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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 carri

ied 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. Intern

ational

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 matters of

electrotechnical standardization.

The procedures used to develop this document and those intended for its further majdtenance are

described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria neéded

for the

different types of ISO documents should be noted. This document was drafted in accordance wjith the

editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

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 well"as/information about ISO's adherence
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see w]
.org/iso/foreword.html.

This document was prepared by TechnicalxCommittee ISO/TC 261, Additive manufactur
cooperation with ASTM F42, Additive Manufacturing Technologies, on the basis of a party
agreement between ISO and ASTM Interidtional with the aim to create a common set of ISO|
standards on additive manufacturing,

Alist of all parts in the ISO 52911 seties 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 badies can be found at www.iso.org/members.html.
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Introduction

Laser-based powder bed fusion of metals (PBF-LB/M) describes an additive manufacturing (AM)
process and offers an additional manufacturing option alongside established processes. PBF-LB/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

intendgd that the series will include this document on PBF-LB/M, ISO 52911-21) on lasef;based powder
bed fupion of polymers (PBF-LB/P), and ISO 52911-32) on electron beam powder bed‘fusion of metals
(PBF-HB/M). Each document in the series shares Clauses 1 to 5, where general inifermation including
terminology and the PBF process is provided. The subsequent clauses focus on the specific technology.

This dpcument is based on VDI 3405-3:2015. It provides support to technology users, such as design
and prpduction engineers, when designing parts that need to be manufaétured by means of PBF-LB/M.
It will|help practitioners to explore the benefits of PBF-LB/M and to. recognize the process-related
limitatfions when designing parts. It also builds on ISO/ASTM 52910 to extend the requirements,
guidelines and recommendations for AM design to include the PBF process.

1) Under preparation.

2) Under preparation.
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Additive manufacturing — Design —

Part 1:
Laser-based powder bed fusion of metals

1 Scope

This document specifies the features of laser-based powder bed fusion of metals (PBF-LB/}) and

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.

cesses,

This document also provides a state of the art review of design guideliriés associated with the use of
powder bed fusion (PBF) by bringing together relevant knowledge about this process and by extending

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 ¢ontent

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

For the purposes of this document, the terms and definitions given in ISO/ASTM 52900 a
following apply.

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

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

— IEC Electropédia: available at http://www.electropedia.org/

31

curl effect

thermal.and residual stress effect

<aspect of heat-induced warping> dimensional distortion as the printed part cools and solidifig
being built or by poorly evacuated heat input

s. For
plies.

Ind the

5Ses:

s after

3.2
downskin area
D

(sub-)area where the normal vector n projection on the z-axis is negative

Note 1 to entry: See Figure 1.
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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-)drea where the normal vector n projection on the z-axis is positive
Note 1 fo entry: See Figure 1.

3.5
upskin angle
v
angle hetween the plane of the build platform and the upskin area (3.4) where the value lies between 0°
(parallel to the build platform) and 90° (perpendicular to the build platform)

Note 1 fo entry: See Figure 1.

i
D U
]
z T g v
/
Key
6 dojnskin angle
, hofmal vector
D  dopnskin (left) area
U uppkin (right) area
v uppkin angle

SOURCE ,-"VIDI 3405-3:2015.

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.

2 © ISO/ASTM International 2019 - All rights reserved
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Table 1 — Symbols

Symbol Designation Unit
a overhang mm
D downskin area mm?
I island mm?
A normal vector —
R, mean roughness pm
R, average surface roughness pum
U upskin area mm?
9 downskin angle °
v upskin angle X

4.2 Abbreviated terms

The following abbreviated terms are used in this document.

AM additive manufacturing

AMF additive manufacturing file format

CT computed tomography

DICOM digital imaging and communications inunedicine
HIP hot isostatic pressing

MRI magnetic resonance imaging

PBF powder bed fusion

PBF-EB/M electron beam powderbed fusion of metals
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,
selectiye laser melting)

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

STL stereolithography format or surface tessellation language

5 “Characteristics of powder bed fusion (PBF) processes

5.1 General

Consideration shall be given to the specific characteristics of the manufacturing process used in order
to optimize the design of a part. Examples of the features of AM processes which need to be taken into
consideration during 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).

