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Preface

Additive manufacturing (AM), also known as 3D 
printing, is yet another technological advancement 
that can provide manufacturing operations with 
digital versatility and productivity. While AM grows 
at a rapid pace, there is no standardised way of 
proving to manufacturers and regulators that AM 
products are safe. 

AM techniques give companies the flexibility 
to design innovative products and/or reduce 
production lead times, but there are still significant 
barriers to overcome to ensure consistent quality 
and safety. To compound this issue, there are 
currently no global certification schemes that take 
into account AM-produced parts.

LR has actively contributed to a variety of 
international standards for AM since 2014 
(includes API, ASME, ASTM, CEN and ISO standards 
committees), with the intention of sharing 
knowledge and expertise to directly contribute to 
improving the safety, quality and reliability of AM 
processes, materials and components. 

These guidance notes, coupled with our internal 
processes for qualifying AM facilities and personnel, 
and providing certification of AM materials and 
components, are aligned with the AM standards 
(e.g. ISO/ASTM 52920 for quality assurance 
requirements for production). 

These guidance notes are designed to support 
manufacturers and encourage the wider adoption 
of AM technologies, whilst complying with the 
requirements and recommendations of international 
AM standards. With greater impetus to lead a 
sustainability revolution fuelled by technology to 
address future ecological challenges, these notes 
include insights into how AM can support and 
accelerate the circular economy.

As AM is a relatively new technology for many 
industries, our certification has limitations related 
to process, technique, feedstock and application. 
Inspection requirements are specific to these criteria. 
Refer to our Guidance Notes for the framework to 
achieve certification, or contact us with details of 
your specific project, or questions you might have. 
Our expert team is here to help your organisation 
with the technical details.

The profits we generate fund the Lloyd’s Register 
Foundation, a charity that supports science and 
engineering-related research, education and public 
engagement around everything we do. All of this 
helps us stand by the purpose that drives us every 
single day:

Working together for a safer world.
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These Guidance Notes are provided for informational 
purposes only and do not release the users from assuming 
sole responsibility and risk for the use of this information. 
This is intended to be a live document and is subject to 
change without notice. 

This document is provided without any representations, warranties, or 
conditions of any kind, express or implied, including, without limitation, implied 
warranties or conditions concerning this document’s fitness for a particular 
purpose or use, its merchantability, or its non-infringement of any third party’s 
intellectual property rights. Lloyd’s Register does not warrant the accuracy, 
completeness, or currency of any of the information published in this document. 
Lloyd’s Register makes no representations or warranties regarding this 
document’s compliance with any applicable statute, rule, or regulation.

In no event shall Lloyd’s Register or its employees be liable for any direct, 
indirect, or incidental damages, injury, loss, costs, or expenses, howsoever 
caused, including but not limited to special or consequential damages, lost 
revenue, business interruption, lost or damaged data, or any other commercial 
or economic loss, whether based in contract, tort (including negligence), or any 
other theory of liability, arising out of or resulting from access to or possession 
or use of this document.
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1.1  Purpose

The purpose of this document is to provide goal-based 
guidelines for the certification of metallic parts produced 
using an additive manufacturing (AM) process. 

The guidance is intended for those organisations that are:

• interested in adopting AM and looking to understand 
how the qualification and certification requirements 
compare with conventional manufacturing processes;

• already using AM and looking to qualify their 
processes or certify materials and/or parts;

• sub-contracting, or intending to sub-contract, 
elements of their manufacturing to an AM supplier 
and wish to understand the requirements for 
certification.

An overview of the polymer-based AM processes covered 
by this document, along with guidance on various 
aspects, is available in Figure 1.

1.2   General

The approach to the certification of materials and parts 
varies between different industries. In some industries, 
such as aerospace, medical and automotive, the 
requirements are captured in a top-level specification, 
which is assessed by the regulator (e.g. Civil Aviation 
Authority, Food & Drug Administration). This 
specification is cascaded throughout the supply chain 
and all suppliers must demonstrate compliance with the 
requirements.

In other industries, such as Energy and Marine, 
assessment by an independent Certification Authority 
(e.g. accredited to ISO/IEC 17065) is required.  In the 
context of these guidance notes, Lloyd’s Register is the 
Certification Authority.

Regardless of the industry, the reasons for certification 
include:

• safety of the product to protect consumers, operators, 
members of the public, assets, the environment);

• product assurance (confirms that the legal 
requirements are satisfied, and the part is suitable for 
the intended application);

• demonstration of the quality and capability of the part 
to the market.

The basis of the design, manufacture and inspection of
any part intended to be manufactured by AM will require 
an evaluation of the requirements for that part (the 

requirements might originate from regulations, codes, 
standards or customer specifications - see 5.2). This is 
because the inspection requirements will be specific to 
the industry, the application, the design (e.g. geometry, 
material) and the AM process used. The outcome of this 
evaluation will define what must be demonstrated in 
order for the part to be certified.

In the future, as and when prescriptive requirements 
for AM are developed and established by each industry, 
such considerations will become embedded in codes or 
regulatory acceptance criteria. Until then, these goal-
based guidelines describe a basis for achieving a design, 
manufacture and inspection methodology that is 
equivalent to the certification process for the same parts 
produced using conventional manufacturing techniques 
and provides a route to the certification of AM parts.

1.3   Scope

These guidance notes include the qualification of 
facilities and processes, and the certification of 
materials and parts. For advice on specific technical 
aspects (e.g. build parameters, specification of 
feedstocks, suitable gases, etc.) or other AM processes 
not covered within these guidance notes, please contact 
TWI.

The scope of these guidance notes includes the 
following AM techniques:

• Solid-based process: Material extrusion (MEX) – 
 see illustrated example in Figure 2;
• Powder-based process: Powder bed fusion by laser 

(PBF-LB) – see illustrated example in Figure 3; Powder 
bed fusion by thermal reaction bonding (PBF-TRB) – 

 see illustrated example in Figure 4;
• Liquid-based process: Vat photopolymerization by 

laser (VPP-UVL) – see illustrated example in Figure 5; 
 Vat photopolymerization by projection (VPP-UVM) – 
 see illustrated example in Figure 6; Material jetting 

(MJT) – see illustrated example in Figure 7.

The precursor materials for polymer AM parts are 
available in the form of semi-crystalline thermoplastics, 
thermoset photopolymers, epoxies, elastomers, and 
sometimes polymer composites and filled polymers – 
see illustration in Section 1.4.

For novel manufacturing methods, materials or other 
AM processes not covered by these guidance notes, 
please refer to LR’s “Guidance Notes for Technology 
Qualification” or contact your local LR office who will 
connect you to the relevant department.

1 – Introduction
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Figure 1 
Overview of AM processing 
principles for polymers

1.4 Polymer AM Processes
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Figure 2 
Material Extrusion (MEX)

Figure 4 
Powder Bed Fusion by Thermal (PBF-TRB)

Figure 5 
Vat Photopolymerization by Laser (VPP-UVL)

Figure 6 
Vat Photopolymerization by Project (VPP-UVM)

Figure 7 
Material Jetting (MJT)

Figure 3 
Powder Bed Fusion by Laser (PBF-LB)
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1 – Introduction (continued) 
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2.1  Abbreviations

3D Three-Dimensional

3DP  Three-Dimensional Printing

AES  Atomic Emission Spectroscopy 

AI  Artificial intelligence 

AM Additive Manufacturing

AMF Additive Manufacturing Format

AOR Artificial Optical Radiation

AR  Aspect Ratio 

AR  Augmented Reality 

ASTM  American Society for Testing and Materials 

CAD Computer-Aided Design

CDLP  Continuous Digital Light Processing 

COSHH  Control of Substances Hazardous to Health 

CPS  Cyber Physical Systems 

CRB  Chemical Reaction Bonding 

CVD  Chemical Vapor Deposition 

DLP  Digital Light Processing 

DMA  Dynamic Mechanical Analysis 

DSC  Differential Scanning Calorimetry 

EDX  Energy Dispersive X-ray Spectroscopy 

FAT  Factory Acceptance Test 

FDM®  Fused Deposition Modeling 

FFF  Fused Filament Fabrication 

FTIR  Fourier-Transform Infrared Spectroscopy 

GPC  Gel Permeation Chromatography 

HIPS  High Impact Polystyrene 

IGES  Initial Graphics Exchange Specification 

IIOT  Industrial internet of things 

IOT  Internet of things

IP  Intellectual Property

IPA  Isopropyl Alcohol

IR  Infrared

ISO  International Standards Organisation

ITP  Inspection & Test Plan

LB  Laser Beam

LED  Exposure to Light Emitting Diode

MEX  Material Extrusion

MFI  Melt Flow Index 

MJF®  Multi Jet Fusion 

MJT  Material Jetting

MSDS  Material Safety Data Sheet

MW  Molecular Weight

NDE  Non-Destructive Examination

NFPA  National Fire Protection Association 

NIST  National Institute of Standards and Technology

NMR  Nuclear Magnetic Resonance Spectroscopy

NTC  Negative Temperature Coefficient 

OEM  Original Equipment Manufacturer

PBF  Powder Bed Fusion

PPE  Personal Protective Equipment

PSD  Particle Size Distribution

PVA  Polyvinyl Alcohol 

PVD  Physical Vapor Deposition 

QA  Quality Assurance

QMS  Quality Management System

RPE  Respiratory Protective Equipment

SAT  Site Acceptance Test

SEM  Scanning electron microscopy 

SIMS  Secondary Ion Mass Spectrometry

SLA  Stereolithography Apparatus

SLS  Selective Laser Sintering

STEP  Standard for the Exchange of Product

STL  Surface Tessellation Language

TGA  Thermogravimetric Analysis

TPM  Tripropylene Glycol Methyl Ether

TRB  Thermal Reaction Bonding

UV  Ultraviolet

UVL  Ultraviolet Laser Beam Exposure

UVM  Selective Ultraviolet Light Exposure
 through a Mask

VOC  Volatile Organic Chemical

VPP  Vat Photopolymerization

XCT X-ray Computed Tomography

XPS  X-ray Photoelectron Spectroscopy
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3D CAD modelling 
(solid modelling)

3D scanning 
(3D digitising) 

Additive 
Manufacturing 
(AM)

Additive 
Manufacturing 
Format (AMF)

Build 
(or build cycle)

 

Build space

 

Certification 
Authority

 

Equipment 
Provider
 

Facility 
Procedures  

Feedstock
 

The process most commonly used 
during design to produce a digital 
3D model

Method of acquiring the shape 
and size of an object as a 3D 
representation by recording x, y, z 
coordinates on the object’s surface 
and using software to convert into 
digital data

A process by which digital 3D design 
data is used to build up a part in 
layers by depositing material

File format for communicating 
AM model data including a 
description of the 3D surface 
geometry with native support for 
colour, materials, lattices, textures, 
constellations and metadata

Single process cycle in which one 
or more components are built by 
successive joining of material 
within the build space of the AM 
system (see ISO/ASTM 52900)

The enclosed volume within the 
AM system where the parts are 
fabricated

A trusted third-party organisation 
that inspects products against the 
specified requirements (Lloyd’s 
Register in the context of these 
Guidance Notes)

The organisation responsible for 
supplying one or more items of 
equipment within the AM system

Collection of documents that 
control the manufacturing 
processes – see 7.2.4.1 for details

Bulk raw material supplied to the 
AM build process (i.e. an input to 
the AM process)

2.2  Definitions

Feedstock 
Supplier

File format

 

Fusion

Green part

Manufacturer

Manufacturing 
Plan

Material 
Extrusion (MEX)

Material Jetting 
(MJT)

Part

The organisation responsible for 
supplying the feedstock (this might 
be a distributor or producer of the 
feedstock)

File format for model data (e.g. STL or 
AMF) describing the surface geometry 
of an object as a tessellation of 
triangles used to communicate 3D 
geometries to machines in order to 
build physical parts

The act of joining two or more units 
of material into a single unit of 
material

The result of the printing process is a 
part in the so-called “green” state

The organisation responsible for 
producing the part, or a component 
of it, using an AM process. In the 
context of these guidance notes, the 
Manufacturer also has responsibility 
for placing the product on the 
market and overall management 
and control of the supply chain. 
Where elements of the manufacture 
are sub-contracted to one or more 
suppliers, the sub-contractor is 
responsible for delivering their 
scope of work in accordance with the 
purchase specification agreed with 
the Manufacturer

Collection of documents that define 
what is being manufactured (specific 
to the part) – see 7.2.4.1 for details

An additive manufacturing process 
in which the material is selectively 
dispensed through a nozzle or orifice

An additive manufacturing process in 
which droplets of build material are 
selectively deposited

Joined material forming a functional 
element that could constitute all or a 
section of an intended product
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Porosity

Post Processing

Powder Bed 
Fusion (PBF)

Powder Blend

Powder mix 
(Powder mixture)

Process 
Parameters

Repeatability

Presence of small voids in a part 
making it less than fully dense

One or more process steps taken 
after the completion of an additive 
manufacturing build cycle in order 
to achieve the desired properties 
in the final part

An additive manufacturing 
process in which thermal energy 
selectively fuses regions of a 
powder bed

The intermingling of two or more 
powders with the same nominal 
compositions (see ISO/ASTM 52900)

The intermingling of two or more 
powders with different nominal 
compositions (see ISO/ASTM 52900)

Set of operating parameters and
system settings used during a 
build cycle

Degree of alignment of two or 
more measurements of the 
same property using the same 
equipment and in the same 
environment

2.2  Definitions

STL

Subtractive 
Manufacturing

Used powder

Vat 
Photopolymerization 
(VPP)

Virgin powder

File format for model data 
describing the surface geometry 
of an object as a tessellation of 
triangles used to communicate 
3D geometries to machines in 
order to build physical parts

Any of the various processes 
in which material is removed 
to produce a part of a desired 
shape and size

Powder that has been supplied 
as feedstock to an AM machine 
during at least one previous 
build cycle

An additive manufacturing 
process in which liquid 
photopolymer in a vat is 
selectively cured by light-
activated polymerization

Unused powder from a single 
powder batch

2 – Terms & definitions (continued)
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AM is one of many techniques that may be chosen 
for producing parts that require certification. When 
considering whether the use of AM is appropriate, the 
Manufacturer shall consider, within the context of other 
manufacturing routes, the potential to meet all applicable 
requirements (e.g. regulatory, application-specific).

There are various drivers for the adoption of AM and the 
following criteria are typically considered in the context of 
determining whether AM is a suitable process for a given 
part, and if so, which AM process:

• Complexity (e.g. structural / topology optimisation, 
generative designs for light-weighting using lattices)

• Customisation
• Consolidation/part count reduction (e.g. single part 

replaces assembly)
• Lead times for materials and part manufacture 
 (and potential for reduced spares requirement)
• Obsolescence (e.g. reverse engineering)
• Material form, properties and cost
• Part size
• Number of parts required
• Shipping time and cost

Process Selection Considerations 

AM is no longer just a solution for rapid prototyping 
applications. Many AM processes can now co-exist 
alongside conventional manufacturing processes as 
viable alternatives. Each AM process can offer distinct 
economic and/or technological advantages; however, 
there are numerous other considerations when 
choosing the appropriate AM technology. A framework 
is proposed to help potential AM users evaluate the 
type of processes they can adopt to suit their business 
cases and applications.

The primary drivers for selecting the most suitable AM 
process need to consider different aspects in terms 
of properties, process, part and business. The LR AM 
framework, which shows the different factors to be 
considered, is shown in Figure 8. 

 

Figure 8 
The LR AM framework for process selection considerations

1 2

3

LR AM Framework

Properties Process

Part Business

1. Properties Suitability
•  Material capabilities (e.g. rigid or 

flexible, durability, opacity, colour, 
functionality, multi-material, etc.)

•  Suitability to meet service/ 
application requirements

2. Process Compatibility
•  Availability of printing technology
•  Readiness for size, weight, speed
•  Post processing requirements
•  Facility requirements

3. Part Criteria
•  Dimensional accuracy
•  Surface finishing
•  Nesting capacity
•  Part consistency & reliability
•  Benchmark artifacts for evaluation

4. Business Considerations 
      & Social Impacts
•  Commercial and supply chain 

factors (e.g. lead time reduction, 
inventory efficiency, costs, risks)

•  Industrial readiness and 
availability of competent/
qualified personnel 

•  Circular economy and 
sustainability

4
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3.1  Properties Suitability

The type of material that is intended to be fabricated plays 
a significant role in the process of determining which type 
of AM process to use. Various AM processes have been 
developed to fabricate in different forms, such as liquid 
droplets, filament and powder, with a variety of materials 
including polymers, metals, ceramics, hybrids and 
others. Beyond the variety of processes and equipment, 
process selection depends on the properties available or 
material capabilities for the process and the suitability to 
meet the final service or application requirements. The 
properties can differ for different types of materials. For 
instance, biomedical models for surgical visualizations 
are often fabricated using AM process due to the complex 
geometrical designs of the human anatomy. 

