process.

Vi
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Additive manufacturing — Design —

Part 3:
PBF-EB of metallic materials

1 Scope

This document specifies the features of electron beam powder bed fusion of metals (PBF-EB/
provides detailed design recommendations.

Some of the fundamental principles are also applicable to other additive manufacturing (AM) pro
provided that due consideration is given to process-specific features.

This document also provides a state of the art review of design guideliniés associated with the
powder bed fusion (PBF) by bringing together relevant knowledge about this process and by ex
the scope of ISO/ASTM 52910.

2 Normative references

The following documents are referred to in the text.in‘such a way that some or all of their (
constitutes requirements of this document. For datéd references, only the edition cited appli
undated references, the latest edition of the referenced document (including any amendments)

ISO/ASTM 52900, Additive manufacturing — General principles — Fundamentals and vocabulary

3 Terms and definitions

M) and

cesses,

use of
ending

ontent
s. For
plies.

For the purposes of this document, the terms and definitions given in ISO/ASTM 52900 apnd the

following apply.
[SO and IEC maintain terminological databases for use in standardization at the following addre

— ISO Online browsing’platform: available at https://www.iso.org/obp

— IEC Electropeédia: available at https://www.electropedia.org/

3.1
curl effect

5Ses:

<aspectiof heat-induced warping> dimensional distortion as the melted material cools and sollidifies

after:being built or by poorly evacuated heat input

32

downskin area
D
(sub-)area where the normal vector n projection on the Z-axis is negative

Note 1 to entry: See Figure 1.

© ISO/ASTM International 2023 - All rights reserved
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3.3

downskin angle

6

angle between the plane of the build platform and the downskin area (3.2) where the value lies between
0° (parallel to the build platform) and 90° (perpendicular to the build platform)

Note 1 to entry: See Figure 1.

3.4

llpSkill arca

U
(sub-)4

Note 1

3.5

rea where the normal vector 7 in relation to Z-axis is positive

o entry: See Figure 1.

upskin angle

v
angle I

etween the plane of the build platform and the upskin area (3.4) where thevalue lies between 0°

(parallel to the build platform) and 90° (perpendicular to the build platform)

Note 1

Key
6 do

D do
NOTE

o entry: See Figure 1.

n
D U
]
Z T 6 v
/

lvnskin angles U upskin (right) areas

Fmal vector v upskin angles

lvnskin (left) areas Z  build direction

Source: VDI1.3405-3:2015(3],

Figure 1 — Orientation of the part surfaces relating to the build platform

4 Symbols and abbreviated terms

4.1 Symbols

The symbols given in Table 1 are used in this document.

Table 1 — Symbols

Symbol Designation Unit

a overhang mm

© ISO/ASTM International 2023 - All rights reserved
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Table 1 (continued)

Symbol Designation Unit
D downskin area mm?
I island mm?
n normal vector —
U upskin area mm?
o) downskin angle °
v upskin angle °

4.2 Abbreviated terms

The following abbreviated terms are used in this document.

CT computed tomography

DICOM digital imaging and communications in medicine
PBF-EB/M electron beam powder bed fusion of metals

HIP hot isostatic pressing

PBF-LB laser-based powder bed fusion

PBF-LB/M laser-based powder bed fusion of metals‘(also known as, for example, laser beam njelting,
selective laser melting)

PBF-LB/P  laser-based powder bed fusion of paelymers (also known as, for example, laser beam npelting,
selective laser melting)

MRI magnetic resonance imaging

5 Characteristics of powder bed fusion (PBF) processes

5.1 General

Consideration should-hegiven to the specific characteristics of the manufacturing process used ih order
to optimize the design of a part. Examples of the features of AM processes which need to be taken into
consideration ddring the design and process planning stages are listed in 5.2 to 5.8. With regards to
metal processing, a distinction can be made between, for example, laser-based PBF (applied for metals
and polymers)and electron beam-based PBF (applied for metals only).

PolymersPBF uses, in almost every case, low power lasers to sinter polymer powders together. Electron
beamypowder bed fusion for polymers is not usually considered because the negative charge frpm the
electron beam will accumulate in non-conductive polymer powder and cause repulsive evenlts that

A
U U C U C 4 JIT. 1}

polymer powders PBF, metals PBF includes varying processing techniques. Like polymers, metals PBF
often requires the addition of support structures (see 6.3.3). Metals PBF processes may use low-power
lasers to bind powder particles by only melting the surface of the powder particles or high-power
(approximately 200 W to 1 kW) energy beams to fully melt and fuse the powder particles together.

PBF-EB/M and PBF-LB/M have similar capabilities, although differences between these processes
leads, in general, to PBF-EB/M supporting faster build rates at lower feature resolution compared
to PBF-LB/M. The beam energy from the electron beam is of a higher intensity (due to a high energy
source 3 kW to 6 kW), and the mechanism to raster the beam (i.e. electromagnetics for PBF-EB/M,
optics for PBF-LB/M) differs between the two types of PBF processes. PBF-EB/M also tends to utilize a
larger beam spot size, larger powder size distribution, and larger layer thickness. In general, PBF-EB/M

© ISO/ASTM International 2023 - All rights reserved 3
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subjects parts to less thermal stresses (as powder layers are preheated before melting) and have faster
build rates, but the trade-off often comes with general greater minimum feature sizes and greater
surface roughness compared to PBF-LB/M.

5.2 Partsize and cost considerations

Part size is not only limited by the working area/working volume of the PBF-machine. The occurrence
of cracks and deformation due to residual stresses can also limit the maximum part size. Another

impor

ant practical factor that can limit the maximum part size is part cost having a direct relation to

partsi

Part cq
of as m

Also, p
powde]

v.C.

st can be minimized by choosing part location and build orientation in a way that allows nesting
any parts as possible.

owder reuse protocols impact part cost significantly. If no reuse is allowed then-all remaining
I is scrapped regardless of volume solidified.