Polymers PBF uses, in almost every case, low-power lasers to sinter polymer powders together. As with
polymer powders PBF, metals PBF includes varying processing techniques. Unlike polymers, metals
PBF often requires the addition of support structures (see 6.4.3). Metals PBF processes may use low-

© ISO/ASTM International 2019 - All rights reserved 3
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power lasers to bind powder particles by only melting the surface of the powder particles or high-power
(approximately 200 W to 1 kW) beams to fully melt and fuse the powder particles together.

Electron beam-based melting and laser-based melting have similar capabilities, although the beam
energy transferred from the electron beam to the metal is of a higher intensity and the process
most commonly operates at higher temperatures than the laser counterpart, therefore typically also
supporting faster build rates at lower resolutions. In general, since the powder bed is preheated and
kept close to the melting temperature during the building operation, electron beam processes subject
parts to less thermal induced stresses and have faster build rates, but the trade-off often comes with
much lpnger times needed for the build chamber to cool down after the build cycle has been completed,
and in [general larger minimum feature sizes and greater surface roughness than laser melting.

5.2 Size of the parts

The size of the parts is not only limited by the working area/working volume of the PBF-machine. Also,
the ocgurrence of cracks and deformation due to residual stresses can limit the magimum part size.
Anothé¢r important practical factor that can limit the maximum part size is the cost ofjproduction having
a diredt relation to the size and volume of the part. Cost of production can be minimized by choosing
part logation and build orientation in a way that allows nesting of as many partsas possible. The cost of
the volume of powder required to fill the bed should be considered. Powder reuse rules impact this cost
signifi¢antly. If no reuse is allowed then all powder is scrapped regardless.of volume solidified.

5.3 Benefits to be considered in regard to the PBF process

PBF prpcesses can be advantageous for manufacturing parts where the following points are relevant.
— Integration of multiple functions in the same part.

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

— Dggrees of design freedom for parts are typically high. Limitations of conventional manufacturing
prpcesses do not usually exist, e.g. for:

—| tool accessibility, and
—| undercuts.

— Ayide range of complex geometries can be produced, such as:
—| free-form geometries, e'g. organic structures,

—| topologically opfimized structures, in order to reduce mass and optimize mechanical
properties, and

—| infill structures, e.g. honeycomb.

— THe degree of part complexity is largely unrelated to production costs, unlike most conventional
mgnufacturing.

— Assembty and Joing Processes can be reduced througi part consotidation, potentiatty achieving
en bloc construction.

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

— Reduction in lead times from design to part production.

4 © ISO/ASTM International 2019 - All rights reserved
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5.4 Limitations to be considered in regard to the PBF process

Certain disadvantages typically associated with AM processes shall be taken into consideration
product design.

— Shrinkage, residual stress and deformation can occur due to local temperature differences.

— The surface quality of AM parts is typically influenced by the layer-wise build-up technique
step effect). Post-processing can be required, depending on the application.

during

(stair-

— Consideration shall be given to deviations from form, dimensional and positional tolera
parts. A machining allowance shall therefore be provided for post-production finishing.'Sp
geometric tolerances can be achieved by precision post-processing.

— Anisotropic characteristics typically arise due to the layer-wise build-up and,shall be tak
account during process planning.

— Notall materials available for conventional processes are currently suitablefor PBF process

— Material properties can differ from expected values known from othertechnologies like forg
casting. Material properties can be influenced significantly due to process settings and cont

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

— Powder removal post processing is necessary.

5.5 Economic and time efficiency

Provided that the geometry permits a part to be-placed in the build space in such a way that it
manufactured as cost-effectively as possible,warious different criteria for optimization are ay
depending on the number of units planned.

In the case of a one-off production, height is the factor that has the greatest impact on building ti
build costs. Parts should be orientated in such a way that the build height is kept to a minimum.

If the intention is to manufacture a larger number of units, then the build space should be Y
efficiently as possible. Partsisheuld be orientated so as to minimize the number of build runs re

nces of
ecified

bn into
PS.

ng and
Fol.

bte and

can be
ailable

me and

sed as
Juired.

Strategies for nesting cap-also be included to maximize the available build space. If the same pa‘fts are

oriented differently for-best packing, i.e. results in building at different angles, then the mec
properties can vary from part to part.