3.2  Process Compatibility

To establish the viability in deploying and adopting AM 
into the manufacturing workflow of a company, it is 
essential to evaluate whether the process is compatible 
for the company’s usage based on the several factors 
listed:

•  AM readiness for size, weight and build speed.  
 The availability of an AM system that meets the build 

volume, weight and build speed for the intended 
application. The lack of optimized AM technologies, 
especially for large size parts, may result in a lack of 
confidence in using AM in place of traditional methods 
of manufacture. Nevertheless, AM technology is still 
evolving and new equipment is constantly being 
developed and introduced to the market. Therefore, 
understanding the specifications and limitations of 
the different processes will allow users to select the 
appropriate technology to meet their needs. 

 Table 2 summarizes the comparisons of build volumes 
and build speeds between the different types of AM 
processes.

Table 1.  Material properties for polymer AM processes

SLS process is potentially one of the suitable 
manufacturing processes since it allows freedom of 
design without the worry of removing support structures. 
However, the SLS process does not produce coloured 
prototypes, which will reduce the visual effects and ability 
to demonstrate a more tactile interface for an intuitive 
understanding of the patient’s conditions. On the other 
hand, a Polyjet process with multi-colour printing ability 
would offer an attractive choice for printing biomodels.

Table 1 shows the availability of different material 
properties for the polymer AM processes.      

• Pre-processing and post-processing requirements.  
Confidence in the AM parts depends on the entire process 
from pre-processing, which includes feedstock analysis, 
machine preparation digital data integrity checks, to 

 post-processing activities, such as surface operations, 
post-curing, thermal treatments and inspection. 
Such factors should be considered when selecting an 
appropriate AM process.

Table 2.  Comparisons of typical build volume and build 
speeds between different polymer AM processes

AM Process VPP MEX MJT PBF

 Medium Small to Small Small
Build space   Medium
dimensions X < 2100 X ≤ 900 X ≤ 300 X = 200–300
(mm)	 Y < 700 Y ≤ 600 Y ≤ 200 Y = 200–300 
 Z < 800 Z ≤ 900 Z ≤ 200 Z = 200–350

Build Speed Fast Fast Medium Slow

AM Process   Material Properties

 Rigid Flexible Clear Coloured Porous Watertight

VPP •  • • •  •   
MEX •   • • •   
MJT •  • • •  •  
PBF  •  •  • •     
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• Facility requirements.  Space availability, provision 
of services, safety and building requirements are some 
of the considerations when bringing AM technologies 
into the production facility. Guidance on facility 
requirements will be available in standards such as 
ISO/ASTM 52920 (Quality assurance requirements for 
production) and ISO/ASTM 52932 (Determination of 
particle emission rates from desktop 3D printers using 
material extrusion), once published.

3.3  Part Criteria

The process of selecting an appropriate AM process 
also involves considerations on achieving the design 
requirements, together with specific functional and 
performance criteria. The suitability of the AM process 
for the intended application can be assessed with 
reference made to the technical specifications of the 
equipment, furnished by the Equipment Provider, as well 
as the technological feasibility of the AM technologies 
with respect to the intended parts. The AM user shall 
identify and review criteria that include dimensional 
or geometrical accuracy, repeatability, surface finish, 
minimum feature size, and others, to ensure conformity to 
the requirements. 

Benchmark artefacts are often utilised to evaluate the 
manufacturing capabilities, limitations and overall 
performance of different AM processes. Numerous design 
features, including holes, thin walls, overhangs or freeform 
surfaces with respect to different scales, are set for 
benchmarking standards. Variations in feature geometries, 
such as tilted cylinders, can be utilised to study the 
capability of printing different features, while printing at 
different angles can determine the effect of characteristics 
such as stair-stepping. Performance evaluation based on 
benchmark artefacts are directly exploitable by users for 
selecting a suitable process for their specific application 
and can often also be used for parameter optimization. 

Table 3 shows the comparisons of typical resolutions and 
surface finish between different AM processes.

3.4  Business Considerations and Social Impacts

With the continued interest in the disruptive potential of AM 
technologies, the growth and adaptation of AM may have 
social and commercial implications. This section addresses 
some of the business considerations and social impacts 
during the selection of a suitable AM technology.

•  Commercial and supply chain factors.  Suitability is not 
entirely about compliance with technical specifications 
or application-specific requirements; the process also 
has to factor in economic considerations. Factors include 
whether the process has the capacity to simplify or 
shorten manufacturing supply chains; reduce production 
lead times to be more responsive to market demands; 
improve productivity and logistics; overcome initial 
business barriers to entry; and ultimately, to generate 
revenue and profit.

•  Industrial readiness and AM personnel.  The emergence 
of AM technologies establishes a need for a competent 
labour force of highly specific, qualified personnel. AM 
personnel roles include Designer, Operator, Process 
Engineer, Supervisor and Inspector. Organizations need to 
examine their industrial readiness to use this technology 
effectively and establish the necessary technical expertise.

•  Circular economy and sustainability.  The allure of using 
AM processes is evident with the growth of AM service 
providers, sales of AM equipment and the continued 
expansion of the global AM market. To avoid valuable 
materials being lost to the waste stream and impacting 
negatively upon the environment, a circular economy 
model in which materials are designed to be used, not 
used up, should be considered early in the design stage.  
The term “sustainability” refers to all aspects of 

 a product’s life cycle, not just recycled materials. 
 Figure 10 (next page) shows the circular economy for AM.

3 – Suitability for additive manufacturing (continued)

Table 3.  Comparisons of typical resolutions and surface 
roughness between different polymer AM processes

AM Process VPP MEX MJT PBF

Resolution(µm) 10 50-200 16 80-250

Surface
Roughness 

High Low High Low
 

Figure 9
Roles in the AM process chain
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Design
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Materials. As the global economy moves towards 
net reduction of environmental load, AM has offered 
promising solutions to conserve precious resources 
by advocating or rediscovering materials with better 
recyclability, reusability or circularity. Polymers are one 
of the most versatile materials because of their excellent 
cost to performance ratio and durability.  There are 
growing numbers of AM polymer feedstocks made from 
recycled sources, such as biologically based polymer 
from plants or composites reinforced with recycled 
carbon fibre or biodegradable wood fibre. Composite AM 
materials or engineering polymers are also widely used 
to replace metals, signalling how AM can be at the base 
of a greener and more environmentally friendly future.

Design. Environmental concerns are driving a world 
with less waste and inventory, so products and systems 
should be designed to limit the diversity of materials 
used and material waste. The AM technology significantly 
broadens the scope of design with additive mindsets 
and advanced design software such as generative 
design tools, topology and structural optimisation and 
simulation. The wide variations of the design for AM not 
only minimises material wastage but also reduce fuel 
consumption and carbon footprint. The digital versatility 
and fast prototyping of AM enables a swift mobilisation of 
the technology from a linear economy model to a circular 
one, while implementing sustainable manufacturing.

Manufacturing. The AM technology is well-suited in 
addressing supply-demand imbalances brought about by 
socio-economic factors and supply chain disruptions. Parts 
can be manufactured on-demand by any decentralised AM 
facility in the world by leveraging digital files available in 
the network. Even though supply chains are expected to be 
shorter and more fragmented, AM has proven its worth as 
a more resilient and efficient means of production to carry 
the technology forward in the new normal.

Product. The inherent flexibility and the possibility of 
the AM technology to modify designs during the product 
development process unleashes creative and sustainable 
products. The additive nature also enables product 
customization and complex designs, giving a broad 
spectrum of new sustainable applications from electric 
vehicles, lightweight aircrafts to 3D concrete printing 
applications such as building and construction.

End of life. The AM technology enables the circular 
economy by retaining materials in play for as long as 
possible. It works via two different but complementary 
concepts: upcycling (reuse of unused powder or resins 
feedstock) and downcycling (recycle post-consumer plastic 
waste into filament feedstock).  AM also supports the 
end of life or life cycle assessment with the capability to 
incorporate embedded sensors, RFID tags and QR codes 
that collect or store the use history and data of the product. 
Considerations should be given to using technologies that 
extend asset life, offer options for reuse or repurposing, 
repairability and recycling. In this way, as much value as 
possible can be extracted from the resources and materials 
used can be put back into the system relating everything 
from production, distribution to consumption. 

For further guidance, contact Lloyd’s Register. 

3 – Suitability for additive manufacturing (continued)

Figure 10
Circular economy for AM
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Figure 11
Functional stages for certification

People  Process  Product

Inspection 
and testing Design

Manufacturing

Materials
Post-
processing

Certification

Regardless of the AM process adopted, the activities that 
support certification may be categorized into one of the 
following five functional stages (see Figure 11):

I. Design
II. Materials
III. Manufacturing
IV. Post-processing
V. Inspection and testing

In order to certify a part, the material that forms the part 
must also be certified. In conventional manufacturing, a 
material certificate is supplied by the Material Provider. 
However, in AM the facility that produces the part is also 
forming the material as the AM activity itself is a property-
changing process. Therefore, the AM facility is responsible 
for providing material certification with the part. 

The AM facility must be qualified in order to demonstrate 
reliability and repeatability for producing the selected 
materials, and subsequently, issue the material certification. 
Using certified organisations in each stage can reduce the 
cost and lead times for part certification. 

It is also recognised that different organisations within 
the supply chain may perform activities within each of 
the stages listed above. The requirements for this are 
described in detail within sections 5 to 9, which cover 
each functional stage. Therefore, specific certification can 
be provided for each stage, which can reduce the effort 
required for subsequent part design, material supply and/or 
manufacturing activities for future contracts 
(see Section 13 for more information).
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The designer then needs to consider the following and 
incorporate design changes, as appropriate, to satisfy the 
various requirements:

• statutory and regulatory requirements (legal 
responsibilities);

• functional, performance and quality requirements 
 (client specification);
• potential failure modes, consequences and likelihood of 

failure due to the application requirements;
• application-specific codes or standards that the 

organisation has committed to implement (to satisfy 
regulatory or customer requirements);

• AM-specific standards (to fill the gaps where the 
application-specific standard does not include AM in 
order to demonstrate an equivalent level of safety for AM 
compared to conventional manufacturing processes).

Note that where an application-specific standard, used 
as the basis for certification, does not include AM then 
in order to be used it shall include a clause allowing the 
Manufacturer to demonstrate an equivalent level of safety 
with alternative materials and alternative methods of design 
and manufacture.

As an example, a goal-based approach may be applied, 
with the intent that the Manufacturer’s proposals may be 
specially considered in order to achieve the intended design 
and performance criteria. This would consist of high-level 
goals to fulfil the application standard, together with 
specific functional and performance requirements.  Where 
this is proposed, the alternative requirements will be agreed 
upon on a case by case basis.

The designer shall consider introducing a suitable design 
factor (e.g. such as that used for injection moulding) 
depending upon the agreed inspection and testing regime. 
Provided that the part is manufactured as modelled and 
meets the requirements specified, then the design may be 
accepted on that basis.

Inputs shall be adequate for design and development 
purposes, complete and unambiguous. Conflicting 
design and development inputs shall be resolved prior to 
manufacture.

The Manufacturer shall retain documented information on 
design and development inputs, including any derived from 
a previous design (see Section 10 for further detail on the 
documentation requirements).

The part geometry is established alongside the material 
specification (see 5.3 and 5.4).

5.1  General

For parts produced using an AM process, the designer 
shall establish, implement and maintain an appropriate 
design and development process that ensures the 
subsequent provision of parts that meet regulatory and 
customer requirements. This is summarised in Figure 12. 

5 – Design

Build layout
(see 5.6) (2)

AM-specific 
standards

Application-specific 
standards

Regulatory 
requirements

Customer 
requirements

Material 
specification 

(see 5.4)

Part geometry
(see 5.3) (1)

Inspection & test plan
(see 5.5)

Design inputs
(see 5.2)

Design concept

Figure 12 
Design flowchart

(1) Design appraisal (issue 1) required to assess the design against 
the requirements of the application prior to finalising the 
design intent and material specification.

(2) Design appraisal (issue 2) required to assess the inspection & 
test plan (ITP) and build layout prior to manufacture.

5.2  Design Inputs

The Manufacturer shall determine the requirements that 
are essential for the part. The design concept (i.e. the initial 
geometry to perform the primary function(s) required by the 
application) might be derived from previous, similar design 
and development activities. 
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5.4  Material Specification

The material specification defines the technical delivery 
condition of the material that forms the AM part. 

This includes:

Delivery condition Examples of methods 

Method of  Material extrusion, 
manufacture powder bed fusion, vat   
  photopolymerization

Curing and Post- Thermal curing, ultra-violet
curing for thermosets (UV) curing

Thermal treatment  Infrared heating, controlled
for  thermoplastics cooling

Chemical properties Chemical composition, 
 chemical structure, chemical  
 bonds, degree of crystallinity

Rheological  Melt flow, flow efficiency, 
properties viscosity 

Thermal properties Melting temperature, glass  
 transition temperature, heat of  
 fusion, heating and cooling rates

Mechanical Tensile, hardness, flexural,  
properties compression, fracture   
 resistance, impact

Other properties  Chemical resistance, flame
required by the  retardance, nontoxicity,   
application durability
 

A review of the material specification is required to 
confirm that:

• the selected material is suitable for use within the 
intended application and acceptable for use according 
to the regulation, code or standard that the part is being 
certified against;

• material properties stated are consistent with those used 
in the design calculations.

Note that the required material properties defined in the 
material specification will directly affect the required 
properties for the feedstock. Feedstock specification 
requirements (for purchasing and use cases) are discussed 
in 6.2.

The ITP will define how the limits within the material 
specification are to be demonstrated. 

5.3  Part Geometry

The part geometry, along with the required delivery 
condition defined within the material specification 
(see 5.4), is established to meet the design input 
requirements captured in 5.2. At this stage, an 
independent design appraisal is performed by the 
Certification Authority to assess the geometry and 
material properties against the application-specific 
requirements (which includes regulatory and 
performance requirements) to confirm suitability for 
the intended application, for all reasonably foreseeable 
design conditions.

Given the ability of some AM processes to produce 
complex geometries, design methods such as topology 
optimisation are sometimes used to optimise the design 
for a given set of constraints. This approach typically 
reduces the redundant strength that is provided in 
conventionally manufactured parts because AM enables 
parts to be designed to exacting dimensions rather than 
being limited by the availability of standard material 
sizes.

Depending upon the complexity of the geometry and 
load cases for the application, either a ‘design by rule’ 
(i.e. design rules available in the code or standard) 
or ‘design by analysis’ (e.g. finite element analysis) 
approach may be used for the design calculations 
to assess the suitability of the design against the 
requirements of the application.

5 – Design (continued)
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• NDE methods are suitable for the intended material 
 and geometry.

The Manufacturer may refer to ISO/ASTM 52924 to 
determine characteristic values in terms of mechanical 
properties, relative density, dimensional accuracy for test 
specimens. Categorisation of dimensional accuracy classes 
can be in accordance with ISO 16012. Considerations, 
methods and equipment for inspection and testing are 
discussed in Section 9.

5.6  Build Layout

The build layout defines all geometry that will be 
manufactured within the build space. This includes:

• location and orientation of parts (including any post-
machining allowances, accessible features to remove 
manufacturing residues, trapped volumes);

• location and orientation of test specimens;
• control specimens (physical record of the full build 
 height and used for build-to-build comparison or used 
 to investigate in-process deviations);
• distribution in the usable build space including corner 

areas;
• support structures, where applicable.

A review of the build layout is required to confirm that all 
specimens defined in the ITP are included in the model 
used for manufacture. The number, location and orientation 
of the specimens shall be sufficient to:

• adequately mitigate the risk of variation throughout the 
build volume;

• provide sufficient specimens to complete all testing 
specified in the ITP.

Where retesting is allowed, additional specimens may be 
included within the build layout to accommodate retesting 
and potentially avoid a rebuild.

All specimens shall be clearly identified on the build 
layout such that the location and orientation within the 
build space can be determined after testing. The distance 
between adjacent specimens, and between part and 
specimen, shall be identifiable from the build layout.

For further information on requirements, guidelines and 
recommendations on design, refer to ISO/ASTM 52910 
and/or process-specific design guidelines for powder 
bed fusion of polymers, refer to ISO/ASTM 52911-2:2019 
(Additive Manufacturing – Design – Part 2: Laser-based 
Powder Bed Fusion of Polymers).

See 5.11 for discussion of CAD file translation.

5.5  Inspections & Test Plans (ITPs)

A review of the ITP is required to confirm that the 
proposed material testing of the formed material is 
sufficient to satisfy the requirements of the material 
specification (see 5.4). The ITP shall also specify the 
proposed method for geometrical inspection of the final 
part and identify the required dimensions for acceptance 
at the inspection stage (see 9.2.3).