5.3 Benefits to be considered in regard to the PBF process

PBF pr

— Inf

pcesses can be advantageous for manufacturing parts where the following points are relevant:

egration of multiple functions in the same part.

— Palrts can be manufactured to near-net shape (i.e. close to the finished shape and size).

— De
pr

— Th
mz

— As

grees of design freedom for parts are typically higher. Limitations of conventional manufacturing
bcesses do not usually exist, e.g. for

tool accessibility, and
machining undercuts.
vide range of complex geometries can be produced, such as
free-form geometries, e.g. organicstructures,
topologically optimised structures, in order to reduce mass and optimize mechanical properties,
infill structures, e.g. honeycomb, and

porous lattice structure’on surface of otherwise solid component, e.g. osteosynthesis structures
in medical deviceiindustry.

e degree of part-eomplexity is largely unrelated to production costs, unlike most conventional
inufacturing,

sembly and joining processes can be reduced through part consolidation, potentially achieving in

bl¢c construction.

— Oy

erall part characteristics can be selectively configured by adjusting process parameters locally.

— Re

duction in lead times from design to part production.

5.4 Limitations to be considered in regard to the PBF process

Certain disadvantages typically associated with AM processes should be taken into consideration
during product design:

— Sh
of

rinkage, residual stress and deformation can occur due to temperature differences. Preheating
the powder bed (which is the normal procedure in PBF-EB/M) can be used to minimize these

effects.

© ISO/ASTM International 2023 - All rights reserved
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The surface quality of AM parts is typically influenced by the layer-wise build-up technique (stair-
step effect) and utilized powder size distribution. Post-processing may be required, depending on
the application.

Consideration should be given to deviations from form, dimensional and positional tolerances of
parts. A machining allowance should therefore be provided for post-production finishing. Specified
geometric tolerances can be achieved by precision post-processing operations.

Anisotropic characteristics typically arise due to the layer-wise build-up and should be taken into

5.5 Build layout, part orientation, and cost considerations

au.uuut dul illg PIrouLtcss }J}dllllillg.
Not all materials available for conventional processes are currently suitable for PBF processgs.

Material properties can differ from expected values known from other technologies like forging and
casting. Material properties can be influenced significantly due to process settings and contfol.

Excessive use and/or over-reliance on support structures can lead to both high material waste and
increased risk of build failure.

Unmelted powder removal after processing is necessary. For PBF-EB/M this powder is often|lightly
sintered instead of loose due to powder bed preheating during proeessing.

Provided that the geometry permits a part to be placed inhe build space in such a way that it|can be
manufactured as cost-effectively as possible, various criteria for optimization are available depending

on the number of units planned.

oriented in such a way that the build height isKept to a minimum. However, additional and somletimes
competing factors should also be considered when deciding on part orientation. Simplifyinlg post-
processing operations such as powderahd support removal, as well as ensuring features that are
critical to the function of the part building appropriately are two such additional consideratjons.

Build height is a factor that has significant impact on building time and build costs. Parts s}liuld be

If the intention is to manufacttire a larger number of units, then the build space should e used
as efficiently as possible. Parts should be oriented so as to minimize the number of build runs
required. Strategies for three-dimensional nesting can also be included to maximize the available
build volume.

[f the same parts akejoriented differently for best packing, i.e. results in building at different pngles,
then the mechanical properties can vary from part to part.

The use of powder that remains in the system depends on the application, material and dpecific
requirements. Powder changes can be inefficient and time consuming. Though they are nedessary
when changing material type, powders from same-material builds can be reused if permitted in the
governing specification. It is important to note, however, that powder reuse can affect the gowder
size distribution, surface characteristics and alloy composition, and this will in turn affect firjal part
characteristics. In addition, the reusable powder characteristics may be different for PBY-EB/M
and PBF-LB/M. The number of times a powder can be recycled is dependent on the requir¢ments

outlined in the material and part specifications, and the powder reuse scheme implemented by the
user and machine manufacturer.

Many poorly designed parts (particularly those designed for conventional processes with little
or no adaptation) necessitate a specific orientation either to minimize the use of supports or to
increase the likelihood of build success. Indeed, parts designed for additive manufacture should be
devised such that build orientation is obvious and/or specified.

© ISO/ASTM International 2023 - All rights reserved 5
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5.6 Feature constraints (islands, overhang, stair-step effect)

5.6.1

General

Since AM parts are built up in successive layers, separation of features may occur at some stage of the
build. This depends on the part geometry. The situations described in 5.6.2 to 5.6.4 can be regarded as
critical (the level of criticality depends on the PBF technology in focus) in this respect.

5.6.2

Iclandc

TITOITOLY

Islandyg, I, are features that connect to form a part, P, only at a later stage of the build process. How these

conneg
of thei

NOTE
applica

Key

isl
pa
oV
bu

N Q 5o~

NOTE 1

NOTE 2

5.6.3

tions occur should be taken into consideration at the design stage. Parts that are stable in terms
' overall design can be unstable during the build process (see Figure 2, left and centre).

In some circumstances, islands are not protected against mechanical damage during the powder
Lion process. This can lead to deformation of the islands.

nds

't

brhang

1d direction

Overhang a illustratéd in separate part (right).

Source: VDI 3405-3:2015[31,

Figure 2 — Islands I (left) during the construction of part P (centre)

Overhang

Areas with an overhang angle of 0° produce an overhang with length a (see Figure 2, right). Small
overhangs do not need any additional geometry in the form of support structures. In such cases, the
projecting area is self-supporting during manufacturing. The permissible values for a will depend on
the specific PBF process, the material and the process parameters used. Significant overhangs can

induce

5.6.4

Due to

a collapse or deformation of the length a, which can lead to the machine standstill (build crash).

Stair-step effect

the layer-wise build-up, the 3D geometry of the part is converted into a 2.5D image before

production, with discrete steps in the build direction. The resulting error caused by deviation of this

© ISO/ASTM International 2023 - All rights reserved
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2.5D image from the original geometry is described as the stair-step effect. The extent of this is largely
dependent on the layer thickness (see Figure 3).