The use of powder” that remains in the system depends on the application, material and §
requirements{ Bowder changes can be inefficient and time consuming. Though they are ned
when changing material type, powders from same-material builds can be reused if permi
the governing specification. It is important to note, however, that recycling of powder can aff
powder=size distribution, surface characteristics and alloy composition, and this in turn affec
part ‘characteristics. In addition, the reusable powder characteristics and therefore recyclabil
be-different for electron beam-based and laser beam-based powder bed fusion. The number of 1

anical

pecific
essary
ted in
bct the
s final
ty can
imes a

POWdET Cam be Tecycied 1S depPenderTt O tE MAc e Manutacturer and the part specitication.

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.
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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 can 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.

Iclandc

5.6.2

Islands
this co
terms

NOTE
applica

Key

I sl
P pa
a ov

SOURC

TITOITOLY

(I) are features that connect to form a part (P) only at a later stage of the build processHow
nnection will occur shall be taken into consideration at the design stage. Parts that are stable in
bf their 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.

&7 |
1, A

. VDI 3405-3:2015.

nds
't
brhang

Fighire 2 — Islands I'(left) and overhang a (right) during the construction of part P in z-axis

5.6.3

Areas
overha

Overhang

with ah overhang angle of 0° produce an overhang with length a (see Figure 2, right). Small
ngs do not need any additional geometry in the form of support structures. In such cases, the

project

ing area is self-supporting during manufacturing. The permissible values for a depend on the

specific PBF process, the material and the process parameters used. Significant overhangs can induce a
collapse or deformation of the length a of Figure 2, which can lead to the machine standstill.

5.6.4

Due to

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
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).

© ISO/ASTM International 2019 - All rights reserved



https://standardsiso.com/api/?name=6a9944420b2af43d2d6b0c52343cd2c0

ISO/ASTM 52911-1:2019(E)

SOURCE VDI 3405-3:2015.

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 tolerances that can be achieved with conventionj
based manufacturing processes. For this reason; post-processing can be necessary to meet (cus
requirements. Post-processing may include“subtractive manufacturing, surface finishing, t
processing, or other operations accordingto ISO/ASTM 52910.

In this respect, it is particularly important to be aware of and consider process paramete
influence characteristics of the final’part. For example, build orientation to some extent determi
level of accuracy that can be achiéved. Directionally dependent (anisotropic) shrinkage of the p
occur due to the layer-wise build-up. As another example, layer-wise consistency can be affected
location of the part on thehuild platform.

5.8 Data qualityjresolution, representation

The use of AM-requires 3D geometric data which is typically represented as a tessellated mod
other representations that can also be used include voxels or sliced layer representations. For tess
data, files ‘describe the surface geometry of a part as a series of triangular meshes. The vertice
triangles.are defined using the right-hand rule and the normal vector. The STL file format is reco
as the>quasi-industry data exchange format. Additional formats include AMF, which is descr
[SOfASTM 52915, and 3MF, which is being promoted by an industry consortium led by Microsoft

1l tool-
tomer)
nermal

s that
nes the
hrt can
by the

lel, but
ellated

of the
gnized

bed in
3).

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 defined 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 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 at least 5 times smaller than the resolution of the AM process. As a result, a chord height setting of

3) Thisinformation is given for the convenience of users of this document and does not constitute an endorsement

by ISO of the product named.
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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, metres, 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
AMEF. Having units incorporated into the data exchange file is very important in communicating part size.

If part geometry was imported from a 3D imaging modality, such as CT or MRI, then the data are
compopgedofvoxets-The DICOMformmat s thestamdard-used-irthe mredicatimmagimg imdustryamnd-somnre
AM sofftware tools read these files directly. Geometry resolution is controlled by the imager resolution.

6 Design guidelines for laser-based powder bed fusion of metals (PBF-LB/M)
6.1 General

6.1.1 | Selecting PBF-LB/M

PBF-LB/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 or channels,
and/o1| features with undercuts or structures that cannot be realized\by casting, forging or metal
cutting processes. The flexibility of PBF-LB/M offers opportunities, for)small series of unique products
with properties that cannot be realized with other technologies.

The advantages that occur in the use phase can be an important consideration when choosing PBF-
LB/M, pven when PBF-LB/M has disadvantages in the production phase.

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

Some dther technologies that can be applied in'a’similar field of application as PBF-LB/M are: PBF-EB/M,
directg¢d energy deposition of metals, or lost:model casting based upon a lost model produced by AM.