The size and shape of the specimens shall be selected 
such that they represent the geometrical features within 
the part to be certified. Therefore, more than one set of 
specimens per material property may be required if there 
are a variety of features within the part that cannot all be 
represented by a single size/shape of the specimen. The 
number of specimens within each set will be determined 
according to the testing requirements of the regulation, 
code or standard.

The ITP shall also include a sufficient number of 
specimens to mitigate the risk of variation due to position 
or orientation within the build space (e.g. in powder bed 
fusion, position relative to the gas flow direction, recoater 
direction and proximity to other fused geometry).

Specimens may be produced as prolongations to the part, 
individually alongside the part (near-net-shape) or within 
a qualification test coupon (or duplicate, sacrificial copy 
of the part), from which individual specimens may be 
extracted. The location and orientation of each specimen 
are defined within the build layout (see 5.6).

Note that there are two approaches for the testing and 
subsequent acceptance of material properties:

• direct inspection route;
• process qualification route.

The preferred route is typically dependent upon the 
volume of parts being produced. These routes are 
discussed further in 9.1.

The ITP also defines how the part shall be inspected post-
build (i.e. what non-destructive examination (NDE) and/or 
other methods will be used). It is important to define the 
inspection plan at the design stage (prior to manufacture) 
to ensure:

• the defect limits and acceptance criteria are agreed 
upon beforehand and satisfy the regulatory and 
customer requirements;

• NDE methods are selected that are suitable for detecting 
the range of possible defects and size tolerances, as 
agreed, for the AM process used;

5 – Design (continued)
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• evaluate the effectiveness of these actions;
• retain appropriate documented information as evidence 

of competence.

The risk assessment shall be performed during the 
design stage to determine the possible consequences 
and likelihood of part failure. Various risk assessment 
techniques are available (e.g. ISO Guide 73, ISO 31000, EN 
31010) but frequently a risk matrix is used where the level 
of risk is determined from the product of consequence and 
probability.

Different organisations and industries may have different 
definitions and thresholds for risk levels (e.g. to safety, 
business impact, etc.) so risk assessments will be reviewed 
on a case-by-case basis with consideration of all relevant 
national and international safety regulations and guidance.

When determining the stages and controls for design and 
development, the Manufacturer shall consider the:

• nature, duration and complexity of the design and 
development activities;

• required process stages, including applicable design and 
development reviews;

• required design and development verification and 
validation activities;

• entities, authorities and subsequent responsibilities for 
the design and development process (i.e. customers, 
users, the involvement of a Certification Authority or 
National Regulator, if requested by the end-user or 
required by the relevant regulation, code or standard);

• internal and external resource needs for the design and 
development of parts and services;

• need to control interfaces between persons involved in 
the design and development process (especially where 
some or all of these are subcontracted);

• requirements for the subsequent provision of parts 
intended to be manufactured by AM;

• documented information needed to demonstrate that 
design and development requirements have been met.

The Manufacturer shall apply controls to the design and 
development process to ensure that:

• reviews are conducted and documented to evaluate the 
ability of the results of design and development to meet 
requirements;

• any necessary actions are taken on potential issues 
determined during the reviews, or verification and 
validation activities;

• documented information of these controlling activities 
 is retained.

5.7  Design Guide for Post-Processing

When designing all specimens for manufacturing, the 
Manufacturer shall take into consideration all post-
processing requirements. These requirements include:

• Post-processing operations: some parts will require 
post-processing, such as thermal treatments, machining, 
post-curing or finishing processes. The enhancement of 
surface finishing can be of significant concern for fatigue 
critical parts and gas or fluid flow in internal channels for 
heat transfer and pressure drop effects. 
– Considerations to facilitate post-machining (e.g. 

clearance for cutting tools, impacts from vibrations)
– Considerations to increase or reduce the need for 

support structures, especially for SLA or DLP that use a 
bottom-up configuration 

– Considerations to allow fixturing of parts during post-
processing

• Safe processing & inspections: for operators of the 
equipment and performing post-processing activities, 
safety must be considered.
– Vat photopolymerization and powder bed fusion 

processes often trap unused liquid or powder 
materials within internal hollow features. The 
Manufacturer shall consider access features, such 
as holes and slots, to avoid trapped volumes and 
facilitate removal of manufacturing residues or to 
perform sterilisation 

– Solid supports can be considered for overhanging 
features or parts built in a bottom-up configuration

5.8  Design Planning & Controls

When planning for the design, manufacture and inspection 
of AM parts, the Manufacturer shall consider the needs and 
expectations of the interested parties and the requirements 
related to quality, environment, health and safety 
(see section 14).

The Manufacturer shall produce a risk analysis that 
addresses the following:

• assurance that the parts intended to be manufactured by 
AM achieve their intended outcomes;

• prevention or reduction of undesired effects.

The Manufacturer shall plan actions to mitigate these risks, 
and define how to:

• integrate and implement actions into the design, 
manufacturing and inspection processes;

5 – Design (continued)
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Design and development reviews, verification and 
validation have distinct purposes. They can be conducted 
separately or in any combination, as appropriate to the 
products and services of the organisation.

5.9  Design Outputs

The outputs from the design stage are:

• defined design requirements (see 5.2);
• part geometry and calculations that satisfy the regulatory 

and customer requirements (see 5.3);
• material specification (see 5.4);
• inspection and test plan (see 5.5);
• build layout (see 5.6);
• risk analysis (see 5.8).

On completion of all design and development outputs, the 
design appraisal is updated by the Certification Authority 
to provide an endorsement of the items listed above. This 
is performed before commencing manufacture to avoid 
potential rebuilds and incurring cost increases and delays to 
the manufacturing schedule.

5.10  Design & Development Changes

The Manufacturer shall identify, review and control 
changes made during, or subsequent to, the design and 
development of AM parts, to the extent necessary to ensure 
that there is no adverse impact on conformity to the 
requirements. Documented information on the following 
shall be retained:

• design and development changes;
• results of reviews;
• authorisation of any changes;
• actions taken to prevent adverse impacts.

5.11  Software Translation

The translation of the CAD model into a format readable by 
the AM equipment software requires careful consideration 
of various factors including:

• format of the native CAD model, exchange format 
 (e.g. STEP, IGES) where used, build model and slice file 

formats;
• respective coordinate systems at all data import and 

export stages;
• 3D model export translation accuracy, especially with 

respect to critical features;
• impact of software updates on the translation of legacy 

parts;
• traceability and identification of the specified CAD model 

for the build.

During the translation from CAD to machine-readable 
format (e.g. STL, AMF), errors can occur (e.g. bad/free edges, 
overlapping triangles, intersecting triangles). These errors 
shall be ‘fixed’ before building and software is available 
to perform this fixing automatically, semi-automatically 
or facilitate manual fixing. The model shall be checked for 
accuracy after any translation or fixing process to ensure 
that the intended geometry has not been adversely affected.

In situations where the CAD model is produced by one 
organisation (Designer) and provided to a separate 
organisation to produce the actual part (Manufacturer), it 
is the responsibility of the organisation that provides the 
model file to ensure that the file translation is accurate 
unless otherwise agreed with the Manufacturer.

For further information on file formats and translation, 
refer to ISO/ASTM 52950 (Additive Manufacturing - 
General Principles - Overview of Data Processing) and 
ISO/ASTM 52915 (Standard Specification for Additive 
Manufacturing File Format (AMF)).

5 – Design (continued)
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6.1  General

There are various stages of ‘material’ within the AM 
supply chain, such as the:

• raw material (e.g. input to the feedstock production 
process);

• feedstock (filaments, pellets powder or resin input to 
the AM process);

• as-built material (the material formed during the AM 
 build cycle but prior to any post-processing);
• part material (finished material form after all post-

processing and inspection).

The requirements for the part material are defined in the 
material specification (see 5.4), and this influences the 
requirements for the feedstock material. An overview of 
the process is illustrated below.

Figure 7 
Materials flowchart
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6.2  Feedstock Specifications

The ‘feedstock use specification’ defines the limits for 
feedstock intended for use within the selected AM process. 
This specification is based upon the requirements of the 
AM equipment and the part material (i.e. suitable for the 
application).

The ‘feedstock purchase specification’ defines the limits 
for feedstock that the Feedstock Supplier must satisfy 
(for filaments, the purchase and use specifications are 
typically the same; for powders and resins, the purchase 
specification typically has tighter requirements than the use 
specification to accommodate degradation in properties as 
the powder/ resin is recycled or reused).

The feedstock purchase specification defines the 
properties required to enable the part material to satisfy 
the requirements of the formed material specification 
(see 5.4), and hence, the application. Therefore, where 
particular limits on chemistry (including residual elements) 
are demanded by the application, these shall be stated in 
the feedstock purchase specification to notify the Feedstock 
Supplier of the requirement.

Testing of the feedstock to ensure compliance with the 
feedstock use specification prior to use is the responsibility 
of the Manufacturer. Where the Manufacturer sub contracts 
this activity to the Feedstock Supplier or to another party, 
the Manufacturer is responsible for controlling this through 
a purchase specification and any witnessing of this testing is 
to be agreed with the Certification Authority.

6.3  Feedstock Procurement

Feedstock is typically procured from an external provider, 
such as the Feedstock Producer or a distributor. The 
feedstock supplied shall satisfy the requirements of the 
feedstock purchase specification.

The Feedstock Supplier is responsible for meeting the 
requirements of the purchase order. The Manufacturer 
shall consider the end application and where required, 
stipulate any certification requirements for the feedstock 
(e.g. a certificate of conformity, possibly in accordance with 
EN 10204, section 1.2 of which does permit applying the 
standard to non-metallic products).

The feedstock may be procured by the Manufacturer or may 
be free issued to the Manufacturer by their Customer. In 
either case, the entity procuring the feedstock is responsible 
for ensuring the feedstock complies with the purchase 
specification.

(1) The MSDS contains information that includes: transport, 
storage and handling requirements; hazards and safety 
measures (such as PPE); required actions following accidental 
release (e.g. exposure controls, fire-fighting); toxicological 
and ecological information; disposal requirements. 

 The MSDS is reviewed as part of the facility audit (see 7.2.4).
(2) Record(s) of testing to demonstrate compliance with the 

purchase specification.

Design inputs
(see 5.2)
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Procuring feedstock from a Feedstock Supplier that has 
been accredited by a Certification Authority (e.g. Type 
3.2) provides greater confidence to the purchaser of the 
conformity of the feedstock, and such feedstock would not 
require further testing by the Manufacturer or witnessing by 
the Certification Authority.

A certificate of conformity will detail the results (indicative 
results for Type 2.2) of the inspection and testing performed.  
The certificate shall contain a declaration that the 
feedstock complies with the requirements of the purchase 
order (which might also refer to applicable national or 
international standards).

6.4  Solid-Based Feedstock

6.4.1 General

Solid-based feedstock for material extrusion (MEX) 
processes can exist in the form of filaments, pellets, 
powders or slurries. 

• Filament supplied as rods are typically thicker than 
filament supplied on a reel and are extruded through the 
hot end of a piston or rollers. 

• Pellets can be either small granules of thermoplastic 
material or mixtures of thermoplastic binder with fillers 
or fibres. The material is melted in an extrusion barrel 
and pushed through the heated nozzle with a piston or 
revolving screw.

The most common MEX process is a polymer monofilament 
extrusion process, i.e. fused deposition modeling (FDM)® 
or fused filament fabrication (FFF).  The strength of the 
fused layer formed by the deposited molten polymer 
depends on various factors such as temperature gradient 
(which is dependent on process parameters), polymer 
structure (molecular weight, branching, heat of fusion, melt 
temperature), molten polymer surface roughness, infill and 
shell thickness.

6.4.2 Solid Feedstock Selection & Identification

Solid feedstock shall be supplied with the following 
information to demonstrate control and traceability:

• contact information for the filament or pellet supplier;
• packing date;
• unique identification of the filament or pellet 
 (batch number, traceable to a lot number);
• product description (i.e. material name and grade and/or 

trade name, if applicable);

• the process used for producing the filament or pellet 
 (e.g. twin-screw extruder);
• packaging and storage instructions;
• material safety data sheet (MSDS).

6.4.3 Solid Feedstock Characterisation

Characterisations are essential to ensure consistency in the 
print quality of the MEX parts. The following parameters 
shall be determined from samples taken from a filament 
spool:

• Filament thickness uniformity. Most filaments come 
in an average thickness or diameter of 1.78 mm and 2.85 
mm. Filament thickness deviation across the length could 
affect the extrusion process due to improper feeding of 
feedstock or clogging of the nozzle. Some systems can 
measure the filament thickness using an optical sensor 
and make use of a puller mechanism that rotates faster 
or slower to pull the filament to the desired thickness. 
To ensure consistency in the thickness, measurements 
can be obtained using Vernier calipers, micrometer screw 
gage or any measuring devices with precision better than 
± 0.005 mm. 

• Thermal characteristics. Thermal properties such as 
melting point, glass transition temperature and thermal 
stability are important physical attributes of polymers. 
They provide information about their physical stability, 
thermal history, processing conditions, etc. 

 Thermal characterisations can be performed using:

• Porosity. Internal voids and pores may be present in 
solid-based feedstock. This can give rise to potential 
deviations in the properties of the final part or greater 
susceptibility to water penetration. 

• Thermal stability/ rate 
of degradation

• Able to determine 
water content in 
pellet/filament

• Melting point
• Crystallisation 

temperature
• ASTM D3418

• Glass transition 
temperature

• ASTM E1640

Thermogravimetric 
analysis (TGA)

Differential scanning 
calorimetry (DSC)

Dynamic mechanical 
analysis (DMA) 
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Porosity of the filament or pellet can be determined by 
various methods: 

6 – Materials (continued)

• Density. Knowing the correct material density of a 
filament or pellet is essential to predict the amount of 
material usage, especially when considering costs and 
efficiency. 

 Density of the thermoplastic feedstock can be 
measured using:

• Non-destructive test 
method for measuring 
pores or voids

• Optical microscope

• ASTM D3171
• Determine constituent 

content of composite 
materials by ignition and 
void content in percentage

X-ray computed 
tomography (XCT)

Fractography

Matrix removal 
method

• ASTM D792

• ASTM D1505

Archimedes principle

Density-gradient 
technique

• ASTM D6980

• Moisture content is 
measured against 
temperature

Measurement by 
loss in weight 

Moisture analyzer

• Moisture content. All MEX filaments are hygroscopic, 
absorbing moisture from the air. Moisture introduces 
water molecules into the polymer chains, which can lead 
to swelling of the filament.  The moisture content can 
also affect the mass flow rate of the extrusion process. 
Filaments with higher moisture content will have a higher 
mass flow rate due to lower viscosity, which may lead 
to over extrusion and poorer layer adhesion. Possible 
indications of wet spools of filament can be identified 
when cracking sounds are heard during extrusion, uneven 
extrusion or severe low layer adhesion. 

 Moisture content can be measured using:

• Melt flow characteristics. In determining the 
extrudability of thermoplastic materials, the melt flow 
index (MFI) has become an important criterion. The 
MFI is a measure of the ease of flow of the melt of a 
thermoplastic polymer. 

Flow characteristics of molten thermoplastic can be 
measured using: 

• ASTM D1238Melt flow rate by 
extrusion plastometer 

• Analyse 
microstructure of 
composite filament

Scanning electron 
microscopy (SEM)

• ASTM D638
• ISO/ASTM 52924

Tensile properties

• Microstructure of composite filament. 
 Currently, MEX is the most widely used AM process in 

producing fiber reinforced polymers. The mechanical 
behaviour of fiber reinforced composites for AM depend 
largely on the morphology and microstructure of the 
reinforcement where the fiber can come in short, 
chopped or continuous forms. The fiber orientation, as 
well as interface with its thermoplastic matrix, should 
also be analysed to better predict and understand any 
microstructural failure of the printed specimens.

  Microstructure of composite filament can be observed 
using scanning electron microscopy (SEM). 

• Mechanical properties. The mechanical properties of 
feedstock not only relate to the mechanical properties 
of the final printed components but also determine the 
printability, especially for filament types that tend to 
break easily. 

 Tensile strength and strain, torsional strength and strain 
can be obtained using:
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6.4.4 Solid Feedstock Storage & Handling 

Solid feedstock storage shall be in accordance with 
material specification ISO/ASTM 52903-1 and the 
Feedstock Supplier’s instructions, which also include: 

• keeping feedstock in separate, labelled, sealed 
containers in a designated dry storage area;

• keeping feedstock dry and storing in a humidity-
controlled environment such as a dry cabinet or drying 
feedstock in a low-temperature oven at below its glass 
transition temperature;

• prevention of static electricity (with reference to 
National Fire Protection Association (NFPA) 77-2014, 
Recommended Practice on Static Electricity, 2014 
Edition);

• mitigation of exposure to powder and dust;
• mitigation of environmental factors such as moisture 

and heat;
• proper handling of filament waste 

For further information on material extrusion-based AM of 
plastic materials, please refer to ISO/ASTM 52903-2.