L
NOTE Source: VDI 3405-3:2015[31.

Figure 3 — Impact of different layer thicknesses on the stair-step effect

5.7 Dimensional, form and positional accuracy

Typically, it is not possible to produce the.félerances that can be achieved with conventional ¢utting
tool-based manufacturing processes. For this reason, post-processing may be necessary t¢ meet
(customer) requirements. Post-processing may include subtractive manufacturing, surface finfishing,
thermal processing, or other operations according to ISO/ASTM 52910[1l. Additional material mdy need
to be added to the design to accommodate post-processing.

In this respect, it is particularly important to be aware of and consider process parameters that will
influence characteristics‘of the final part. For example, build orientation to some extent determihes the
level of accuracy that.can be achieved. Directionally dependent (anisotropic) shrinkage of the part can
occur due to the layer-wise build-up. As another example, layer-wise consistency can be affected by the
location of the parton the build platform.

5.8 Data quality, resolution, representation

The use»of AM requires 3D geometric data, which is typically represented as a tessellated jmodel,
but other representations that can also be used include voxels or sliced layer representations. For
tessellated data, files describe the surface geometry of a part as a series of triangular mesh¢s. The

VErtices ol the triangles are specified using the right-nand rule and the normal vector. Historically, the
STL file format has been the most commonly used three-dimensional mesh data exchange format used
in additive manufacturing. The ISO/ASTM 52915[2] standard AMF format is the preferred format for
data exchange. The 3MF file format promoted by an industry consortium is also used in some additive
manufacturing applications, but it is not an open standard recognized by any standards body.

In a tessellation, curved surfaces are approximated with triangles and the chosen resolution of the
tessellation determines the geometric quality of the part to be fabricated. If the resolution is too low,
the sides of the triangles specified in the STL file will be visible on the finished surface (i.e. it will appear
faceted). However, a tessellation with a resolution that is too high requires a lot of digital storage space
and is slow to transfer and handle using processing software. The resolution of a tessellation is generally
influenced by a tolerance measure, often called “chord height”, which describes the maximum deviation

© ISO/ASTM International 2023 - All rights reserved 7
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of a point on the surface of the part from the triangle face. Therefore, smaller tolerance values lead to
lower deviations from the actual part surface. A typical rule of thumb is to set the tolerance to be 5 to
10 times smaller than the resolution of the AM process. As a result, a chord height setting of 0,01 mm to
0,02 mm is recommended for most PBF processes. Other parameters can be used to set mesh accuracy,
depending on the system.

AMF supports the representation of information beyond just geometry. For example, part units
(millimetres, meters, inches), colours, materials and lattice structures are supported. STL files only
contain the tessellated geometry, while 3MF files have some of the metadata representation capabilities
of AMK. Having units incorporated into the data exchange file is very important in communicating part
size. Afrays of parts can be precisely positioned relative to each other in a single AMF file by userthe
“constgllation” element.

If part] geometry was imported from a 3D imaging modality, such as CT or MRI, then the-data are
compoged of voxels. The DICOM format is the standard used in the medical imaging industry and some
AM sofftware tools read these files directly. Geometry resolution is controlled by the imager resolution.

6 Design guidelines for electron beam powder bed fusion of métals (PBF-EB/M)

6.1.1 | Selecting PBF-EB/M

PBF-EB/M is a process with typical advantages and disadvantages-The technology offers opportunities
in complex design with integrated functions in one part, materials with internal structures, and/or
featurgs with undercuts or structures that cannot be realized by casting, forging, or metal cutting
procesges. The flexibility of PBF-EB/M offers opportunities for small series of unique products with
propetjties that cannot be realized with other technologies.

The advantages that occur in the use phase is ainifnportant consideration when choosing PBF-EB/M,
even when PBF-EB/M has disadvantages in theproduction phase.

Important constraints can be the availability of the required materials, limited size of the part, the
approval of the technology in critical applications, the production costs, and the possible need for post
processing treatments.

Some ¢ther technologies that cduld be applied in a similar field of application as PBF-EB/M are: PBF-
LB/M, directed energy deposition of metals, or investment casting (lost wax casting) based upon a lost
model produced by AM.

6.1.2 | Design and teéstcycles

Part optimization\can be constrained by current limits of the PBF-EB/M process. This could differ from
materipl to material, from machine to machine and from service provider to service provider. Often this
means|that practical testing of part features is part of the design cycle.

6.2

Metals and metal alloys are the materials most commonly used for PBF-EB/M. Preferred methods of
production for metal powders typically include plasma or gas atomization in an inert atmosphere.
Because metal powders can vary significantly between suppliers, selection should be done with care.
Powder size distribution, chemistry, surface characteristics, and morphology are just some examples of
raw powder characteristics that need to be considered during selection.

The successful processing of individual materials depends on a variety of factors, such as weldability,
melting temperature, thermal conductivity, melt viscosity and wetting angle (relating to the surface
tension of the meltl4]). These factors will all affect the characteristics of the part being manufactured.
For this reason, design for PBF-EB requires taking processing environments into consideration as well.

8 © ISO/ASTM International 2023 - All rights reserved
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For the most current list of material classes that are available to PBF-EB/M processes, itis recommended
to consult with machine and powder manufacturers. As AM technology advances, it is expected that
new materials will continue to become available. As there are already metal powders available for
processes like powder metallurgy, metal injection moulding and cladding, it can be expected that there
is a potential for use in PBF-EB/M as well.

It is possible to achieve a relative part density close to 100 %!l2].

Figure 4 depicts how small changes in PBF-EB/M processing can lead to significant differences in

mcrostructure:

The microstructure created by the PBF-EB/M process is different from that observedq'gfwrought
materials, and is heavily dependent on the processing environment, including those fa t(ﬂz merjtioned
above. The mechanical properties of the part will correlate directly with the macro- ap\ icrostrjucture

formed. N

| > .
Post heat treatments of parts produced by PBF-EB/M are applied comm for tuning material
properties.