6.1.2 | Design and test cycles

Part optimization can be constrained by current limits of the PBF-LB/M process. This can 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 can be a part of the design cycle.

6.2 aterial and<structural characteristics

Metals|and metal @lloys are the materials most commonly used for PBF-LB/M (see Annex A). Preferred
s of production for metal powders typically include plasma or gas atomization in an argon
ogen'\atmosphere. Because metal powders can vary significantly between suppliers, selection
e.done with care. Powder size distribution, chemistry, surface characteristics, and morphology

O a D O avv poOwuU dal d a visplU M, O Cl smeyy O11"

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 melt)[5l. These factors all affect the characteristics of the part being manufactured. For
this reason, design for PBF-LB requires taking processing environments into consideration as well.

Table A.1 shows a selection of the material classes that are available to PBF-LB/M processes. In addition
to this overview, there are some other materials that can be used such as copper alloys, gold and silver,
tungsten and tantalum. As AM technology advances, it is expected that other materials will become
available in the near future. As there are already metal powders available for processes like powder

8 © ISO/ASTM International 2019 - All rights reserved
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metallurgy, metal injection moulding and cladding, it can be expected that there is a potential for use in
PBF-LB/M as well.

It is possible to achieve a relative part density close to 100 %[®l. Figure 4 depicts a microstructure after
PBF-LB/M:

a) shows a longitudinal section (in the z-y plane) of a part made from material 1.2709 with the
overlapping tracks clearly visible;

]"\1 c]‘\nmrc th nvnr]nhhihn fTQI‘lIC I'\F ba | Ci“ﬂ]ﬂ IQ‘TDY‘ rV—lI Y\]QHD\
J rr o t=) J SN A o J

O

The microstructure created by the PBF-LB/M process is different from that observed in wrou aterials,
and is heavily dependent on the processing environment, including those factors mention boye. The
mechanical properties of the part correlates directly with the macro- and microstructurg‘fo‘rmed.

Post heat treatments of parts produced by metal AM are applied commonly fg)'}*elease of residual
stresses and tuning material properties. 63

a) Longitudinal sectiot-of a part made from material 1.2709

Qv b) Overlapping tracks in a single layer
SO VDI 3405-3:2015.

Figure 4 — Microstructure after PBF-L5/M

6.3 Support structures

The PBF-LB/M process 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-LB/M processes serve multiple functions, including

— dissipation of heat,

— securing the part to the build platform,

© ISO/ASTM International 2019 - All rights reserved 9
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— compensating for residual stress-induced warping, and

— as a 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 2 provides guidance on the use of support structures in PBF-LB/M processes.
The values used in Table 2 are general guidelines, and both process parameters and material specifics

affect the governing values.

Because Cnnhnrf structures are so lmnnrfahf when Hnmgnlnn‘ for AM the ann’rnnr should decide at an

early sftage about the build orlentatlon of the part for the particular PBF LB/M machine and should be
aware jof the central elements of the process chain needed for manufacturing. The effect of the support
design|can therefore be taken into account when several design decisions are available. For instance,
a design configuration can lead to an increase in build time but can also significantly reduce,effort in

post-processing to remove the support structures.

Table 2 — Guidance on the use of support structures

" |substrate, removal through wire

Left: Support structures con-
nectingthe part to the build
platform

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

Comment 1: In order to avoid the
risk of cracks, a fillet can be fore-
seen between the part and the
plate (not included in sketch).

Comment 2: When support-
ing a part directly to the build

electrical discharge machin-
ing can be complicated due to
trapped powder and uneven
cutting action.

Left: Faces with downskin angle
6 < O)imic T€qUire support struc-
tures. Often, &;;,;; is between
30°and 45°. §);,,;; is dependent
on, for example, the material
used, the process strategy ap-
plied, and also the part charac-
teristic (thickness, shape, etc.)
above the regarded face.

Right: Faces with downskin
angle 6 > 6;;,;; do not require
support structures. The surface
quality may be adversely affect-

ed, depending on the angle.

SOURCE: VDI 3405-3:2015 (except for right figure in middle row).
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Left: Hole with internal support
structure

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

as per Reference [7].