6.5  Powder-Based Feedstock

6.5.1 General

Powder feedstock is hazardous and is supplied with a 
material safety data sheet (MSDS) - see Section 14 for 
more information.

The quality of the powder directly affects the quality of 
the part material and the interaction of process 
parameters. There are various powder properties, some of 
which are directly related to the part material properties 
(e.g. chemical composition, bulk density, contamination) 
and some influence the build process (e.g. particle size 
distribution, flowability, morphology, laser absorptivity).

Mixing of powder feedstocks (i.e. the intermingling of two 
or more powders with different nominal compositions) 
is not generally accepted. However, dependent upon 
the material specification, it is acceptable to use powder 
blends (i.e. where two powders of the same nominal 
compositions are intermingled). Where mixing of powders 
of different nominal compositions is required, this shall be 
discussed and agreed upon on a case-by-case basis with 
the Certification Authority.

Where powder blends are used, the Manufacturer shall 
ensure the requirements of the material specification 
are met through testing after blending has occurred.  

6 – Materials (continued)

Full traceability shall be maintained including references 
to the batches blended, test results achieved, material 
specification and the date testing was completed.

Surplus powder feedstock must always be disposed 
of safely in compliance with the MSDS and applicable 
national/international laws and regulations.

The following sections include details of the requirements 
for powder selection, packaging, storage, handling, 
traceability and characterisation – further details of these 
aspects are available within ASTM F3091/F3091M (Standard 
Specification for Powder Bed Fusion of Plastic Materials).

6.5.2 Powder Selection & Identification

The powder shall be supplied with the following information 
to demonstrate control and traceability:

• contact information for the powder supplier;
• packing date;
• unique identification of the powder 
 (batch number, traceable to a lot number);
• product description (i.e. material name and grade 
 and/or trade name, if applicable);
• the process used for producing the powder 
 (e.g. ball milling, cryogenic grinding);
• packaging and storage instructions 
 (specifying maximum oxygen content);
• material safety data sheet (MSDS)

6.5.3 Powder Characterisation

Characterisation plays an important role in determining the 
overall consistency and acceptability of the powder.  The 
following parameters shall be determined from samples 
taken from a powder batch:

• Particle size distribution (PSD).  Powder sizes directly 
affect the layer thickness and minimum feature size of 
an AM part. Content beyond the specified range shall 
be reported. Effective powders for AM will contain both 
coarse and fine particles to maximise packing densities 
as the finer particles will fill the interstices left by larger 
ones. Various methods are permissible, and selection is 
typically based upon the mean particle size, for example, 

• ASTM B214

• ASTM B761

• ASTM B822

Sieving 

Gravitational sedimentation 

Light scattering
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• Particle morphology. Morphology, or shape and form, 
of a powder, can be described using the vocabulary 
defined in ISO 3252 or ASTM B243 (reference can be 
taken from the qualitative description of the particle 
shape for metallic powders in the absence of standards 
available for polymer powder). The morphology and 
shape of the particles influence both the flowability 
and packing of the powder. For example, a powder 
that has a rough surface and/or irregular shape can 
cause interlocking between powder particles. This, 
in turn, decreases flowability (e.g. spherical powders 
of different sizes will pack more efficiently leading to 
higher densification). In general, spherical particles 
(aspect ratio, AR = 1) tend to flow best while flat or 
‘plate-like’ particles (AR > 1) tend to flow poorly.  
Irregularly shaped particles with low packing density 
may result in low part density. 

 Particle morphology can be analysed via imaging 
analysis methods such as:

• Chemical composition. The mechanical and 
functional characteristics of AM parts depend mainly 
on the composition of the material. In addition, with 
repeated use and recycling, powder quality used 
in PBF processes will degrade. The composition 
of the powder should be tested periodically. The 
tested composition shall comply with the purchase 
specification. In general, interstitial elements such as 
oxygen or nitrogen shall be kept to a minimum as they 
will have a negative impact on the properties of the part 
so specific limits shall be stated within the purchase 
specification.  Individual values shall be expressed in 
weight percentage. 

 Chemical composition analysis can be performed through 
various methods: 

• Energy Dispersive X-ray 
Spectroscopy (EDX)

• Atomic Emission 
Spectroscopy (AES)

• X-ray Photoelectron 
Spectroscopy (XPS)

• Secondary Ion Mass 
Spectrometry (SIMS)

• X-ray diffraction
• X-ray fluorescence
• Inert gas fusion
• Atomic absorption 

spectroscopy
• Inductively coupled 

plasma optical emission 
spectroscopy

Microanalysis

Surface analysis

Bulk analysis

• ASTM B213
• ISO 4490

• ASTM B964

• ISO 6186

• ISO 4324

• Revolution powder 
analyzer

Hall flowmeter

Carney flowmeter

Copley flow test

For fine powders 
that are not able 
to flow

Flowability test via 
Avalanche Angle

• Powder flow properties during powder spread. 
The uniformity of every recoated layer is affected by 
the flowability of the powder. Poor flowability can be 
attributed to high frictional forces between particles, 
which may result in reduction in packing density and 
part density. In PBF systems, the powder needs to spread 
evenly and smoothly across the build platform. 

 Flowability may be determined using:

6 – Materials (continued)

• Gauge the distribution 
of aspect ratio

• Capture all particle 
size ranges present

Electron microscopy

Optical microscopy
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•  Characteristic densities. The final bulk density of a 
printed AM part is directly dependent on the packing 
density of powders. Densities are normally expressed 
in g/cm3 and a higher density of powder decreases the 
likelihood of flaws (e.g. voids/porosity) in the part.

• Laser absorptivity of powder. Powder absorption 
is measured as a function of wavelength and directly 
correlates with the optimisation of laser intensity setting 
to achieve a dense part. It is also an essential input 
for computational simulation. Higher laser intensity 
will be required to fuse powders with low absorptivity. 
For instance, in the case of PBF by thermal process 
in PBF-TRB, the powder spectral absorption should 
be low throughout the visible and near IR range. The 
absorptivity of powder (which varies between 0.0 and 
1.0) is dependent on the powder material, laser beam 
profile, powder layer thickness as well as size and space 
distributions between powder particles. 

 Measurements of absorptivity can be obtained through:

6 – Materials (continued)

• ASTM B212
• ASTM B703
• ISO 60

• ASTM B527

• ASTM B923

Apparent density
(useful to powder 
manufacturers and powder 
users in determining quality 
and lot-to-lot consistency)

Tap density
(packed density attained 
after mechanically tapping 
a container containing the 
powder sample)

Skeletal density
(similar to bulk density 
without significant 
porosities)

• Collects reflected 
light of laser beam 
off the particle

• Direct calorimetric 
techniques

Ray tracing method

Experimental techniques

• Thermal characteristics of powder. Information such 
as melting and crystallisation temperatures can be 
obtained and used as a reference to determine processing 
parameters. The processing window is the difference 
in temperature of the onset of the crystallisation and 
melt temperature. The PBF process involves sintering 
of thermoplastics which are known to degrade at high 
temperature. 

 The thermal properties can be determined using: 

• Thermal stability/ 
degradation

• Melting point
• Crystallisation 

temperature

Thermogravimetric 
analysis (TGA)

Differential scanning 
calorimetry (DSC)

• Measure at 40 – 50°C 
above its melting point

• ASTM D1238
• ISO 1133

Melt flow index (MFI)

• Powder flow (dynamic) during melt. The melt viscosity 
or Melt Flow Index (MFI) is a measure of the ease of flow 
of melted plastic, which also represents the relative 
average molecular weight (MW) of the polymer. A low 
melt viscosity material (low MW) flows easily in a molten 
state and consolidates quickly, while a high melt viscosity 
material usually gives better part ductility, which can be 
a desired property. The MW of the polymer affects the 
impact performance, fatigue resistance, creep resistance, 
environmental stress-crack resistance and barrier 
properties (include permeability of gases). 



Lloyd’s Register

Return to contents

Guidance notes for polymer additive manufacturing certification   | 26

6.5.4 Powder Storage & Handling

Powder feedstock storage shall be in accordance with the 
Feedstock Supplier’s instructions, and also include: 

• keeping feedstock in separate, labelled, sealed containers 
in a designated dry storage area;

• preventing contamination between different feedstock 
and different batches of the same feedstock, especially 
when transferring powders from one container to 
another;

• acclimatisation of powders prior to use when storage 
temperatures differ from manufacturing environment 
temperatures (i.e. to mitigate the risk of condensation 
occurring during transfer to the AM equipment);

• preventing the inadvertent mixing of virgin and used 
feedstock.

Powder explosion and safety metrics. The PBF process 
subjects its materials to relatively high temperatures from 
either laser beam or conduction heaters and IR lamps. The 
small particle size polymer powders are flammability and 
can form potentially explosive mixtures with air. In the 
case of thermal processing, dust extraction or adequate 
ventilation are to be considered to ensure the safe operation 
of the printer. If dust is produced, measures should be 
taken against the potential electrostatic charge and sources 
of ignition should be kept away. The Manufacturer shall 
consider taking measurements according to National Fire 
Protection Association (NFPA) Class II test standards to 
characterise the combustibility of flammable powders:

6.5.5 Powder Recycling/Reuse

Due to the inert environment within a PBF machine, 
unfused powder feedstock may be sieved and reused. The 
number of times the feedstock is reused shall be tracked 
and the recycled powder shall be tested and validated 
against the feedstock use specification before reuse. 
The checking procedure shall be sufficiently frequent to 
establish that the powder complies with the feedstock use 
specification, prior to use (see Figure 12 for an illustration of 
powder recycling, tracking and blending).

Powder feedstock can be sourced from either virgin polymer 
powder, recycled polymer powder, or a combination of 
the two. The source of powder and its usage level can 
contribute to printing issues or end-use application due 
to its thermal or mechanical history, consistency and 
composition. The history of the reused powder feedstock 
should be tracked by the Manufacturer in terms of number 
of times being reused, number of exposure hours by a laser 
beam or thermal heat source, batch of materials or storage 
environment etc. Mixing and reusing of materials should 
also meet the precursor material requirements. 

Powder ageing and recyclability. Oxidation or degradation 
can be of concern when powders are recycled or reused for 
PBF processes. A change in the molecular weight or colour 
of the powder may influence the mechanical properties or 
the processing parameters for the material. The thermal 
ageing of a powder can be stimulated in the oven using:

6 – Materials (continued)

Standard Test Method

• EN 13821
• ASTM E2019

• ASTM E1226

• EN 50281-2-1
• ASTM E1491-06

• EN 50281-2-1
• ASTM E2021

• VDI 2263
• ASTM D1929

Dust Characteristic Test

Minimum ignition energy 
“dust cloud” 
w/inductance

Explosibility of 
“dust cloud”

Minimum ignition 
temperature “dust cloud”

Layer ignition 
temperature (dust layer)

Auto ignition temperature

• ISO 307
• To determine 

degradation due to a 
significant decrease 
in viscosity

Solution viscosity using 
solution viscometer

6.5.6 Gases for PBF-LB

The shielding gas can have a dramatic effect on the 
characteristics of the part material, and therefore, the type 
of shielding gas used for any particular application is critical.  
The composition of the gas will also vary depending upon 
the material being deposited.

Gas mixtures are normally classified to recognised 
standards. The Manufacturer shall ensure that a suitable gas 
is selected and used.

The Manufacturer shall ensure that the transportation 
and handling of gases and containers comply with the 
applicable local/national laws and regulations. 
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Essential to track splitting, use, blending 
and waste (tracking by weight can be 
useful but is not mandatory).

Powder management 
software is available to help 
with tracking, although this 
is not mandatory.

Splitting Splitting

Unfused
powder 
from 
chamber

Unused
powder 

from 
hopper

A2

Figure 14
Powder traceability

AB1 AB2
AA5

Part 2

Part 3

Waste

Waste

Build 3

Blend

Waste

Sieve

Part 1

Waste

Unused
powder 
from 
hopper

A1

Unfused
powder 

from 
chamber

A

AA

AA1

Build 1 Build 2

Sieve

AA3AA1 AA4 AA2

A

Manufacturer requires traceability to the original 
powder batch only – the powder manufacturer 
retains records of previous material history.

Unique labelling per container

AA2

Blend
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The following information shall be provided to 
demonstrate control and traceability: 

• contact information for the resin supplier;
• packing date;
• unique identification of the resin (batch number, 

traceable to a lot number);
• product description (i.e. material name/grade and/

or trade name, resin type, composition, viscosity, 
solvency);

• toxicological information;
• packaging and storage instructions;
• any specific cleanliness requirements;
• material safety data sheet (MSDS).

6.6.3 Resin Characterisation

Characterisations for liquid resins not only involve 
chemical and thermal analysis but also mainly concern 
the rheology, such as viscosity and surface tension. 
These properties directly influence the recoating or 
jettability of the resin and thus, the printability. The 
quality and consistency of the resin play an important 
role in the quality of the finished part. 

When a certified resin is purchased (i.e. certification 
provided with the resin satisfies the relevant 
regulations, standards and customer requirements 
as per the output from 5.2), further testing by the 
purchaser of the resin is not required.  Otherwise, 
where the supplier and the resin are not certified, it 
is the responsibility of the purchaser to perform the 
required testing prior to use. The following parameters 
shall be determined from samples taken from a resin 
cartridge:

• Material compositions. The compositions of 
photopolymers have a direct influence on the 
mechanical and functional properties of the 
final component. Chemical characterisations for 
photopolymers include the chemical composition, 
molecular weight, chemical structure, co-polymer 
content and blend composition, impurity content 
and catalyst residues. 

6.6  Liquid-Based Feedstock

6.6.1 General

Liquid-based feedstock generally requires photo-curing 
or UV curing which involves converting photopolymers 
(either liquid monomers or oligomers) into solid 
thermoset polymers under exposure to light in the 
form of UV or laser. Photoinitiators are essential for the 
photopolymers to undergo chemical reactions to cure and 
photoabsorbers act as light stabilizers to reduce the rate 
of weathering. The toxicity of photopolymers is still not 
fully understood due to the presence of photoinitiators 
and photoabsorbers. Hence, the liquid-based feedstock 
is typically considered hazardous and requires special 
handling precautions for health and safety reasons, prior 
to use. Uncured or excess liquid feedstock and containers 
shall be disposed of safely, in compliance with the MSDS 
and applicable local, national, international laws and 
regulations.

6.6.2 Resin Selection & Identification

Depending on the requirements of the Manufacturer 
and detailed requirements of the printing technologies 
and applications, different photopolymers can be 
selected to achieve the chemical and physical properties 
required of the part material. Photopolymer resins 
are used in either lithography-based AM processes 
(such as vat photopolymerization) or non-lithography-
based AM processes (such as material jetting). The 
photopolymerization mechanisms can be classified into 
free-radical polymerization, cationic polymerization, 
anionic polymerization, photochemical reactions, 
photodegradation, etc.  

In the case of a material jetting curing process, such 
as inkjet printing, high polymerization speed is critical 
to ensure solidification takes place sufficiently quickly 
once the liquid resin is deposited from the print nozzle. 
Therefore, acrylate-based photopolymers that undergo 
free radical polymerization are commonly selected for 
liquid-based polymer AM processes due to their high 
polymerization efficiency. 

Epoxy-based photopolymers that undergo cationic ring-
opening polymerization also exhibit distinct advantages 
compared to acrylate-based photopolymers. Epoxy resins 
can provide a polymer matrix with low shrinkage, high 
thermal resistance, superior mechanical properties and 
low oxygen inhibition. Oxygen inhibition is vital for the VPP 
process with top-down configuration, in which the resin 
surface to be cured is exposed to the atmosphere. 

6 – Materials (continued)
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Characterisations to determine the molecular weight, 
structure, end groups and degree of conversion can be 
performed using: 

• Wetting behaviour. Efficient surface wetting and 
resultant contact angles, especially for material jetting, 
are of critical importance for dense solidification. For vat 
photopolymerization processes, the larger the difference 
between the surface tension of the vat substrate and the 
surface tension of the resin, the lesser the contact angle 
and hence, the better the spreading and wettability of the 
resin. 

 Surface tension can be measured via:

6 – Materials (continued)

• Analyse chemical 
bonding or structure

• Obtain absorption 
band spectrum

• Determine average 
molecular weight 
distribution

• Characterise chemical 
structural changes

• Measures degree of 
cure

Fourier-transform 
infrared spectroscopy 
(FTIR)

Gel permeation 
chromatography (GPC)

Nuclear magnetic 
resonance
(NMR) spectroscopy

Differential scanning 
calorimetry (DSC)

• Viscosity. The viscosity of photopolymers is one of the 
most critical properties for generally any liquid-based 
polymer AM systems. Viscosity refers to the resistance 
of the fluid to flow, which will in turn determine the 
compatibility with the printing process. A significant 
change in viscosity can also signify a change in the 
chemical composition.