X i
i s\‘?
a) Grain elongation in the build dil@gion b) Equiaxed grains
Key \{:\.O
X build direction ’\C)

O

NOTE Source: GE Arcam _ *,

N

Figure 4 — Incone Microstructures for two different PBF-EB/M processing conditions
O ‘showing differences in resultant grain morphology

c}%

6.3 Buil Qentation, positioning and arrangement

v
6.3.1 @neral

'Qr%e&X?ientation, positioning and arrangement of parts during PBF-EB/M have an impact on process
caosts

—process quhi]ify and various part characteristics. Factors that hp]p to determine roper

orientation, positioning and arrangement are discussed in 6.3.2 to 6.3.7.

6.3.2 Powder spreading

Most PBF systems use a powder layering system with a spreading device (e.g. ceramic, metal or silicon
blade, or roller or carbon brush) that pushes powder from the supply chamber, across the build space,
and into the powder run-off area. Depending on the layer thickness, with this type of spreading the
blade often scrapes or interferes with the part as each successive layer is applied. Parts should
therefore, be oriented, positioned and arranged so as to minimize the frictional forces generated during
scraping. Some spreading devices (e.g. tined metal foil rakes) have been shown to be less sensitive to
scraping due to reduced friction between spreading device and part. For this type of spreading device,
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the considerations of this section can be largely disregarded. In addition to the type of spreading
device, both uni- and bi-directional spreading may be used in a given PBF system. For bi-directional
spreading devices, adhering to the considerations mentioned in this section may become more difficult.
Additionally, wear on the spreading device due to friction between spreading device and part can
negatively affect the process (e.g. changes in powder layer thickness and continuity). The following

points should be considered (see Table 2):

— longitudinal geometries should not be oriented parallel to the spreader, but rather in the spreading

direction;

— wherever possible, critical geometries should not be built-up counter to the spreading direction;

— miltiple parts should be positioned in a way that the contact length with the spreading systiem is
minimized (arranged with an offset, see the last row of Table 2).

Table 2 — Arrangement of critical elements in the build space of the machine

Description

Poor

Good

Longifudinal geometries

should|be oriented in a way
that thle contact length with the
spreading system is minimized.

N

Criticgl geometries (uni-direc-
tionaljraking)

should|be oriented in a way that
avoids|parts being bent-up if there
is a cofptact between spreading
systen} and part. A suitable angle
is often 10°. Gradual transitions
in the XY plane and Z height have
less lielihood of wiper wear and
wiper felated failure.

Multigle parts

should|be positioned in a-way
that thle contact lengthrwith the
spreading system isqiinimized
(arranged with an‘offset).

NOTE Source; VDI 3405-3:2015[31.

6.3.3 Support structures design

The PBF-EB/M process sometimes requires the part to be securely connected to the build plate. The
connections can be made either directly (build directly on build platform) or by means of support

structures. Support structures in PBF-EB/M processes serve multiple functions, including

— dissipation of heat,

— securing the part to the build platform and improving geometric accuracy,

— compensating for residual stress-induced warping, and

10
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— asa provisional support for a piece under construction.

While support structures are common in many AM processes, specific guidance on their application is
process dependent. Table 3 provides guidance on the use of support structures in PBF-EB/M processes.
The values used in Table 3 are general guidelines, and both process parameters and material specifics
will affect the governing values.

Because support structures are so important when designing for AM, the designer should decide at an
early stage about the build orientation of the part for the particular PBF-EB/M machine and should be
aware of thecentratetenrentsof theprocesschaimreeded-for mamutacturing—Theeffectof thesupport
design can therefore be taken into account when several design decisions are available. Forinstance, a
design configuration could lead to an increase in build time but could also significantly reducé effort in
post-processing to remove the support structures (see 6.8, Figures 10 and 11).

Table 3 — Guidance on the use of support structures

Left; Sipport structures ¢on-
netting the part to the bujild
platform

Right: Part connected directly
to the build platform without
support structures

Comment: In order to avoifl the

risk of cracks, a fillet can He fore-

7 7 seen between the part and the
T plate (not included in sketgh).

— Comment 2: When suppor{ing

’ * |a part directly to the build|sub-
strate, removal can be conpplicat-
ed due to trapped powder.

Left: Faces with downskip
angle 6 < 6y;,,;; require sup-
port structures. Often, §;
is between 30° and 45°. 8§ ¢

is dependent on, for examlple,
the material used, the prqcess
strategy applied, and alsd the
part characteristic (thickhess,
shape, etc.) and build chafacter-
istic (number of parts in Quild,
etc.) above the regarded face.
Because of this, the exact|6}; i
for a given part is best defer-
mined experimentally.

it

W 4

Right: Faces with downsHin
angle 6 > §;,,;; do not reqSEre

support structures. The surface
quality may be adverselylaffect-

ed, depending on the angle.

NOTE  Source: VDI 3405-3:2015[3! (except for right figure in middle row).
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Table 3 (continued)

Left: Hole with internal support
structure

Right: Shape of hole modified to
avoid use of support structures

8> 6 imit Comment: If drilling operation

is needed after PBF-EB/M, this
shape is difficult to machine.
Hence, in some cases, it might

be better to reduce diameter 6f]
Z hole (often no need for support
below diameter of 8 mmpin.order
77 —7 7 |to be built without support and
drill after or even do“not foresee
a hole and fully drillinstead (e.g.
titanium).

NOTE | Source: VDI 3405-3:2015[3] (except for right figure in middle row).

Build ¢rientation and part shape have a significant influence on the number:-0f support structures
requir¢d. However, a balance has to be struck between support structures{ éfficiency, process stability
and pdrt quality. Table 4 illustrates various concepts that can aid indetermining suitable process
plans. [[n general, attention should be given to the design of the interface between support and part
(punctual or line contact), with consideration of whether and, if so, how the support structures need
to be lemoved after build-up (manually, by machining including wire electrical discharge machining
etc.). Furthermore, support structure design can be realized in various shapes (e.g. block shape, web
shape)|and densities (e.g. gap width, web diameter). Ultimately, it is not always necessary to provide
suppoit structures between the part and the build plate. If parts exhibit rather massive areas, support
structuires for filigree part areas can be designed betiv€en those massive areas and the faces to be
suppoyted. Support structures can advantageously be part of the final part and not be removed at the
end of puilding.