0> 0 limit Comment: If drilling operation
is needed after PBF-LB/M, this
shape is difficult to machine.
Hence, in some cases,_it.cap be
7 7 better to reduce diameter pf hole
(often no need for stpport|below
diameter of 8jmm) in ordef to be
e /7 |built withoutsupport and frill
after oreyen to not forese¢ a
hole andfully drill instead|(e.g.
titaaium).
SOURCE: VDI 3405-3:2015 (except for right figure in middle row).
6.4 Build orientation, positioning and arrangement
6.4.1 General
The orientation, positioning and arrangement of parts_during PBF-LB/M have an impact on process
costs, process stability and various component characteristics. Factors that help to determine [proper

orientation, positioning and arrangement are discussed in 6.4.2 to 6.4.4.

6.4.2 Powder spreading

Most PBF-LB systems use a powder layefing system with a spreading device (e.g. ceramic, mletal 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 atea. Depending on the layer thickness, with this type of spreading
the blade can often scrape or interfere with the part as each successive layer is applied. Par{s shall
therefore be orientated, positioned and arranged so as to minimize the frictional forces gerferated
during scraping. The followihg points should be considered (see Table 3):
— 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;
— multiplé/pdrts should be positioned in a way that the contact length with the spreading system is
minimized (arranged with an offset, see the last row of Table 3).
Table 3 — Arrangement of critical elements in the build space of the machine
Deoc HTE 2P PDoo ral p- |
CeoTlt lyll\lll LA A4S ACAvAvA"
Longitudinal geometries
should be oriented in a way
that the contact length with the I
spreading system is minimized. /
SOURCE: VDI 3405-3:2015.
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Table 3 (continued)

Description

Poor

Good

should
avoids

Critical geometries

is a contact between spreading

systerrlll-a-nel-pa-Ft.—A-s-u-l-t-a-b-le-aﬁgl-e—
is often 10°.

be oriented in a way that
parts being bent-up if there

Multip

should
that th|

(arran

spreading system is minimized

le parts

be positioned in a way
e contact length with the

bed with an offset).

SOURC

i: VDI 3405-3:2015.

6.4.3

Build g
Howev
quality

Support structures design

rientation and shape have a significant influence on the.number of support structures required.
er, a balance has to be struck between support struetures, efficiency, process stability and part
. Table 4 illustrates various concepts that candid in determining suitable process plans. In

generall, attention should be given to the design of the interface between support and part (punctual or

line co
after b

Suppot
(e.g. g3
partay
can be
advant

htact), with consideration of whether and, if-s0, how the support structures need to be removed
uild-up (manually, by machining including Wire electrical discharge machining, etc.).

t structure design can be realized invarious shapes (e.g. block shape, web shape) and densities
p width, web diameter). It is not.always necessary to provide support structures between the
1d the build plate. If parts exhibit rather massive areas, support structures for filigree part areas
designed between those massive areas and the faces to be supported. Support structures can
ageously be part of the fipalpart and not be removed at the end of building.

Table 4 — Examples of support structures

Description

Poor

Good

Avoidi

through part{orientation that
leads tpleast need for support

ng suppert structures

structures:

SOURCE: VDI 3405-3:2015.
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Table 4 (continued)

Description Poor Good

Avoiding post-processing effort

through support structure design
that considers the desired post

nracaceforitc ranaorzal
pre€essTortesFemovat

SOURCE: VDI 3405-3:2015.

6.4.4 Curl effect

Depending on the geometry of the parts being fabricated, their orientation €an significantly
during a single pass wherever possible. Warping of large part surfaces €an be prevented throy

exposure of the large surface can be divided between different layers‘throughout a build.

affect

the extent of the curl effect. To counter this effect, it is advisable to aveid fusing large part syirfaces

gh the

use of suitably designed support structures (see Figure 5) and the application of heat. In this npanner,

© ISO/ASTM International 2019 - All rights reserved
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a) Poor b) Good
SOURCE VDI 3405-3:2015.

Figure 5 — Examples showing how to avoid the curleffect when irradiating large surfaces

6.5 Anisotropy of the material characteristies

Anisotfopic mechanical characteristics result from the layer-on-layer construction process. In many
cases, [this reduces mechanical characteristic-values such as tensile strength and yield strength in
the z-gxis[8ll2l. This shall be taken into.consideration when considering build orientation in regard
to the|principle loads. It has been shown that material anisotropy can be reduced by subsequent
heat treatment. The effect of heat treatments on anisotropy depends on the complete material cycle,
including the build process, the heattreatment and material composition.