 In vat photopolymerization processes, resins with 
too high/low viscosity may result in levelling issues 
and require more time for the resin surface to spread 
uniformly. In material jetting processes, viscosity of the 
droplets can affect the jetting performance. Resins with 
too high viscosity may require larger actuating force for 
the droplets to be jetted through the print nozzles, while 
too low viscosity may result in difficulty controlling the jet 
formation. Viscosity range for resins in material jetting at 
room temperature is recommended between 25 to 125 cP, 
while SLA requires higher viscosity between 90 to 2500 cP 
and DLP requires 50 to 1200 cP. 

 Viscosity can be measured using:

• ASTM D446

• ASTM D4212

Capillary viscometers

Orifice viscometer

• Wilhelmy plate method
• Du Noüy ring method
• ASTM D1331

• Pendant drop method
• ASTM D7334

Force tensiometers

Optical tensiometers

• Measure dimensional 
changes as a function 
of temperature

• Measure coefficient of 
thermal expansion

• Glass transition 
temperature

• Curing temperature
• ASTM D3418

Thermomechanical 
analysis (TGA)

Differential scanning 
calorimetry (DSC)

• Thermal characterisations. Thermal properties such 
as glass transition temperature, curing temperature and 
thermal stability are important physical attributes for 
liquid photopolymers. They provide information about 
their physical stability and processing conditions, etc. 

 Thermal characterisations can be performed using:

• Curing behaviour. The analysis of curing depth 
(penetration of light) predicts the spatial accuracy of the 
printing process. In the case of vat photopolymerization 
processes, the depth of cure also determines the 
thickness of the section and thus the number of layers 
required, which in turn influences the speed of printing. 
Curing depth and width can be derived based on light 
absorption or the amount of light energy to which the 
resin is exposed.  
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6.6.4 Resin Storage & Handling

Depending on the handling, use, and storage, the resin 
recommended usable lifetime can be affected. As a result, 
the resin may not be successfully printed, or printing 
will take a longer period than indicated.  Resin feedstock 
storage shall be in accordance with the Feedstock 
Supplier’s instructions, and also include: 

• keeping feedstock in separate, labelled, sealed 
containers in a designated dry storage area;

• preventing contamination between different feedstock 
and different batches of the same feedstock, especially 
when transferring resins from one container to another;

• keeping storage environment within recommended 
temperature, humidity, and minimize UV exposure;

• keeping feedstock in opaque container for long term 
storage;

• preventing the emission of volatile organic chemicals 
(VOCs) during raw material storage, delivery, 

 pre-treatment, or in-process; 
• If volatiles are produced, measures should be taken 

as per NFPA 91 (Standard for Exhaust Systems for Air 
Conveying of Vapors, Gases, Mists, and Particulate Solids) 
or ASTM D4526 (Standard Practice for Determination 
of Volatiles in Polymers by Static Headspace Gas 
Chromatography);

• preventing the inadvertent mixing of virgin and used 
feedstock. 

 There are several methods to characterise the curing 
behaviour of photopolymers:

6 – Materials (continued)

• Measure change in 
absorption band

• Measure degree of cure
• Measure degree of 

crystallinity on heating 
and cooling

• ASTM D 4473
• Cure behaviour over a 

range of temperatures 
(applicable to 4D 
printing polymer 
applications) 

Fourier transforms 
infrared spectroscopy 
(FTIR)

Differential scanning 
calorimetry (DSC)

Dynamic mechanical 
analysis (DMA)

• Visual inspection
• Colour 

spectrophotometers 
based on ASTM D1544 
and ASTM D5386

• FTIR
• Inverse gas 

chromatography (IGC)
 
• ASTM D3505

Resin colour
(change in colour may 
indicate a change in 
wavelength absorption 
of visible light)

Viscosity change
(due to physical and 
chemical ageing)

Resin density

• Stability of resins. Photocurable resins are susceptible 
to the degradation of various properties over time. 
The stability or quality of resins may be affected by 
contaminants or impurities in the raw feedstock, process 
variations due to heating and oxidation, or deterioration 
due to weathering. Observing colour changes and 
monitoring the rheological property are simple ways 
to assess the resin stability. The resin viscosity tends to 
increase as the resin ages; chemical compositions are 
likely to change over time and photo-reactivity may 
decrease. 

 Several types of analyses can be used, which include:
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7.2.2 Installation of Equipment

7.2.2.1 AM equipment
The AM Equipment Provider typically performs a factory 
acceptance test (FAT) of the equipment prior to delivery. 
On delivery, a site acceptance test (SAT) is performed by 
the Equipment Provider to the requirements agreed with 
the Manufacturer. The AM equipment shall be maintained 
in accordance with the Equipment Provider’s instructions 
and the Manufacturer shall retain the following records for 
inspection by the Certification Authority:

• installation certificate or installation qualification record 
for the equipment;

• ongoing maintenance and calibration records from an 
approved provider (e.g. AM Equipment Provider).

7.2.2.2 Gas delivery & shielding equipment for PBF-LB
The purity of the nitrogen gas used for shielding and airflow 
is an important process parameter for PBF-LB process, 
which can be determined from the gas quality certificate. 
Gas flow rate (and direction on some AM systems) are 
also key parameters to be controlled, in accordance 
with the Equipment Provider’s instructions. Selection 
and maintenance of the gas delivery system (including 
pipework) shall consider gas purity and avoidance of 
contamination. Proper storage and conditioning of gas 
filters shall be performed to prevent the introduction of 
atmospheric moisture content to the AM system.

Where gases are distributed through the main system, 
controls are required for flow, filters and leaks. Monitoring 
and backup systems shall be checked as part of the 
maintenance cycle. Chillers, used in PBF-LB processes to 
cool down the laser optics system, must flow per the Chiller 
Manufacturer’s recommendations (temperature and flow 
rate recorded on the route card - see 7.2.4.5 - prior to every 
build cycle).

7.2.2.3 Suitable working environment
A suitable environment for the operation of manufacturing 
processes shall be available that includes:

• cleanliness procedure to ensure that cleaning materials 
for the equipment comply with customer specification, 
standard or facility requirements;

• procedure for periodic cleaning of equipment to mitigate 
the risk of contamination (e.g. dirt, oil, moisture, oxides, 
etc.) and ensure that equipment is sufficiently clean prior 
to use;

• mitigation of exposure to excessive UV light using 
standard fluorescent lamps with clear plastic diffusers or 
UV filters for windows and lamps;

7.1  General

This section provides the expectations for AM facilities to 
ensure capability, adequacy and consistency.

7.2  AM Facility Qualification

7.2.1 Overview of Manufacturing Control Requirements

The Manufacturer is required to demonstrate their 
capability to produce the specified AM parts in accordance 
with the relevant standards and regulations that are 
required for conformity. This includes appropriate control 
of the facility equipment, processes and personnel. These 
attributes are assessed by the Certification Authority 
during a facility audit to support the facility qualification, 
and the different aspects are illustrated in the flowchart 
below.

7 – Manufacturing

Figure 15 
Manufacturing flowchart

Feedstock 
qualification 
specification 

(see 7.2.6)

Facility
controls 

(see 7.2.4)

Build
parameter sets 

(see 7.2.7)

Qualification
build 

(see 7.2.8)

Part build 
(see 7.2 9)

Installation 
of equipment

(see 7.2.2)

Personnel 
training 

(see 7.2.3)

Geometrical 
definition
(see 7.2.5)



Lloyd’s Register Guidance notes for polymer additive manufacturing certification   | 32

Return to contents

7.2.4 Facility Controls

7.2.4.1 General
Manufacturing process control is typically established 
according to the following procedural hierarchy:

• air cleanliness, free from powder and dust for liquid-
based polymer processes;

• equipment available for lifting & handling (e.g. lifts for 
transporting powder receptacles and build platform; 
trolley for changeover of gas cylinders);

• tools available for removing supports and necessary 
post-processing;

• procedure for monitoring and control of temperature 
and humidity plus any build-up of dust, volatile organic 
chemicals (VOCs) or asphyxiant gas emitted from the 
process (check location, operation and calibration status 
of sensors);

• appropriate cleaning solvents/ chemicals available for 
soluble supports removal or uncured resin removable;

• assessment that nearby equipment does not influence 
the operation of AM equipment (e.g. nearby rotating 
equipment might induce vibrations that adversely affect 
AM builds).

7.2.3 Personnel Training

The output quality from AM processes is highly dependent 
on the training and skills of the personnel involved.

Personnel performing specific assigned tasks shall be 
trained on the basis of appropriate education and/or 
experience.  Documented procedures for identifying 
training needs shall be established and maintained 
and suitable training shall be provided for all personnel 
performing activities that affect quality.  Appropriate 
records of training shall be maintained, which includes but 
is not limited to the following:

• recognised AM audit scheme that includes suitable 
competency assessment of personnel;

• training certificates;
• on-the-job training records;
• documented experience;
• 9001evidence of health and safety awareness 

commensurate with the risks (see section 14).

Following basic training, personnel qualification shall 
be performed in accordance with a recognised standard, 
where available. 

7 – Manufacturing (continued)

QMS (1)

Facility
Procedures (2)

Work Instructions (3)

Records (4)

Figure 16 
Procedural hierarchy

(1) Quality Management System, QMS (facility-level procedures 
already covered by ISO 9001, AS9100, ISO 13485, ISO/TS 16949 
or similar) – the validity of the QMS certification is checked 
during an AM facility audit but activities covered by the QMS 
are not repeated – see 7.2.4.2.

(2) Facility procedures describe: what the activities are; who 
performs the activities; when the activities are performed – 

 see 7.2.4.3.
(3) Work instructions (or standard operating procedures) describe 

how the activities are performed and contain more detailed, 
step-by-step instructions – see 7.2.4.4.

(4) Records capture specific details when performing work 
instruction activities.

Documentation that relates to how parts are manufactured 
(i.e. specific to the facility and consistent regardless of the 
part being manufactured) are captured within the ‘Facility 
Documentation’ (see 10.3). The documentation within the 
facility procedures is reviewed during a facility audit 
(see 7.2.4.3), where operations are witnessed to verify 
adherence to those procedures and work instructions.

Documentation that relates to what is being manufactured 
(i.e. specific to the part rather than the facility) are captured 
within the Manufacturing Plan (see 10.2). On completion 
of the inspection and testing (see Section 9), all records 
are collated within the Manufacturing Plan and successful 
testing provides validation of the facility controls.
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7.2.4.4 Work instructions
Work instructions are detailed, step-by-step instructions 
that explain how to perform specific activities. 

For example, these might include:

• equipment cleaning and maintenance;
• operation and maintenance of lifting and transportation 

equipment;
• digital file preparation;
• feedstock preparation 
 (e.g. sieving powders, drying solid-based feedstock to 

remove moisture – refer to Section 6.4.2);
• AM equipment preparation (e.g. pre-build checklist);
• part-specific fixture and build platform loading;
• build monitoring (regular and systematic supervision and 

examination of all builds);
• post-build operations and part removal (e.g. post-build 

checklist).

7.2.4.5 Manufacturing control
Manufacturing control is typically established through 
the use of route cards (i.e. job card, traveller, work order 
request, etc.) that specify each required step in the process 
(example provided in the annex of ISO/ASTM 52904, which is 
based on powder bed fusion for metal powders but can be 
customised for polymers).

Where procedures or work instructions are used during 
manufacture, these shall be referenced against the 
applicable operation on the route card.

All records produced whilst performing an operation 
specified on the route card shall be retained with a unique 
identification and referenced on (or attached to) the route 
card.

The route card shall also record the following information:

• unique job / build number;
• part number (or unique identification);
• feedstock reference (e.g. batch number, material grade);
• build model file (including version);
• parameter file(s) used;
• operator ID;
• AM equipment reference (including firmware version);
• date(s) of manufacture;
• other information specific to the order or AM process used 

(e.g. gas requirements, build quantity).

Completed route cards shall be validated and retained 
within the Manufacturing Plan (see 10.2).

7.2.4.2 Quality management system (QMS)
Quality assurance requirements are automatically 
considered to be met when a recognised quality 
management system certification (e.g. ISO 9001, AS9100, 
ISO 13485, ISO/TS 16949) with an appropriate scope is in 
place, issued by a recognised Certification Authority. 

If recognised certification is not available, then adequate 
controls may be demonstrated through a review of the 
Manufacturer’s QMS, which includes:

• quality manual and risk assessment;
• control of suppliers (e.g. list of approved suppliers);
• control and maintenance of technical resources 
 (e.g. standards, books and publications, software);
• evidence that employees are aware of the risk 

assessment and mitigations;
• evidence of digital file/workflow control 
 (i.e. prevent modification of geometry unless within 
 the configuration control of the CAD workflow);
• control of non-conforming items.

QMS certification alone is not sufficient to address the 
AM-specific requirements that support part certification.

7.2.4.3 Facility procedures
Detailed, relevant, facility-specific procedures and 
associated documentation shall be made available to 
the Certification Authority for review. 

For example, these might include:

• digital file control;
• feedstock control and tracking procedure;
• waste disposal procedure;
• replacement and storage of consumables;
• storage and maintenance of tools and auxiliary 

equipment;
• manufacturing control system (see 7.2.4.5);
• procedure for failed builds (e.g. suitable disposal of 

part-built items; acceptance process for items that 
completed before the failure occurred; process for an 
investigation into reasons for failure) – also see 9.4.1 
and 9.4.2.

The procedures shall include all necessary information 
including the frequency of:

• servicing / preventative maintenance;
• performance tests/qualification builds;
• calibration.

7 – Manufacturing (continued)
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7.2.5 Geometrical Definition

The same geometry file shall be used for each qualification 
build, such that any differences in the test results between 
qualification builds cannot be attributed to changes in the 
digital geometry.

The Manufacturer may design their own qualification 
geometry (i.e. that covers the range of geometries 
expected during manufacture). However, the qualification 
geometry shall represent the full extent of the build space 
used when manufacturing parts.

7.2.6 Feedstock Specification

The same feedstock specification shall be used for each 
qualification build, such that any differences in the test 
results between qualification builds cannot be attributed 
to changes in the feedstock. Refer to 6.2 for details of 
feedstock specifications.

7 – Manufacturing (continued)

Characteristics

The distance travelled per unit 
time by the nozzle head along the 
XY plane while extruding

Extrusion nozzle diameter

The direction of the deposited 
bead with respect to the X-axis of 
the build platform

The height of the deposited layers 
along the Z-axis

The percentage of infill volume 
with filament material. The 
outer layers are usually solid, 
while the internal structure can 
be of different shapes, sizes and 
patterns.