Table 4 — Exambples of support structures

Description Poor Good

Avoiding support structures

through part orientation that
leads tp least need for support
structyires.

Avoidingpost-processing effort

through support structure design
that considers the desired post
process for its removal.

NOTE Source VDI 3405-3:2015[31.

6.3.4 Partnesting

Nesting parts provides more efficient use of the available build volume and can lead to reduced build
time per part and cost per part (see 6.8, Figures 8 and 9, Tables 5 and 6). It is important to note that
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nesting is achieved in the Z-direction (i.e. part stacking) depending on the part geometry. Figure 5
depicts examples of support designs for stacked parts. It is possible to connect supports from higher-
layer parts directly to the parts below them (Figure 5a). Keep in mind this will create additional
surfaces that will require support removal (i.e. top surfaces of lower-layer parts). It is also possible
to connect supports directly to the build plate (Figure 5b), but this can affect the packing efficiency
of parts in the x-y plane, possibly leading to less parts fitting on each layer and reducing the overall
space efficiency of the build. Due to the lower thermal stresses common to PBF-EB/M as a result of layer
preheating and the resulting higher background process temperature (approximately 400 °C to 800 °C),
it can be possible that higher-layer parts require no connection to any other part or the build plate. In

support designs offer advantages in build space efficiency and/or ease of support removal, but the
potential for part warping and part movement leading to failure to hold desired dimensiénal tolerance
should be carefully considered for each new part geometry/orientation. Also, for any stacking scenario,
regardless of support design, the potential for higher-layer parts to have different*thermal hjstory/
microstructure/mechanical properties compared to lower-layer parts should beCearefully congidered
and investigated, if possible.

these cases, either floating supports (Figure 5c) or no supports at all (Figure 5d) may suffice*}These

N

a)

NOTE Source: National Institute of Standards andFechnology.

Figure 5 — Examples of support design (solid black) for parts nested in the Z-direction (i.e. part
stacking)

6.3.5 Build plate part design considerations

PBF-EB/M processes utilize,thinner build plates that are not firmly attached to the build chamber,
compared to the much thieker and firmly attached build plates used by PBF-LB/M. PBF-EB/M also can
permit, for titanium only,Te-using build plates without machining flat between builds. Over multiple
uses, build plates develop slight dimensional variations due to warping from repeated thermal fycling
and scarring fromCpart attachments in previous builds. Part design should consider this dimensional
variation in build)plates. It is required that supported parts should have a support length of at least
2 mm from thie build plate, and parts attached directly to the build plate should add 2 mm to apy part
surface attached to the build plate. This is to avoid potential diffusional zones associated wijith the
difference)in the start plate material and material being built. It is not advisable to orient par{s such
that arfeas with tight dimensional tolerance requirements are attached to the build plate.

RBF-EB/M also tends to utilize build plate materials that differ from the AM build material (e.g. sthinless

Steel bulld prate for AM titanium build matertal) Because of this, parts tend to seif-release from the
build plate during cooling, due to a mismatch in thermal expansion. Advantageously, post-processing
cutting is not usually necessary for part removal from the build plate.

It is also possible to include the build plate in what will eventually become the final part (e.g achieving
single crystal microstructure using single crystal baseplate material). In this case, post-process
operations such as machining would most likely be used to realize the final part.

6.3.6 Curl effect

Depending on the geometry of the parts being fabricated, their orientation can significantly affect the
extent of the curl effect. To counter this effect, it is advisable to avoid fusing large part surfaces during
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a single pass wherever possible. If this cannot be accomplished by changing part orientation, there
are other techniques that can be implemented to mitigate curl effect (i.e. part warping). Warping of
large part surfaces can often be prevented through the use of suitably designed support structures
(see Figure 6) as these supports both increase heat conduction away from the part as well as physically
anchor the part to resist warping. There are also multiple heat control techniques, which minimize
warping by adding heat to the overall build area in various ways. Design-based heat control techniques
include simply adding more parts to the build plate to increase the overall heat of the build and reduce
the potential for warping. There are also process-based heat control techniques, but the specifics of
those techniques are outside the scope of this design guide. One possible way to accomplish increased
powdef layer preheating is to fill the build plate with replicate parts or parts with the same height If
this isnot an option, low-volume parts can be added toward the corners of the build plate to foreé an
increase in the size of the preheating area and maximize background heating.

a) Poor b) Good

NOTE Source VDI 3405-3:2015[31.

Figure 6 — Examples showing how to avoid the curl effect when irradiating large surfaces

6.3.7 | Melt parameters

Melt parameters (e/g..beam power, beam scan speed, beam pathway) are different from manufacturer
to mafpufacturer\and material to material. They change over time across multiple generations of

and other literature should be consulted because lntelllgent use of melt parameters can enable gradlent
microstructures and microstructure controll®l. However, improper melt parameter usage can lead to
unintended variation in microstructure and mechanical properties(2l.

To successfully achieve thin-walled or small-featured parts (e.g. lattice structures) via PBF-EB/M, melt
parameters, and specifically beam pathway, should be considered. Figure 7 a) schematically shows
the beam pathway commonly used to melt parts, which consists of two steps: contour and fill (a.k.a.
hatch). For successful printing of thin-walled or small-featured parts, when the feature size approaches
the beam spot size (known from machine manufacturer), it is advisable to only perform contour and
eliminate the fill step to avoid over-melting.
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It is not feasible to discuss all melt parameter aspects of PBF-EB/M in this document, but one more
aspect, Multispot melt, is shown schematically in Figure 7 b). The electron beam can be moved fast
enough to keep many different melt pools advancing simultaneously, which reduces overall build time.