Procedures, such as the manufacturing of test specimens, are often followed to ascertain mechanical
properjties along various akes. Sample mechanical characteristic values for tool steel 1.2709 can be
found in VDI 3405-2 andor aluminium alloy in VDI 3405-2.1.

6.6 Surface roughness

s of pawder adhering to the surface of parts can cause high surface roughness. Surface roughness

downskin surfaces have significantly higher minimum roughness values than upskin surfaces. Average

a o a 4.0 A o o J D 4.0
- O v o, oo c > v

Typically, resulting surface roughness can be improved by adjusting process parameters locally. Post-
production finishing can significantly reduce surface roughness.

6.7 Post-production finishing

6.7.1 General
Post-production finishing can often be necessary to reach final part characteristics needed. Typical

post-processes comprise, but are not limited to, cleaning processes to remove loose powder material,
heat treatments to reduce residual stresses and adjust material properties, sand blasting and other
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surface finishing to smooth surfaces, and mechanical post-processing (milling, grinding, etc.) to remove
support structures or to generate functional surfaces.

6.7.2 Surface finishing

Resulting surface roughness (see 6.6) sometimes does 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.

6.7.3 Removal of powder residue

During production, the part is surrounded by unmelted powder as it is built up layer-by-layér Indjvidual
particles are left adhering to the part after it has been fabricated and removed from the powddr cake.
Removing these particles is generally the first step in the finishing process. Cleaning with comgressed
air and abrasive blasting are common methods of removing powder residues post’production. i[:)wder
removal from internal passages can be exceptionally challenging. When creating the build file for a
part with internal passages, special consideration shall be given to powder evacuation and accesp ports
shall be provided to allow for powder removal.

6.7.4 Removal of support structures

Parts produced by PBF-LB/M are generally fixed to support«structures which are required to be
removed after production. Support structures can be remeyved mechanically, electromechanidally or
chemically. This is often a required finishing procedure andthe material to be removed should b¢ taken
into consideration during the design phase. Due to residual stress, before removing parts from the
build platform a stress relieving heat treatment is often necessary.

6.7.5 Adjusting geometric tolerances

Like most AM processes, PBF-LB/M can-be used to produce very complex geometries; howgver, in
most cases, the resulting deviations from form, dimensional and positional tolerances do ngt meet
specifications. Tolerances in the ordet<of magnitude of around +0,2 % with minimal value 0,2 hm are
achievable with PBF-LB/M using cufrent state-of-the-art technology. In general, the minimal feature
value is dependent on material-and processing condition, e.g. the laser spot size and power density.
Tolerance specifications are often not achieved without post-processing, and functional surfades and
fits should therefore be finished to enable them to fulfil their function. Manufacturing processes (e.g.
machining processes) capable of producing sufficient accuracy are suitable for this purpose.

The minimum surface) roughness that can be achieved with parts produced in a powder bed Hy PBF-
LB/M is limited du€to particle adherence and stair casing. A better surface finish can be obtaingd with
downstream treatments. Commonly used subtractive processes include abrasive blasting, viratory
finishing, flew'grinding or electro-polishing. A gradual improvement in surface quality can be aghieved
by carrying-out these processes in sequential orderlll. An appropriate machining allowance shguld be
provided for this purpose. When adapting design from another manufacturing method to AM, S:Erfaces
that donot require a specific finish should be identified. In fact, a design consideration should|be the
minimization of surfaces that do require post processing.

6.7.6 Heat treatment

6.7.6.1 Increasing the relative density of the material

Relative 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. This depends on
the actual manufacturing process. Although PBF-LB/M as per VDI 3405-2 typically achieves a relative
density of at least 99 % of the reference value, density can nevertheless be further increased, by HIP, for
example, if requirements are sufficiently high[10l,
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6.7.6.2 Influence on microstructure and ductility

Post heat treatment processes are worth considering for some materials in order to attempt to arrive
at more uniform and well-defined mechanical characteristics. Geometric deformations and mechanical
characteristics can be modulated by carefully adjusting the temperature over timell1],

6.7.6.3 Reducing thermally induced residual stress

During PBF-LB/M, the layer-wise build-up method combined with lateral shrinkage as each individual

layer dools often generates significant residual stresses in the finished part. Heat treatment shall pe
used for stress relief before removing the part from the platform.