For example, hexagonal, diamond, 
linear, concentric, grid, cube

The temperature at which the 
feedstock is heated

The gap between two adjacent 
rasters on a deposited layer. There 
is a negative air gap when two 
adjacent layers overlap 

The outer perimeter which is 
traced using several passes

Build platform can be preheated 
before printing to increase 
adhesion between part 
and platform and alleviate 
delamination and warping issues

The envelope temperature 
environment of the build chamber

A build-in dehumidifier that 
controls the humidity inside the 
enclosed build chamber

Parameters 
control

Print speed

Raster width

Raster 
orientation

Layer thickness

Infill density

Infill pattern

Extrusion 
temperature

Air gap

Shell thickness

Build platform 
temperature

Build chamber 
temperature

Build chamber 
humidity

7.2.7 Build Parameter Sets

7.2.7.1 Material extrusion process parameters and effects
Understanding, control and traceability of the following 
parameters shall be demonstrated:
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Possible effects that may occur due to the choice of 
process parameters, and which may be reduced or 
eliminated by optimisation of process parameters:

7 – Manufacturing (continued)

Possible causes/solutions 

• Layer thickness and build 
orientation are influential factors

• Less significant parameters include 
extrusion temperature, infill pattern 
and nozzle diameter

• High layer thickness, 0° build 
orientation and low infill density 
results in shorter build time

• Less significant parameters include 
the effects of infill pattern and 
extrusion temperature (which can 
increase the filament fluidity)

• Low layer thickness reduces the 
staircase effect, giving smoother 
surfaces

• Low extrusion temperature and 
print speed can achieve higher 
precision

• High extrusion temperature 
increases filament fluidity, which 
leads to high dimensional deviation 
and rougher surface

• Large flat areas, thin protruding 
features, sharp corners, multi-
materials are more prone to warping

• Higher build platform temperature 
reduces the thermal gradient and 
prevents distortion

• Higher extrusion temperature 
increases filament fluidity which can 
promote stronger interlayer bonds

• 0° build orientation gives the 
maximum tensile strength where 
the direction of filament deposition 
is parallel to the applied load 
direction

• Low layer thickness, high 
infill density, high extrusion 
temperature, lower air gap and 
higher shell thickness result in 
higher part density and thus higher 
tensile strength

Possible effects 

Dimensional 
accuracy

Build time

Surface 
roughness

Delamination 
and warping 

Mechanical 
properties

7.2.7.2  Powder bed fusion by laser process parameters 
 and effects
Understanding, control and traceability of the following 
parameters shall be demonstrated:

Characteristics

For example, laser power, spot 
dimensions, exposure time, focus 
position, scanning speed

Gas purity and control of gas 
mixtures to be classified to 
recognised standards

The distance between successive 
laser spots

The shift between tracks in the 
plane of the beam scanning and 
track distance

The distance between successive 
build layers through the 
movement of the build platform 
in the z-axis

For example, the substrate may 
require shot-blasting to reduce 
reflectivity

For example, inert gas flow, build 
platform preheat temperature, 
build space temperature and 
pressure, cleanliness of build 
chamber and lens cover of laser, 
recoater blade

For example, temperature, 
humidity

For example, particle size range 
and distribution, morphology 
(whether full clean / purge is 
required following a change of 
powder specification)

May be varied either 
automatically or manually during 
a build to ensure consistency 
of each powder layer (note that 
changes to the dosing during a 
build cycle shall be recorded)

For example, build platform 
material, thickness, cleanliness

Parameters control

Laser beam

Gas composition

Hatch spacing

Scanning strategy 
(including hatch 
distance and 
patterns)

Layer thickness

Laser absorption/ 
reflectivity

Build environment 
controls

External 
environment 
controls

Powder feedstock

Powder dosing 
rate

Control and 
suitability of build 
platform
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Possible causes/solutions 

• Due to lack of fusion or trapping 
of gas pre-existing in the powder 
feedstock and in the powder bed

• Laser parameters, the 
temperature of build platform 
and laser properties such as 
wavelength can affect the 
sintering depth

• Due to uneven thermal gradients 
in the parts

• Change in scanning strategies, 
airflow and build platform 
temperature can control the 
powder heating and cooling

• Lack of fusion caused by 
insufficient laser energy to 
provide adequate bonding 
between layers

• Accumulation of residual stress 
due to non-uniform heating 
of powder that influences the 
dimensional accuracy of a part 
and the risk of cracking

• Adjust the temperature of build 
chamber to reduce laser energy 
required to sinter powder and 
reduce thermal gradient

• Typically caused by the change 
of powder and/or oxygen 
contamination

• Upskin surface roughness can 
be due to lack of surrounding 
powder, while downskin surface 
roughness can be due to partially 
melted powder

• Inert gas flow, scanning strategies 
and laser properties can affect 
surface finishing

• May require machining;  
 as-built part is considered as 

near-net-shape

Possible effects 

Porosity

Cracking

Delamination

Shrinkage and 
warpage 

Contamination

Surface finish

Possible causes/solutions 

• Caused by insufficient powder 
feeding and the change of 
powder packing density

• Recoat process parameters 
such as recoater type, material, 
speed, or powder dosing, layer 
thickness and applied pressure 
have effects on the powder 
packing density

• Caused by evaporation of 
volatile alloying elements under 
intensive heating

• Radiant heat fuses surrounding 
unsintered powder, which leads 
to a loss in accuracy and details 
for features such as holes and 
slots

Possible effects 

Inadequate 
fill/spreading 
of a powder 
bed layer 
(sometimes 
referred to as 
‘short-feeding’)

Change in 
material 
composition

Over-sintering 

Possible effects that may occur due to the choice of process parameters, and which may be reduced or eliminated by 
optimisation of process parameters: 

7 – Manufacturing (continued)
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7.2.7.3 Powder bed fusion by thermal reaction bonding  
 process parameters and effects
Understanding, control and traceability of the following 
parameters shall be demonstrated:

7 – Manufacturing (continued)

Characteristics

The number of fusing top 
lamps and voltages control 
the temperature distribution 
and heated surface

Deposited onto the powder 
bed and controls the amount 
of heat absorption for fusing 

Deposited onto the 
boundary of the part to 
prevent transmission of heat 
generated by fusing lamps 
beyond the boundary, which 
helps to produce sharp and 
smooth edges

Controls the amount of fusing 
and detailing agents

The distance between 
successive build layers

Surface temperature to 
preheat powder to near 
melting temperature

Embedded below the platform 
to accelerate warm-up of the 
printer before the start of a 
print job

Spread powder delivered by 
material tray shaker to create 
a homogeneous and flat layer

The number of times the 
printheads (for fusing and 
detailing agents, and heating 
lamps panels) scan across the 
powder bed 

Storage of extracted or 
recycled material

Parameters control

Fusing lamps

Fusing agent

Detailing agent

Fluid delivery 
distribution 
algorithm

Layer thickness

Build platform 
temperature

Blanket heater, 
insulation 
and Negative 
Temperature 
Coefficient (NTC) 
sensors

Feeder vanes/ 
recoater

Printing and 
heating passes

External tank

Possible effects that may occur due to the choice of 
process parameters, and which may be reduced or 
eliminated by optimisation of process parameters:

Possible causes/solutions 

• Surrounding powder melts and 
attaches to the surface of the 
part; usually appears at the 
centre

• Due to excessive energy applied, 
which affects the local heat 
distribution

• Minimise thermal bleed through 
adjusting fusing lamp, build 
orientation and increasing part 
separation 

• Due to local and non-
homogeneous shrinkage when 
surrounding powder is cooler 
than printed part

• Can be caused by insufficient 
energy or fast cooling due to 
anomalous air flows

• Effects can be reduced by 
cleaning the fusing lamp and 
placing the part in the middle of 
the print bed

• Refers to a spot contraction 
which appears more often on top 
surfaces and on large and dense 
parts

• Caused by the steep thermal 
gradient between inner core and 
external surface

• Increase part separation, reduce 
printed volume and avoid 
printing large flat areas on the 
last layer

• Appears mostly in parts with long, 
curved section or thin planar 
areas with high aspect ratio

• Polymer crystallisation in semi-
crystalline material will cause the 
part to shrink during and after 
fusing

• Increase airflow and maintain 
print bed temperature to allow 
slow cooling

Possible effects 

Thermal 
bleeding

Elephant skin

Sink effect

Warpage 
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7.2.7.4  Vat photopolymerization by laser and projection  
 process parameters and effects
Understanding, control and traceability of the following 
parameters shall be demonstrated:

Characteristics

Laser power, scan speed, 
scan width, scan pattern, 
wavelength

Distance between adjacent 
laser scan lines

Light intensity, light 
wavelength, exposure time

Depth of a layer

The speed of the recoater (a 
blade or slider) sweeping off 
excess resin

The speed at which the build 
platform approaches and 
separates each layer from the 
resin vat

The distance of the build 
platform moves in z-axis after 
the image has been exposed. 

Dependent on the wavelength 
of laser or energy distribution

Preheating and maintaining 
resin temperature to control 
viscosity, especially for wax 
material 

For example, storage and 
drying conditions

Parameters control

UV Laser properties
(for VPP-LB)

Laser hatch spacing
(for VPP-LB)

UV Projector 
properties 
(for VPP-UVM)

Layer thickness

Recoater speed
(for top-down 
configuration)

Platform movement 
speed
(for bottom-up 
configuration)

Platform separation 
distance
(for bottom-up 
configuration)

Absorption rate 
of resins

Resin heater

Control of 
consumables

Possible causes/solutions 

• Low scan speed, laser power and 
short exposure time can increase 
dimensional accuracy

• Epoxy resins exhibit higher 
accuracy than acrylate resins

• High layer thickness, large 
hatch spacing, higher platform 
movement speed and shorter 
platform separation distance are 
influential factors that can reduce 
build time

• Smaller layer thickness results in 
reduced surface roughness

• Thickness of the cured resin being 
scanned or exposed with UV light

• Influenced by scan speed, laser 
power, focus diameter of laser, 
exposure time and light intensity

• Caused by excessive irradiance 
and a high degree of monomer-
to-polymer conversion that leads 
to polymerization conversion

• Cavity inside built part
• Caused by local over shrinking 

or air bubble formation during 
recoating

• Detachment of the adhesion 
bond between two adjacent 
layers

• Lack of irradiance
• Strong adhesion force between 

cured layer and resin vat surface 
can cause the part to peel off the 
build platform

• Print failure due to accumulation 
of the part’s weight from the 
additive process or insufficient 
support structures

• Unwanted or excess resin 
 trapped inside hollow or internal 

features

Possible effects 

Dimensional 
accuracy

Build time

Surface 
roughness

Curing / 
penetration 
depth

Shrinkage and 
distortion

Void 

Delamination 

Part collapsing 
from build 
platform for 
bottom-up 
configuration

Trapped volume 
for top-down 
configuration

Possible effects that may occur due to the choice of process 
parameters, and which may be reduced or eliminated by 
optimisation of process parameters: 
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7.2.7.5  Material jetting process parameters and effects
Understanding, control and traceability of the following 
parameters shall be demonstrated:

Characteristics

The light energy required 
to cure the deposited resin 
droplets

The distance between 
successive build layers

Various modes: 
(1) digital or single material; 
(2) high quality; (3) high speed

The outer perimeter which is 
traced using several passes

Matt setting for accuracy and 
uniform surface finish; glossy 
setting for a smooth shiny 
surface

Comes in various modes from 
light to dense

Different materials or colours 
can be printed simultaneously 

Parameters control

UV lamp intensity

Layer thickness

Printing mode

Shell thickness

Surface finish

Density of supports

Multi-materials and 
multi-colours

7 – Manufacturing (continued)

Possible effects that may occur due to the choice of 
process parameters, and which may be reduced or 
eliminated by optimisation of process parameters: 

Possible causes/solutions 

• Internal stress causing parts to 
curve upwards

• A matte surface finish may reduce 
UV exposure and increasing the 
waiting time between each layer

• Due to clogged nozzles or 
material filter or tube

• Internal stress may cause 
depressions or sink marks

• Regular inspection and cleaning 
of nozzles

• Caused by a dirty UV glass lens, 
low UV intensity

• Perform cleaning and calibration 
for UV lamp

• Due to excessive UV exposure
• Reduce light intensity

• Due to misalignment of print 
heads or roller scraper which 
causes excess material not 
properly removed from the roller

• Carry out periodic check and 
replacement  

• Inconsistent colours or colours 
differ from expectation

• Due to thin shell thickness, which 
made colours underneath visible

• Increase shell thickness

Possible effects 

Curling and 
detachment 

Depressions on 
surface

Melted look

Yellowish tint 
in clear parts

Rough 
sidewalls

Colour 
deviations
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7.2.8  Qualification Builds

Qualification builds shall be performed using the geometry 
established by the Manufacturer (see 7.2.5), feedstock 
that conforms to the qualification specification (see 7.2.6), 
parameter set(s) and path programmes appropriate to 
the geometry and AM equipment (see 7.2.7). Testing of 
specimens produced shall be witnessed by the Certification 
Authority and results of that testing reviewed to establish 
conformity against the requirements of the material 
specification (see Section 9 for details of inspection and 
testing requirements).

7.2.9  Part Builds

Where parts are produced under the direct inspection route 
(see 9.1.1), sufficient specimens shall be provided within 
the build layout to establish consistency of the material 
properties throughout the part, regardless of geometrical 
feature or location/orientation within the build space.
Where parts are produced under the process qualification 
route (see 9.1.2), a single set of specimens (to be agreed 
with the Customer and where applicable, the Certification 
Authority) shall be produced alongside the part to establish 
consistency with the results of the qualification build.

7.2.10  Requalification

Qualification builds shall be repeated to revalidate the 
equipment and processes after the following events:

• update to AM equipment firmware/software version;
• installation of hardware changes to the AM equipment;
• relocation of the AM equipment or changes to the working 

environment (see 7.2.2.3);
• performing build of the same part on a different machine;
• rejection of part (or testing of specimen(s) produced 

under the process qualification route, which shows 
material quality that is out of specification);

• validity period of qualification build has expired (to be set 
by the Manufacturer but typically no longer than 

 12 months).

It is recognised that build parameters do not transfer 
directly between different AM machines and further testing 
would be required before transferring the production of 
parts from a qualified AM system to one that had not been 
qualified (this includes using different AM equipment within 
the same facility and the same AM equipment model at a 
different facility). 

7 – Manufacturing (continued)

Taking PBF-LB systems as an example, the following list 
provides an example of some characteristics that vary 
between machines, thus leading to different results:

• laser beam profile;
• laser behaviour (e.g. possible loss of energy);
• particle flow characteristics;
• inert/shielding gas flow behaviour (e.g. flow direction and 

uniformity).

7.3  Additional Controls for Polymer AM Systems

It is considered good practice to include the following for 
any build:

• density block, which can act as the first notification of 
potential issue during build (according to ISO/ASTM 
52924, density cubes with an edge length of 20mm shall 
be used);

• full-height control specimens (as defined within 5.6) 
can be useful in investigating changes between the 
different post-processing stages (e.g. as-built, post-curing 
treatment) and for further testing and analysis relating 
to specific layers (as test specimens can be cut from the 
control specimens at any desired height);

• one set of tensile test specimens to be retained for future 
reference of the as-built material properties.

Any non-conformities detected at this stage shall be 
reported and agreed with the Customer (and where 
applicable, the Certification Authority) before continuing.
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8.1  General

To achieve the required properties and delivery condition of the part material, other processes may be necessary following 
the AM build, according to the material, code and application requirements. 

Post-processing can be categorised into four stages, as illustrated in Figure 17.

Separation
(see 8.3)

Support removal 
by physical

(see 8.4)
or 

by chemical
(see 8.5)

Thermal 
treatments

(see 8.7)
MJT

Support removal 
by physical

(see 8.4)
or 

by chemical
(see 8.5)

or 
by thermal

(see 8.6)

Separation
(see 8.3)

(1)

Figure 17
Post-processing flowchart

(1) Thermal treatments are often performed whilst all geometry is still joined to the build platform to relieve 
residual stresses resulting from the build. However, thermal treatments may be performed after separation 
and mechanical finishing, if preferred.

Removal from
build space

(see 8.2)

Mechanical
finishing
(see 8.10)

Chemical 
treatment
(see 8.11)
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Post-Processing

Coating
(see 8.12)
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(see 8.13)
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Polymer Process
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Polymer Process
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(see 8.3)

Separation
(see 8.3)

Liquid-based
Polymer Process

Thermal 
treatments

(see 8.7)

VPP

Removal of 
uncured resins

(see 8.8)

Support removed 
physically

(see 8.4)

Post-cured
(see 8.9)
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All post-processing activities shall be documented in the 
route card. Documentary evidence of the procedures 
performed, and equipment used (for example UV oven), 
shall be retained in the Manufacturing Plan.

The same post-processing activities applied to the part 
shall also be applied to the test specimens.

Prior to removal from the build platform, the operator shall 
perform a review of the build log following the completion 
of the build to confirm that build parameters remained 
within allowable tolerances. Any manual or unexpected 
variations from the build plan that were not captured 
during build monitoring (see 9.3) shall be recorded on 
the route card before commencing any post-processing 
operations. Any pauses or interruptions identified within 
the build log shall be reviewed for acceptability.

8.2  Removal from Build Space

The steps vary depending upon the selected AM process 
but may include one or more of the following:

• removal of clamps or bolts that fasten the build platform 
to the AM equipment;

• removal of loose powder with compressed gas, brushing 
or vacuum;

• secondary operations may be specified to facilitate the 
removal of loose powder from the interior of parts;

• draining or scraping of excess uncured resin surrounding 
the parts

• sonic/ultrasonic cleaning methods may be specified on 
the route card;

• automatic de-powdering units and unpacking stations 
may also be utilised.

All loose powder or excess uncured resin removed during 
these operations shall be considered as waste (see 7.2.4.3).

Adequate health and safety controls shall be in place, 
such as:

• containment systems;
• exhaust ventilation systems;
• personal protective equipment (PPE), such as 
 respiratory equipment (see Section 14 for further 
 details of health and safety requirements).

8.3  Build Platform Separation

If the build platform is not integrated into the part then 
the part must be separated from the build platform and 
any support structures, where used (e.g. sliding scraper 
underneath supports, snapping, cutting and even flossing). 

Other items that require separation may include:

• test specimens (including density blocks);
• control specimens.

Where some items are intended for removal prior to thermal 
or post-curing treatment (e.g. density blocks, control 
specimens), consideration shall be given to the placement 
of these items within the build layout such that they can be 
easily removed without affecting adjacent material.
Separation operations shall be performed by trained 
operators utilising appropriate processes and PPE 
(see Section 14 for further details).

8.4  Support Removal by Physical

Depending on the types of support materials, different 
methods can be employed to separate the supports.  
Supports attached to the parts can be removed manually 
using cutters, tweezers or other sharp tools. High-pressure 
water jet can also be used for removing gel-like support 
materials. Removal of supports by physical means tends to 
leave marks on the surface and create uneven surfaces. 