- 1 4
2
| —3
a) Standard melt steps comprised of contour b) Multispotmelt

and fill (a.k.a. hatch)

Key

1  outer contour

2 inner contour(s)
3 fill/hatch

4 multispot melt

NOTE Source: GE Arcam

Figure 7 — Schematics showing melts

6.4 Anisotropy/heterogeneity of the material and part characteristics

6.4.1 General

The many influences between, powder feedstock, processing - including complex thermal history
-, and post-processing in PBF-EB/M can lead to anisotropic and heterogeneous microstructures and
mechanical properties. Variation within a single part, between identical parts at different logations
in the same build, and between identical parts in different builds have all been demonstrated[ZI[8]
Traditional verification_and validation techniques are commonly used to qualify parts for a gpecific
application. After validation/qualification, it is common to not change any aspect of processing (e.g.
part orientation,-exact build layout, melt parameters) to safeguard against unintentional champges in
microstructure,7mechanical properties, or part performance. Some specific types of microstrijictural
anisotropy and-heterogeneity will be discussed in the remainder of this clause.

6.4.2 _“Grain morphology

Grain morphology is commonly elongated in the bulld dlrectlon (Z- dlrectlon) due to ep1tax1al growth

characterlstlc values such as tensile strength and yleld strength in the Z -axis. This should be taken into
consideration when considering build orientation in regards to the principle loads.

Strong crystallographic texture in the build direction commonly accompanies the grain morphology
anisotropy. However, small changes in various processing parameters (e.g. scan length) have been found
to result in large variations in the character of the texture and resultant mechanical properties(2l. If
these processing parameters are controlled properly, tuning the texture and mechanical properties can
be possiblel2].
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6.4.3 Porosity

The formation of porosity is likely to occur in PBF-EB/M. Therefore, understanding the main types of
porosity and their formation mechanisms is crucial to minimize the effect of porosity on mechanical
properties and to optimize the PBF-EB/M process. There are three main types of porosity: gas porosity,
lack of fusion (LOF) porosity, and keyhole porosity[2l. Gas porosity is thought to come from pores within
the powder becoming entrained in the bulk material during PBF-EB/M processing[1%. Gas porosity is
spherical, has a size range similar to the powder size range (usually less than approximately 100 pm),
and usually only leads to a reduction in relative density on the order of tenths of a percent. Most PBF-
EB/M powders are atomized, and some amount of powder particles with pores is common during
atomization. Atomized powders are generally lower cost than other types of spherical powders, hence
the mqtivation to use them in PBF-EB/M. Gas porosity has been shown to have only a small deleterious
effect ¢n quasi-static tensile elongationll1l and a negligible effect on high-cycle fatigue behaviour2l,

While gas porosity is inevitable for an atomized powder feedstock, LOF porosity and keyhole porosity
are pr¢cess-induced and therefore avoidable through process optimization. LOF porosity’ forms when
there ifs insufficient energy to fully melt the powder layer. LOF pores tend to be relatively thin in the
build direction (e.g. sometimes just a single layer) but can be quite large in the planeof the powder layer
(e.g. pgssibly up to mm scale)[Zl. Keyhole porosity forms when there is too much@nergy, which leads to a
deep kpyhole melt pool that can become unstable, collapse, and leave behind a‘pore. Keyhole pores tend
to be dpherical but with a size larger than gas porosityl13], Keyhole and ILOF pores have a significant
negatiye effect on mechanical properties, especially fatiguell4l, because-they are much larger than gas
porosity.

6.4.4 | Intermetallic diffusion layer

As disqussed in 6.3.5, PBF-EB/M commonly utilizes a build plate of different material than the AM build
mater(iﬁl. Because of this, an intermetallic diffusion layer,commonly results and this should be taken
into consideration when designing and orienting parts.for PBF-EB/M. The intermetallic diffusion layer
thickngss needs to be determined for each combindtion of build plate and AM build material. This is
normally in the order of hundreds of micrometers:

6.4.5 | Chemistry heterogeneity

There |is the potential for chemistry‘héeterogeneity within a given part due to chemistry changes
in powder over multiple reuse cycles-coupled with suboptimal powder handling procedures. A good
example to describe the potential*for chemistry heterogeneity is titanium alloy Ti-6Al-4V. Due to
the layfer preheating commonly,utilized in PBF-EB/M, unmelted Ti-6Al-4V powder in the build area
experiences higher temperatures resulting in a small increase in oxygen content. This powder is
recovefed for reuse in subsequent builds, butifitis immediately recombined with powder that never left
the redervoir and did et experience an oxygen increase, then improper mixing can lead to chemistry
heterogeneities in the powder and parts in subsequent builds. It is therefore necessary to scrutinize
the effjcacy of powder mixing techniques to minimize chemistry heterogeneity. Further minimization
of cherpistry heterogeneity can be achieved by keeping powder recovered from the build area separate
from plowderthat never left the reservoir and only recombining once all powder has been subjected to
the build area. However, this powder handling technique requires purchasing larger batches of powder.
It is als0Zdmportant to note that chemistry heterogeneities can also occur when mixing powder from
different raw material lots with different chemistry.

6.4.6 Thermal history

The complex thermal history and rapid heating and cooling experienced in PBF-EB/M leads to formation
of residual stress. However, the layer preheating and higher background temperature common for
PBF-EB/M has been shown to sufficiently relieve residual stress for Ti-6A1-4V[14l and Inconel 7184
yielding negligible residual stress in the as-built condition. Although these results are informative, they
do not guarantee residual stress will be negligible for all as-built PBF-EB/M materials, part sizes, part
geometries, scan strategies, and part packing density within a build.
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As discussed in 6.3.7 (Figure 7 a)), normal scan strategy for PBF-EB/M includes two steps: contour and
fill (a.k.a. hatch). It is important to note that these two steps commonly have different melt parameters
and result in different microstructure and resultant properties. This should be taken into account when
designing for PBF-EB/M.