6.8 Design considerations

6.8.1 | General

ConsidEration shall be given specific to PBF-LB/M when designing typical geometricelements in order
to achieve the desired results (see for example Reference [7]).

6.8.2 | Cavities

In principle, it is possible to create cavities in parts during PBF-LB/M. The cavities contain loose,
unmelted 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-%oltime parts in order to
— minimize warpage,

— improve process reliability,

— refluce build time,

— refluce mass, and

— evpntually reduce material consumption.

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

6.8.3 | Gaps

Gaps that lie at least partially in the z-axis should meet a minimum gap width to prevent the surfaces
forming the gap fronnfusing[12]. This minimum gap width depends largely on the material and process
paramgpters usedsbut in the PBF-LB/M process should typically be larger than the width of the melt
pool. The minimum dimensions of gaps in a part which essentially lie parallel to the plane of the layer
(i.e. ngrmally“parallel to the build platform) are typically difficult to manufacture in PBF-LB/M. The
requiremeénts are similar for nesting parts (see 5.2 and 5.5) as long as post processes do not have a
requirenient for wider gaps.

6.8.4 Wall thicknesses

In principle, minimal wall thicknesses in PBF-LB/M align with the range of the melt pool width. The
ability of a wall to maintain its form depends in particular on its orientation in relation to the coating
direction, its support, the aspect ratio (height in relation to wall thickness) and the material used.
Robust walls are typically several times thicker than the minimum width of the melt pool.
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6.8.5 Holes and channels

Holes where the axes are produced in the z-axis are typically limited by the minimum gap width; see
6.8.3. In contrast, holes where the axes are produced counter to the z-axis typically have a diameter

several times greater than the layer thickness, as with gaps or channels that lie parallel to the p

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.

Holes running counter to the z-axis that exceed a certain diameter can require support

process such as drilling is the preferred method for creating a straight hole in an PBF-LB/
Channels with a suitable cross-section can be constructed without support structures.ifyneq
without a restriction on maximum size.

NOTE Holes below the critical diameter (although possible) typically suffer a loss of cifcularity (i. e.
ovoid or “squashed”).

6.8.6 Integrated markings

Inscriptions and markings can be incorporated into the part during the-build. In principle, any
inscription, be it etched or embossed, can be produced. Font style and'size of lettering should be

in the
a post
part.
essary

become

fype of
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 achig
upward-facing surfaces. Typically, recessed text offers bettet, resolution than raised text.

Inscriptions and markings can be used for:

— signage in general and warning and safety instruetions,
— symbols to facilitate assembly,

— nameplates with individual serial number,

— design elements,

— logos, and

— textures.
6.9 Example applications

6.9.1 General

The application’s described in this subclause illustrate the opportunities afforded by PBF-LB
addressing’two different problems. The first example (6.9.2) explains how this technology
exploited.to produce complex free-form parts. The second example (6.9.3) shows how design fle
facilitates the production of a hydraulic block which uses less material than conventionally pr
parts while performing the same function. Both parts are shown in their raw post-productio

ved on

M for
can be
kibility
pduced
h state

with supportstructures removed
6.9.2 Integral design (provided by CETIM — Technical Centre for Mechanical Industry)

6.9.2.1 General

Aim: To reduce the number of components in a welded assembly comprising six individual
machined parts.

Result: Reduced to a single part, 40 % mass lower.
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Figure 6 a) shows the original welded assembly and Figure 6 b) shows the modified result from topology
optimization in order to reduce the mass of the part by PBF-LB/M.

a) Original welded assembly b) Modified result design by topological
optimization and produced by PBF-LB/M

Figure 6 — Component of rotating machine to produce cables

6.9.2.21 Case study design guidelines
In this|case, topological optimization software was used which does not'eonsider AM rules.

The palrt is fabricated by PBF-LB/TiAl6V4 and after topological optimization the following design rules
to optimize the shape of the part were applied.

— Checking angle surfaces 6 > 6);,,,;; with 6, = 45° (see Figure 7).

The shape of the part should be modified to avoid manufacturing supports in the yellow-orange area
(see Figure 8). In the red area, the surfaces are functional. They are supported.

Figure 7 — Initial shape: result from topological optimization

— Checking maximum cantilevered to avoid powder coating problems due to friction between the part

and the recoating system %>% where t is the thickness and / is the length (see Figure 8).
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