Consideration shall be given to the method specified for 
the removal of supports to ensure that they do not have a 
detrimental effect on the integrity of the part. For example, 
the design of the interface between support structures and 
the part (i.e. teeth) can be defined at the design stage to 
ease the separation. 

Surface finishing and the aesthetic impact of supports on 
part surfaces can be significantly improved with optimized 
support generation and proper print orientation. Further 
mechanical or chemical finishing (see 8.10 and 8.11) may be 
necessary to remove support marks on part surfaces.

8.5  Support Removal by Chemical

There are several dissolvable polymer support materials 
available to ease the support removal process, especially 
for internal supports, and to preserve part surfaces. 
Common dissolvable support materials include High 
Impact Polystyrene (HIPS) and Polyvinyl Alcohol (PVA). 
HIPS is dissolvable in chemical solutions, while PVA is 
water-soluble.



Lloyd’s Register Guidance notes for polymer additive manufacturing certification   | 43

Return to contents

PVA supports are non-toxic and dissolve in regular tap 
water, which can be disposed of safely. However, PVAs are 
temperature-sensitive, which can clog the nozzle at high 
temperature and tend to have difficulty adhering with other 
material print surfaces.

Parts with dissolvable supports are soaked in chemical 
solutions, such as limonene or sodium hydroxide (caustic 
soda). Limonene (commonly available house cleaning 
product) can be used to dissolve HIPS-supported parts. 
Health and safety controls shall be in place when handling 
sodium hydroxide, which is very corrosive and can generate 
heat and ignite other materials when added to water for 
dilution. 

8.6  Support Removal by Thermal

Support materials can also come in the form of wax for 
liquid-based polymer processes. Wax supports can be 
melted away using heat or steam and mineral oil. 

Cleaning can be achieved by simply melting wax away from 
even the tightest spaces without manual labour, which 
retains the finest features and offers the smoothest surfaces. 
Removal tools, jets of pressurised water, chemical baths or 
special facilities are not required. 

8.7  Thermal Treatments

The main purposes of thermal processing are:

• reducing residual stresses generated during the build (to 
minimise distortion);

• achieve specific micro-structural conditions and 
corresponding mechanical properties required by the 
material specification;

• heat treatment to normalise the structure (due to the 
comparably small melt pool dimensions, high cooling 
rates and rapid solidification, which lead to the formation 
of inconsistent structures and anisotropic properties);

• necessary cooling time (as recommended by OEMs) 
before extracting parts to reduce thermal gradients that 
can cause distortion or warpage

The thermal history strongly affects the degree of 
crystallinity and crosslinking. At present, there are no 
established thermal treatment requirements (heating and 
cooling rates, annealing conditions) that could guide AM 
practitioners to achieve an optimal anisotropic structure 
and properties for the polymer components. 

The thermal treatments shall be performed by trained 
personnel, using suitable equipment, calibrated to national 
standards (where appropriate) and in accordance with the 
requirements of the material specification.

8.8  Removal of Uncured Resins

Parts produced via the vat photopolymerization process 
are soaked in the resin vat. Excess uncured resin must be 
drained, and trapped resin in small cavities must be cleaned 
off before the parts are completely cured. 

Common chemical solvents for resin removal include 
acetone, IPA (isopropyl alcohol) and TPM (tripropylene 
glycol methyl ether). Acetone and IPA are effective in 
dissolving resins and can smoothen part surfaces, but they 
are very volatile and highly flammable. They have high 
vapour pressure and low flash point, which makes them 
vaporise easily in high concentration to form an ignitable 
mixture with air. TPM has a higher resin capacity but is 
relatively more expensive. 

Adequate health and safety controls, such as appropriate 
PPE and ventilation, shall be in place when using chemical 
solvents. The waste chemicals are considered to be 
hazardous and should always be disposed of safely in 
compliance with the MSDS and any local regulations. 

8.9  Post-Curing

The vat photopolymerization process produces only 
partially cured parts. All engineering resins require 
post-curing under UV light to reach their maximum 
mechanical properties and maintain the integrity and 
stability of the part. 

Since the support structures and part are of the same 
material, the supports should be removed from the green 
parts before they become completely cured and harder to 
detach from the part. Certain thin-wall or high-aspect-ratio 
geometries are prone to warpage or deformation and may 
require curing while still attached to the platform. 

Post-curing time depends on the material type as well as the 
UV energy required to penetrate the thickness of the part to 
ensure uniform and consistent properties. When possible, 
post-curing should be performed as soon as possible to 
avoid exposing the green part to air for a prolonged period 
as water absorption (from air humidity) could prevent 
proper curing. 

UV radiation may result in injury to the eyes and skin; 
hence wearing of protective eyewear and clothing are 
recommended.

8 – Post-processing (continued)
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8.10  Mechanical Finishing

Mechanical finishing operations are not property changing 
processes (i.e. they do not affect the mechanical or intrinsic 
properties of the material); they are used to achieve the 
required final geometry and surface finish.

It is often necessary to modify the surface finish of AM parts 
to meet the requirements of the application, and therefore 
suitable post-processing methods are selected at the design 
stage to achieve the required surface finish.

Various mechanical finishing techniques might be utilised 
(e.g. machining, sanding, polishing, shot peening, mineral 
oil finish, chemical vapour smoothing). Selection is 
based on the material, geometry, surface requirements 
(e.g. chemical resistance, surface roughness, geometric 
tolerances) and aesthetic and economic considerations.

8.11  Chemical Treatment

Chemical treatment operations generally involve the use of 
corrosive solvents. The purpose is mainly to smooth small 
blemishes to enhance the surface finish. Layering lines 
can also be diminished via chemical finishing. Chemicals, 
such as acetone, are sometimes used for cold welding and 
are applied to mating surfaces for bonding to increase the 
strength of the joints. 

Examples of chemical treatments include vapour 
smoothing, chemical smoothing and cold welding. Excessive 
use of acetone may aggressively dissolve and damage the 
part surface and affect the dimensional accuracies. Safety 
precautions and regulations must be considered when 
using aerosolised and/or atomised solvents, which can be 
flammable or explosive. 

8.12  Coating

Gaps or voids might emerge on part surfaces after 
mechanical finishing due to toolpath constraints. Coatings 
can improve mechanical strength and water-tightness, 
especially for porous parts produced by powder bed fusion 
processes. The overall dimensional accuracy may be 
affected due to the thickness of the coating. 

Various coating techniques might be utilised, such as dip 
coating, spray painting, lacquering, dyeing, epoxy coating, 
priming, metal plating, galvanisation, physical vapor 
deposition (PVD) coating, chemical vapor deposition (CVD) 
coating To modify part properties, such as water-tightness, 
conductivity, mechanical properties, UV, wear, temperature 
and chemical resistance.

8.13  Photobleaching

Photobleaching is generally applied to clear thermoset 
polymers produced from liquid-based processes. Thermoset 
polymers tend to absorb UV light even in an ambient 
environment, resulting in the transparent clear parts 
turning yellowish over time. Photobleaching is the process 
of exposing the clear parts to intense fluorescent lighting 
to improve their transparency. Photobleaching methods 
involve using illumination chamber or table lamps. 

8.14  Post-Process Documentation

Documentary evidence of the procedures performed 
(including reference to the operator), equipment used 
(including calibration certificates), and records of the 
procedure (e.g. UV oven charts) shall be retained within the 
Manufacturing Plan. 
 

8 – Post-processing (continued)
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9.1  General

To ensure repeatability, accuracy and consistency when 
producing AM parts, the selected testing and inspection 
regime must be sufficiently rigorous and consider the 
criticality of the part and the potential impact of any lack 
of repeatability of the AM technique.

9 – Inspection & testing

As described in 5.5, there are two approaches for material 
testing and subsequent acceptance of material properties:

• Direct inspection route;
• Process qualification route.

Figure 18
Inspection & testing flowchart
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9.2.2  Material Testing

As a minimum, the following shall be established and 
confirmed to meet the requirements of the material 
specification:

• chemical composition;
• density (porosity);
• thermal properties (melting point, glass transition 

temperature, thermal stability); 
• degree of polymerization;
• microstructure (specific testing will be agreed on a 
 case-by-case basis dependent upon the material, 
 part and application requirements).

9.2.3  Non-Destructive Examination

The selected design code will drive the quality level 
required, which will establish the critical defect (indication) 
size, and therefore, which NDE methods are appropriate. 
If considered necessary, destructive testing might also be 
applied. The final selection of NDE methods shall consider: 
the AM process used; the complexity of the part; the 
criticality of the application; and any inspection limitations. 

The inspection shall include the following as a minimum:

• 100% visual examination;
• 100% examination of the required dimensions specified 

at the design stage (see 5.5).

The acceptance criteria established during the requirements 
captured at the design inputs stage (see 5.2) shall consider 
all reasonably foreseeable load cases (e.g. if the part is 
subject to dynamic loading, the fatigue performance shall 
be specified with the acceptance criteria).

The Manufacturer shall retain manufacturing records (job 
control records), along with testing and inspection reports.

Final inspection by a Certification Authority shall not 
commence until all post-processing is complete.

All dimensional checks and NDE shall be undertaken a
fter all post-processing operations (e.g. post-curing) have 
been performed; this shall be defined within the ITP. 
If thermal treatment (or other stress mitigation measures) 
are not specified, dimensional checks and NDE shall only 
be undertaken once the part is no longer subject to 
post-manufacturing effects (e.g. after a suitable cooling 
period, which is dependent upon part and material).

9.1.1  Direct Inspection

This approach is typically used where one-off or small 
volumes of the part are being manufactured (i.e. where 
a process qualification route would be disproportionally 
time-consuming and expensive). The part(s) are typically 
built on a single platform with the test specimens required 
to prove the material properties. More specimens 
are required in this approach than would be required 
alongside each part using the process qualification, 
but fewer specimens are required than for the process 
qualification itself.

9.1.2  Process Qualification

This approach is used to qualify a defined range of 
geometries (e.g. a range of wall thicknesses) for specified 
build parameter sets. The build(s) for process qualification 
require more specimens to be produced than would be 
necessary for a single part qualification under the direct 
inspection route, but these would qualify a range of 
geometries within the build space used for qualification. 
The subsequent production of parts would then require 
minimal test specimens to be produced alongside the part 
(i.e. sufficient to demonstrate that the material properties 
are still within the range qualified), making this approach 
more cost and time effective for medium to large volumes.

9.2  Inspection & Test Plan (ITP)

Details of the content of the ITP referred to in 5.5 are 
defined below.

9.2.1  Mechanical Testing

Testing shall be undertaken on test specimens and the 
part, as required. Testing requirements will be specific to 
the part geometry and application and are therefore to be 
agreed with the Certification Authority.

Test specimens shall be representative of the part, taking 
into account mechanical properties and geometry. 
Consideration shall also be given to minimum and 
maximum feature size within the part and the build 
orientation.

The minimum testing requirements, depending upon the 
qualification method and criticality, are defined in the ITP.

9 – Inspection & testing (continued)
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9.3  In-Process Monitoring

The requirements for in-process monitoring and recording 
of the build shall be in accordance with the facility work 
instructions, and where specified, the requirements of the 
Manufacturer or their customer; which as a minimum shall 
specify:

• what is measured;
• how often measurements are taken;
• how and where the measured data is captured.

The frequency of monitoring and recording may be 
adjusted for a particular job based upon the following 
considerations:

• criticality (see Section 15 for more information);
• any test or inspection limitations identified in the part 

during previous examinations;
• the geometry;
• stress distribution;
• the maturity of the AM technique at the point in time of 

manufacture;
• whether continuous condition monitoring is performed 

automatically by the AM equipment;
• control feedback systems during manufacturing.

9.4  Non-Conformances

9.4.1 Control of Non-Conforming Items

To prevent the shipment or use of non-conforming 
products, the Manufacturer shall establish and maintain 
procedures to ensure the identification and segregation of 
all non-conforming products.

Control and quarantine of non-conforming items shall be 
in accordance with the facility QMS. 

9.4.2 Acceptance of Deviations

Acceptance of deviations and concessions for use shall 
follow a documented procedure which ensures that all 
aspects of the proposals are considered, including an 
engineering assessment of the effects of the proposed 
deviations on the safety, function, life expectancy, 
interchangeability or appearance, of the part.

The use of control specimens (as defined within 5.6) can 
be useful in the investigation and for justification 
purposes, as test specimens can be cut from the control 
specimens at any desired layers within the build to 
investigate deviations.

Following this assessment, acceptance of deviations must 
be agreed by the Manufacturer, the end-user and, where 
applicable, the Certification Authority, and shall be recorded 
in the Manufacturing Plan.

9.4.3  Corrective & Preventive Actions

The Manufacturer shall establish and maintain documented 
procedures for implementing corrective and preventive 
action to eliminate the cause of actual or potential non-
conformities.

Corrective or preventive action shall be appropriate to 
the magnitude of the problem. The Manufacturer shall 
implement and record any change in the documented 
procedures resulting from corrective and preventive action. 
Where these actions relate to health and safety aspects 
(see section 14) then this may require an update to the 
facility procedures and/or risk register.

The procedures for corrective action shall include:

• the effective handling of customer complaints and reports 
of non-conformities;

• investigating the cause of non-conformities and recording 
the results of the investigation;

• applying controls to ensure that corrective action is taken 
and that it is effective.

The procedures for preventive action shall include:

• the use of appropriate sources of information 
 (e.g. processes and work operations, concessions, 
 audit results, quality records, customer complaints) 
 to detect, analyse and eliminate potential causes of 
 non-conformities;
• determining the procedure to prevent non-conformities;
• initiating preventive action and applying controls to 

ensure that the action is effective;
• ensuring that relevant information on actions taken, 

including changes to procedures, is submitted for 
management review.
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10.3  Facility Documentation

• Valid QMS certification.
• An outline description of the relevant manufacturing 

plant and equipment (including details of geographical 
location) and related procedures:
– major items of equipment used for additive 

manufacturing;
– for solid, powder or liquid-based processes, feedstock 

material inspection and recycling equipment 
 (e.g. sampling and sieving equipment);
– post-curing facilities;
– pellet or filament drying facilities;
– heat treatment facilities;
– destructive and non-destructive examination facilities;
– facilities for chemical analysis, thermal and mechanical 

examination.
• Feedstock supply information (including supplier 

details; confirmation that materials conform to purchase 
description; MSDS).

• Feedstock storage and handling information (including 
procedures and work instructions that apply to all 
projects).

• Records of inspection equipment used for measuring and 
testing (e.g. calibration certificates).

• Records of equipment used for chemical and thermal 
examinations, mechanical tests, non-destructive tests 
(where appropriate, this is to include details of the testing 
procedures used).

• Training records of manufacturing and inspection 
personnel (personnel shall possess the requisite 
qualifications and/or demonstrate competence).

• Current or future development which affects the supply 
must be reported in the following form:
– summary description of development facilities;
– research and development of grades;
– publications.

• If the Manufacturer’s facility is not equipped with 
adequate post-curing, heat treatment or examination 
facilities, then the conditions under which these activities 
are subcontracted shall be stated and provide the 
pertinent data for the operations involved.

10.1  General

The Manufacturer shall identify and plan the 
manufacturing processes that directly affect quality. They 
shall ensure that these processes are carried out under 
controlled conditions and shall include documented 
evidence as follows.

A ‘Manufacturing Plan’ is required for each AM part design 
and this shall contain all the information required to 
produce that part.

The Manufacturer shall maintain ‘Facility Documentation’ 
that contains all procedures, work instructions and record 
templates that are used for manufacturing activities that 
are not specific to the part(s) being produced.

The retention period for documentation (digital or 
hardcopy) will be dependent upon the Manufacturer’s 
procedures and the regulatory requirements (i.e. some 
industries require longer retention periods than others). 
This is assessed during the QMS assessment rather than 
during an AM-specific facility audit.

10.2  Technical Documentation Relating to Part(s)

• A description of the part(s) with which the application 
for approval is concerned.

• Applicable specifications, standards, codes, 
 regulations, etc.
• Engineering drawings/models used for manufacture 

(CAD).
• Applicable calculations, if required by regulation(s) or 

code(s).
• Material specification for the formed part.
• Installation, operation and maintenance instructions for 

the part, where applicable.
• Feedstock information and certification (including 

parameters stated within the feedstock specification(s) – 
see 6.2).

• Inspection & Test Plan (ITP).
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11.2  Resources

The organisation shall determine and provide the resources 
needed for the design, manufacturing and inspection 
and continual improvement of the parts intended to be 
manufactured by AM.

11.3  Competence

The organisation shall demonstrate the competence of the 
primary personnel roles (Designer, Operator, Supervisor/
Co-ordinator, Inspector) by:

• ensuring that these personnel are competent on the basis 
of appropriate education, training or experience;

• whenever necessary, taking actions to acquire the 
required competence and evaluate the effectiveness of 
the actions taken.