The uniquely high background temperature arising from powder bed preheating in PBF-EB/M normally
results in a slower cooling rate compared to PBF-LB/M. This should also be considered when designing
for PBF-EB/M as cooling rate can have significant effect on resultant microstructure (i.e. grain size,
phase content) and mechanical properties depending on the material system.

It has been shown that some material anisotropy/heterogeneities can be reduced by subsequent heat
treatmentl1ll, The effect of heat treatments on anisotropy depends on the complete material cycle,
including the build process, the heat treatment, and material composition.

Procedures, such as the manufacturing of test specimens, are often followed to ascertain microstijucture
and mechanical properties along various axes. Sample mechanical characteristic values for PBF-
EB/M materials can be found from machine manufacturers, material specification standards (e.g.
ASTM F2924!15]), and in the literaturell6l,

6.5 Surfaces

Melt pool solidification surfaces and particles of powder adhering to the surface of parts oft¢n lead
to high surface roughness. Surface roughness depends largely on the upskin (v) or downskin (§)
angle of the respective surface. Where angle 6 = 0°, downskin surfaces have significantly |higher
minimum roughness values than upskin surfaces. High-Surface roughness has been shown to|have a
large deleterious effect on mechanical properties, espécially fatiguellZl. Typically, resulting gurface
roughness can be improved by adjusting process¢parameters locally. Post-production finishihg can
significantly reduce surface roughness.

6.6 Post-processing

6.6.1 General

As stated before, post-production:finishing can often be necessary to reach final part charact¢ristics
needed. Typical post-processes\comprise, but are not limited to, cleaning processes to removg loose
powder material, heat treatments to reduce residual stresses and adjust material propertie$, sand
blasting and other surface-finishing to smooth surfaces, and mechanical post-processing (thilling,
grinding, etc.) to remove support structures or to generate functional surfaces.

6.6.2 Surface finishing

Resulting sunface roughness might not meet requirements of parts exhibited to, for example, dynamic
loads (fatigue strength) or fluid-dynamics. Hence, post processes such as sand blasting, machining or
mechanical chemistry processes are applied.

6:6.3 Removal of powder residue

During production, the part is surrounded by sintered powder as it is built up layer-by-layer. Individual
particles are left adhering to the part after it has been fabricated and removed from the powder cake.
Removing these particles is generally the first step in the finishing process. Blasting with feedstock
powder, carbon dioxide (i.e. dry ice) beads, or other abrasive media are common methods of removing
powder residues post production. Ultrasonic agitation is also commonly used to assist in removal of
powder. Powder removal from internal passages can be exceptionally challenging. When creating the
build file for a part with internal passages, special consideration should be given to powder evacuation
and access ports should be provided to allow for powder removal. In PBF-EB/M it is common to include
layer preheating leading to sintering of powder not associated with the part being built. However,
it is necessary to turn off layer preheating inside internal passages to prevent sintering and leave
powder loose to facilitate post-build removal. Internal passage size should be larger than powder size
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distribution to allow for powder removal. Validation is necessary to show efficacy of powder removal
process from a given geometry.

6.6.4 Removal of support structures

Parts produced by PBF-EB/M are generally fixed to support structures which have to be removed after
production. Support structures can be removed mechanically, electromechanically or chemically. As
noted earlier, this is often a required finishing procedure and the material to be removed should be
taken into consideration during design.

6.6.5 | Geometric tolerances

In gengral, the minimal feature value is dependent on material and processing condition, whichiinclude
but arg not limited to electron beam spot size, power density, powder particle size distributionyand layer
thickness. Post-processing (e.g. machining processes) might be needed to meet tolerance specifications,
especiglly for functional and mating surfaces.

The mjnimum surface roughness that can be achieved with parts produced in @& poewder bed by PBF-
EB/M is limited due to particle adherence and stair casing. A better surface finish’can be obtained with
downsftream treatments. Commonly used subtractive processes include abrasive blasting, vibratory
finishipng, flow grinding or electro-polishing. A gradual improvement in surface quality can be achieved
by cartying out these processes in sequential order. An appropriate machining allowance is required
for this purpose. When adapting design from another manufacturing method to AM, surfaces that do
not require a specific finish should be identified. In fact, a design censideration can be the minimization
of surfhces that do require post processing.

6.6.6 | Heat treatment

6.6.6.1 Increasing the relative density of the material

Relatiye density (porosity) has a significant influence on the mechanical characteristics of the material,
especially on fatigue and impact strength and‘less on tensile strength and hardness. Although PBF-EB/M
typically achieves a relative density of at least 99 % of the reference value, density can nevertheless be
furthef increased, by HIP, for example, if Fequirements are sufficiently high[18l,

6.6.6.1 Influence on microstriicture and mechanical properties

Post h¢at treatment processes‘are worth considering for some materials in order to attempt to arrive at
more yniform and well-definéd microstructure and mechanical characteristics[11,

6.6.6.3 Thermallyinduced residual stress

During PBF-EB/M(the layer-wise build-up method combined with lateral shrinkage as each individual
layer qools often’ generates some residual stresses in the finished part. However, it has been shown
that higher temperatures from layer preheating common to PBF-EB/M successfully relieves residual
stress |daring the process, resulting in as-built material with negligible residualll4l stress. Therefore,
post-bir : : ) :
the part from the platform.

6.7 Design considerations

6.7.1 General

Consideration should be given specific to PBF-EB/M when designing typical geometric elements in
order to achieve the desired results.

18 © ISO/ASTM International 2023 - All rights reserved


https://standardsiso.com/api/?name=38755c90219467feeb7563cbbf62e771

ISO/ASTM 52911-3:2023(E)

6.7.2 Cavities

In principle, it is possible to create cavities in parts during PBF-EB/M. The cavities will contain
unmelted, and possibly loose (see 6.6.3), powder which can be removed post-production via dedicated

openings, or left in place.
It can be useful to incorporate cavities into the design of large-volume parts in order to

— minimize warpage,

— improve process reliability,

— reduce build time,

— reduce mass, and

— eventually reduce material consumption.

Cavities should be designed with loading in mind. They can also be filled with'mesh or bionic stry
for reinforcement. These structures can also be used to optimize thermal’or acoustic properties

6.7.3 Gaps

ctures

Gaps that lie at least partially in the Z-axis should meet a minimum gap width to prevent the stirfaces

forming the gap from fusing. This minimum gap width depends largely on the material and g
parameters used, but in the PBF-EB/M process should be Targer than three times the layer thi
Particle size distribution and the potential to remove powder should also be considered
determining minimum gap width. The minimum dimensions of gaps in a part which essenti
parallel to the plane of the layer (i.e. normally parallel to the build platform) are typically }
manufacture in PBF-EB/M. The statements are:also true in terms of nesting parts (see 5.2 and
long as post processes do not demand for wider gaps.

6.7.4 Wall thicknesses

In principle, minimal wall thicknesses in PBF-EB/M align with the range of the melt pool wid
ability of a wall to maintain its form will depend in particular on its support, the aspect ratio (hg
relation to wall thickness) and thie material used. Robust walls are typically several times thick
the minimum width of the melt pool.

6.7.5 Holes and channels

Holes where the-axes are produced in the Z-axis are typically limited by the aforementioned mi
gap width. In ¢ontrast, holes where the axes are produced counter to the Z-axis typically have a di
several timés-greater than the layer thickness, as with gaps or channels that lie parallel to the p

rocess
‘kness.
when
hlly lie
ard to
5.5) as

h. The
ightin
or than

himum
hmeter
lane of

the layer~Thus, holes in the Z-axis can have smaller diameters and a better roundness than holes that

run counter to the build direction.

in the

Heles running counter to the Z-axis that exceed a certain diameter will require support

ovérhanging areas which can reguire pnost-nrocessing. It is often the case that planning for
o o 4 1 r r =] r (=]

a post

process such as drilling will be the preferred method for creating a straight hole in an PBF-EB/M part.

Channels with a suitable cross-section can be constructed without support structures, if necessary,

without a restriction on maximum size.

Itis important to consider that holes below the critical diameter (although possible) will typically suffer

a loss of circularity (i.e. become ovoid or “squashed”).
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6.7.6

Integrated markings

Inscriptions and markings can be incorporated into the part during the build. In principle any type of
inscription, be it etched or embossed, can be produced. Font style and size of lettering should be chosen
with legibility in mind. Sans serif fonts with uniform wall thicknesses provide the best resolution. Font
sizes of at least 24 are recommended for optimum legibility, although smaller fonts can be achieved on
upward-facing surfaces. Recessed text offers better resolution than raised text[19l. If printed markings
will remain on the final part, marking location should be considered to avoid negatively affecting part
performance. Any part markings should be agreed upon between manufacturer and customer.

Inscrip
— sigd

tions and markings can be used for
nage in general and warning and safety instructions,

mbols to facilitate assembly,

— najmeplates with individual serial number,

— de
— log

— tel
6.8 1
6.8.1

6.8.1.1

Aim:

Result

6.8.1.2
— M4

— Th
tin
fin
Re
Sig
to

Kign elements,
yos, and

ctures.

txample applications

Topology optimized bracket printed using stacking build layout (provided by GE Arcam)
General

Reduce mass and cost of a bracket desigi;

Topology optimization lead to 55 %\rass reduction, and stacked build layout lead to signifi-
cant part cost savings.

Boundary conditions and design considerations
ichine: GE Arcam Q20+, S6ftware Version: 5.2.52.7592, Material: Ti-6Al-4V

is bracketapplication highlights the use of topology optimization and partstackingto reduce build
he and part cost in“PBF-EB/M. Topology optimization is often discussed from the perspective of
al component performance, but the reduction in part volume can reduce build time and part cost.
nderings of the.stacked build layouts are shown in Figure 8, and the job data (Table 5) shows a
nificant reduction in build time per part for the topology optimized design (3,7 h/part) compared
the original design (5,9 h/part). This reduction in build time per part correlates directly with

palrt cost.

— Th

e“support design in this example application follows Figure 5 c), where supports are used but

they do not connect to the build plate or parts beneath.

— Also seen in Table 5 are the advantages in per part cost when building in a stacked arrangement

(€

7 h/part) compared to only a single layer of parts (5,2 h/part). This advantage is realized through

a reduction in build time per part when considering the heat up and cool down time are shared by
many more parts in the stacked configuration. If part geometry and build orientation are such that

an
pa

20

overlap of parts in the Z-direction is possible, a further reduction in build time per part and per
rt costs may be realized (see 6.3.4).
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a) Original bracket design b) Topa\l?g optimized design

NOTE Source: GE Arcam

&
S
Figure 8 — Stacked bl@layouts

<

N\
Table 5 — Job information for stacked and sin lé\ayer build layouts of original and topd
optimizeq(l\qmcket designs
X

-~ = =
Parts perbuild | Total build time | DUild time per
Q P
xO
| parts h h/part
Original bracket, _‘\\\)
Stacked build | 28 164 5,9
Optimized br@bt:
Stackeg_l@l 50 186 3,7
Optimi Eﬁfracket,
Sin@yer build 10 52 5,2

7
NOTE Sou@%\E Arcam

6.8.2 Gvfabular cup stacking design (provided by LimaCorporate Spa)

6. 8(%?1' General

logy

Alm Teduce part cost witiout compromising fimat part compuance tnrougn aevelopment
stacking strategy.

Result: successful reduction of part cost while maintaining consistent part compliance.

6.8.2.2 Boundary conditions and design considerations

— Machine: GE Arcam Q10 model, Software Version: 4.2.20, Material: Ti-6Al-4V

f part

— The given stacking example (Figure 9) follows the stacking strategy described in the present
standard in Figure 5 a). The connected supports from higher-layer parts directly to the parts below
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