11.1  Leadership & Commitment

The top management of the organisation shall 
demonstrate leadership and commitment with respect 
to the design, manufacture and inspection of the parts 
intended to be manufactured by AM, by:

• ensuring that the resources needed for the parts 
intended to be manufactured by AM are available;

• ensuring that parts intended to be manufactured by AM 
achieve their intended outcomes;

• supporting other relevant management roles to 
demonstrate their leadership as it applies to their areas 
of responsibility;

• ensuring that any subcontracted operations are 
subject to adequate controls and inspection criteria 
in accordance with relevant quality requirements and 
these guidelines.

12.1  Intellectual Property

AM provides significant design freedoms, the ability to 
create designs that cannot be manufactured using any 
other method is a strong reason to select this technology. 
However, AM is increasingly also used to recreate obsolete 
and other existing spare parts, which may be subject to 
intellectual property (IP) rights.

The IP rights are split into six main areas which are 
listed below:

• Utility Patents. This covers the creation of a new or 
improved process or product.

• Copyrights. This is the rights the creator has over their 
literary and artistic works

• Trademarks. This covers recognisable signs or marks for 
products or services from a unique source

• Design Patents. This covers the unique visual qualities 
of a manufactured item

• Trade Secrets. This covers confidential business 
information on methods, processes or knowledge

• Contract Rights. Rights which are granted through a 
contract to use the IP in a defined manner

11 – Organisational requirements

12 – Data and digital

Manufacturing using AM is subject to the same rules as 
manufacturing using any other process, and the legalities 
around the ownership of designs, CAD model and the 
manufacturing STL/AMF files must be strictly controlled.

For existing parts, the Manufacturer has to provide 
permission for the reproduction of their designs etc, and 
even for obsolete parts, in most cases, the IP rights do not 
cease when the company has gone into receivership or 
liquidation. This must be checked prior to the manufacture 
of obsolete parts.

Many organisations are recognising that AM is another way 
of distributing spares for their items; some are allowing 
printing within their own supplier network, others are 
releasing simple items onto websites and making them 
available freely, others are investigating how they can sell 
single prints to enable end-users to print their own spares. 
It is however still the responsibility of the person using this 
data to determine that they have the authority to use it.
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The CAD file and subsequent print file (e.g. STL) shall be 
encrypted when sent between locations where possible and 
there is software on the market which can support this and 
add other safeguards such as distributing the file line by line 
(because you may be selling a single print and do not want 
to provide the CAD file). 

The machines themselves could in certain circumstances 
be vulnerable to attack and the Equipment Providers are 
constantly looking at how to secure both the programs and 
firmware in the most effective way. For machines that are 
producing parts for the most critical of applications, the 
machines will be isolated, and an airgap placed between it 
and the outside world.

Within AM there is a lot of discussion around the CAD file 
and the machine, but the transmission of the data between 
different locations is just as important and in some cases 
is the point where someone could intercept and copy the 
data, or in some cases modify the data to compromise 
the finished part. Although for most prints this is unlikely, 
consideration should be given to this possible activity.

If you want to learn more about cybersecurity, please visit 
www.lr.org/additive-manufacturing

12.5  Virtual Stores

One of the advantages that additive manufacturing can 
offer many organisations is the ability to store spares as 
digital spares which would allow the organisation to only 
print the spares when they need them reducing inventory 
costs. It is also interesting to note that many of the logistics 
companies are looking at AM as a huge disrupter to their 
distribution businesses and are looking at how they can 
utilise AM as a value proposition in their own operations.

Currently, the number of parts that could be effectively 
held digitally and produced on demand is still relatively low 
(around 7.5% or 10% of the total parts held). This number is, 
however, increasing year on year. The diagram below shows 
how the various aspects of creating AM come together to 
create a virtual storage capability.

12.2  Industry 4.0

Industry 4.0 is looking at how we connect the 
manufacturing workplace together.  Within the additive 
manufacturing industry 4.0 impacts many of the processes 
and approaches used by a number of organisations. 
Almost every aspect of AM is connected to the work that 
is being undertaken as part of Industry 4.0. AM spans 
across multiple technology areas including mechanical 
(hardware), IT (software and automation) and material 
science.

Industry 4.0 is broken down into the following 
sub-categories:

• CPS  – Cyber-Physical Systems
• IOT  – Internet of things
• IIOT – Industrial internet of things 
• AI  – Artificial intelligence 
• AR  – Augmented Reality

If you want to learn more about Industry 4.0 and how it 
may affect your AM journey, further information can be 
found at www.lr.org/additive-manufacturing

12.3  Digital Validation

This is one of the areas that a number of organisations 
are working on. Each print generates a huge amount 
of data, in many cases, this runs to several terabytes of 
information, and this amount of data will continue to grow 
as Equipment Providers continue to add more sensors into 
their machines to measure various aspects of the build.

LR will not accept Digital Validation as the sole basis for the 
acceptance of parts produced using AM, we are continually 
reviewing the methods of validation for the acceptance of 
AM parts and there may be certain aspects of a build that 
can be used to validate the part.

12.4  Cybersecurity 

Wherever you have data being utilised or exchanged, 
then that system is vulnerable to an attack or theft of the 
core IP and data. Additive manufacturing has a number 
of areas that need to be considered within this area. AM 
is not unique in being vulnerable to attacks, and many of 
the safeguards that we have in place at our places of work, 
form a large part of a cybersecurity threat. Although most 
people consider the threat as coming from digital sources, 
such simple things as holding the door open for strangers 
or picking up a memory stick in the car park can be far 
bigger threats than those which enter through the firewalls.

12 – Data and digital (continued)

https://www.lr.org/en/additive-manufacturing/
https://www.lr.org/en/additive-manufacturing/
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Research has shown significant savings can be made 
through the use of virtual stores and we expect to see 
Original Equipment Manufacturers (OEM) releasing 
copy-righted data to allow companies to print 
their own spares. In some of the large projects, end 
users are requesting a percentage of parts be made 
available digitally from the OEM’s to print spares for the 
operational phase of their projects.

12.6  Additive Manufacturing Supply Chain

Although it may appear that the supply chain for AM is 
just the machine and the feedstock, the actual supply 
chain has more operations contained within it. 

The overall structure of the supply chain is illustrated 
in Figure 20.

12 – Data & digital (continued)

Figure 19 
Virtual storage

Figure 20
AM supply chain
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Figure 21
Modular approach to certification

13 – Certification flowchart
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For further information, please refer to the applicable 
national/international laws, regulations and guidance 
e.g. for the UK, HSG 103 Safe Handling of Combustible 
Dust: Precautions against Explosions or use National Fire 
Protection Association Class B extinguishers such as 
carbon dioxide, dry chemical, or foam.

14.4  Exposure to Hazardous Substances

AM processes can include exposure to substances that 
are hazardous to health and may cause irritation when in 
contact with human skin.  They can enter the body either 
through inhalation, absorption through the skin, ingestion 
and injection and can cause serious illness.

Typical hazards include, but are not limited to dust, 
particles, mists and germs, lubricants, fluids, but also 
organic vapours, liquid resins and corrosive solvents. 

Any hazardous substance shall be supplied with an MSDS.  
The Manufacturer shall use this to perform a Control of 
Substances Hazardous to Health (COSHH) assessment.

Safety controls may include:

• containment systems;
• exhaust ventilation systems;
• personal protective equipment (PPE) (e.g. full body-suit 

and mask when working with powder particles  < 20μm, 
chemical-resistant or nitrile gloves whenever handling 
resins, solvents or partially cured parts);

• respiratory protective equipment (RPE).

14.5  Hazardous Atmospheres

In AM, hazardous atmospheres can be caused as a result 
of dust, fumes and gases released during AM processes. 
Hazardous atmospheres may also arise due to the 
displacement of oxygen, e.g. the use of argon and helium 
as shielding gases. Toxic gases resulting from uncured 
reagents in liquid resins used during processes such as vat 
photopolymerization and emission of VOCs during material 
extrusion process can also lead to a build-up of hazardous 
atmospheres.

Safety controls may include:

• ventilation systems;
• gas alarm systems that monitor and detect changes in 

oxygen levels and air pressure;
• appropriate storage facilities for hazardous substances;
• emergency plan in the event of an accidental release 
 or spill.

14.1  General

This section provides information on the key hazards and 
risks associated with AM and the duties of the Manufacturer 
within the workplace to prevent hazards from occurring.

The typical health and safety risks associated with AM 
include the following:

• dust fire and explosion;
• exposure to hazardous substances;
• hazardous atmospheres;
• artificial optical radiation (AOR);
• moving machinery;
• noise.

14.2  Safety Requirements for the Manufacturer

The following are a summary of the basic safety 
requirements for the Manufacturer:

• comply with all relevant national and international 
 safety regulations;
• identify the hazards that could cause injury or illness;
• identify the risk that an individual could be harmed; 
• identify the severity that may result in an individual 

being harmed;
• ensure adequate safety controls are in place for the 

protection of human life;
• ensure appropriate training and competence for all 

personnel;
• ensure an appropriate emergency response plan is 

in place to deal with potential injuries, illnesses and 
accidental releases of harmful substances.

14.3  Dust, Fire & Explosion Hazards

In AM there are risks associated with fire and explosions.  
In particular for powder bed fusion AM the fine powder 
particle sizes used can increase the risk of fire and 
explosion due to issues relating to a static electrical 
charge. Some resins may have unsaturated double bonds 
that polymerize explosively when heated or involved in a 
fire. Meanwhile, the use of flammable and highly volatile 
solvents for post-processing operations can easily cause 
ignition if the area is not well-ventilated.

Controls may include:

• hazardous area classification;
• intrinsically safe machinery, equipment and clothing;
• fire prevention, suppression and containment systems;
• dust explosion alarms;
• explosion venting.

14 – Health & safety
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14.6  Artificial Optical Radiation (AOR)

AOR includes light emitted from all artificial sources such 
as ultraviolet, infrared, laser and electron beams. 

Sources of optical radiation in AM include:

• the use of lasers, projectors and lamps to sinter or cure 
during manufacture;

• the use of a UV chamber during post-curing activities 
emits ultraviolet light.

Exposure to AOR can result in serious injury/illness 
including:

• severe burns;
• damaged eyes or loss of vision;
• death.

Controls may include:

• safety screens;
• remote viewing;
• safety clamps and interlocking systems;
• PPE such as face shields and eyewear;
• restricting access and safety warnings.

All personnel working with sources of AOR shall be fully 
trained and competent to do so.

14.7  Moving Machinery

Moving machinery and automated parts, such as robot 
arms, pose a safety risk to personnel including collision 
with mechanical parts and entrapment.

Controls may include:

• ensure all personnel working with machinery are 
trained and competent to do so;

• run programmes from outside of the machinery 
workspace;

• use of speed limiters;
• use of interlocking devices, emergency shut off laser 

beams and emergency stop buttons;
• exclusion zone markings and safety signage.

14 – Health & safety (continued)

14.8  Noise

AM and its ancillary operations can generate a significant 
amount of noise, even if the specific process is relatively 
quiet itself.  High noise levels or long-term exposure at a 
lower level can seriously damage hearing.

Controls may include:

• engineering/technical controls to reduce at source, the 
noise produced;

• use screens, barriers, enclosures to reduce at the source 
the noise produced;

• limit time spent by personnel in noisy areas;
• use of earplugs and defenders.
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Powders Using the Hall Flowmeter 
Funnel

Standard Test Method for Sieve 
Analysis of Metal Powders

Standard Test Method for Apparent 
Density of Metal Powders and Related 
Compounds Using the Arnold Meter

Standard Test Method for Particle 
Size Distribution of Metal Powders 
and Related Compounds by X-Ray 
Monitoring of Gravity Sedimentation

Standard Test Method for Metal 
Powder Skeletal Density by Helium or 
Nitrogen Pycnometry

Standard Specifications and 
Operating Instructions for Glass 
Capillary Kinematic Viscometers

Standard Test Methods for Density 
and Specific Gravity (Relative Density) 
of Plastics by Displacement

Standard Test Methods for Surface 
and Interfacial Tension of Solutions of 
Paints, Solvents, Solutions of Surface-
Active Agents, and Related Materials

Standard Test Method for Color of 
Transparent Liquids (Gardner Color 
Scale)

Standard Test Methods for 
Constituent Content of Composite 
Materials

Standard Test Method for Density 
or Relative Density of Pure Liquid 
Chemicals

Standard Test Method for Plastics: 
Dynamic Mechanical Properties: 
Cure Behavior

Standard Test Method for Color of 
Liquids Using Tristimulus Colorimetry

Standard Test Method for 
Determination of Moisture in Plastics 
by Relative Humidity Sensor

Standard Test Method for Explosibility 
of Dust Clouds

Standard Test Method for 
Assignment of the Glass Transition 
Temperature By Dynamic 
Mechanical Analysis

Standard Test Method for 
Hot-Surface Ignition Temperature 
of Dust Layers

Plastics – Determination of 
apparent density of material that 
can be poured from a specified 
funnel

Standard Test Methods for Flow 
Rate of Metal Powders Using the 
Hall Flowmeter Funnel

Standard Terminology of Powder 
Metallurgy

Standard Test Method for Tap 
Density of Metal Powders and 
Compounds

Standard Test Method for Particle 
Size Distribution of Metal Powders 
and Related Compounds by Light 
Scattering

Standard Test Methods for Flow 
Rate of Metal Powders Using the 
Carney Funnel

Standard Test Method for Tensile 
Properties of Plastics

Standard Test Method for Melt 
Flow Rates of Thermoplastics by 
Extrusion Plastometer

Standard Test Method for Density 
of Plastics by the Density-Gradient 
Technique

Standard Test Method for 
Determining Ignition Temperature 
of Plastics

Standard Test Method for 
Transition Temperatures and 
Enthalpies of Fusion and 
Crystallization of Polymers by 
Differential Scanning Calorimetry

Standard Test Method for Viscosity 
by Dip-Type Viscosity Cups
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ASTM D4526

ASTM D6980

ASTM D7334

ASTM E1491

ASTM E2019

ASTM 
F3091/F3091 M-14
ISO 307

ISO 1133

ISO 3252
ISO 4324

ISO/ASTM 52900

ISO/ASTM 
52903-2

 
ISO/ASTM 
52911-2

ISO/ASTM 52904

ISO/ASTM 52915

ISO/ASTM 
52926-1

ISO/ASTM 
DIS 52924

EN 13821

ISO 16012

ISO 4490

ISO 6186

ISO/ASTM 
52903-1

ISO/ASTM 52910

ISO/ASTM 52950

ISO/ASTM 52932

ISO/ASTM 52920

EN 50281-2-1

VDI 2263

Standard Practice for Determination 
of Volatiles in Polymers by Static 
Headspace Gas Chromatography

Standard Test Method for 
Determination of Moisture in 
Plastics by Loss in Weight

Standard Practice for Surface 
Wettability of Coatings, Substrates 
and Pigments by Advancing 
Contact Angle Measurement

Standard Test Method for Minimum 
Autoignition Temperature of Dust 
Clouds

Standard Test Method for Minimum 
Ignition Energy of a Dust Cloud in 
Air

Standard Specification for Powder 
Bed Fusion of Plastic Materials

Plastics – Polyamides – 
Determination of viscosity number

Plastics – Determination of the 
melt mass-flow rate (MFR) and 
melt volume flow rate (MVR) of 
thermoplastics – 
Part 1: Standard method

Powder metallurgy – Vocabulary

Surface active agents – Powders 
and granules – Measurement of 
the angle of repose

Additive manufacturing – 
General principles – Terminology

Additive manufacturing – 
Material extrusion-based additive 
manufacturing of plastic materials – 
Part 2: Process equipment

Additive manufacturing – 
Design – Part 2: Laser-based powder 
bed fusion of polymers

Additive manufacturing – 
Process characteristics and 
performance – Practice for metal 
powder bed fusion process to 
meet critical applications

Specification for additive 
manufacturing file format (AMF)

Additive manufacturing of metals – 
Qualification principles – 
Part 1: General qualification of 
machine operators

Additive manufacturing – 
Qualification principles – 
Classification of part properties 
for additive manufacturing of 
polymer parts

Potentially explosive atmospheres - 
Explosion prevention and protection 
– Determination of minimum ignition 
energy of dust/air mixtures

Plastics – Determination of linear 
dimensions of test specimens

Metallic powders – Determination 
of flow rate by means of a calibrated 
funnel (Hall flowmeter)

Plastics – Determination of 
pourability

Additive manufacturing – Material 
extrusion-based additive 
manufacturing of plastic materials – 
Part 1: Feedstock materials

Additive manufacturing – 
Design – Requirements, guidelines 
and recommendations

Additive manufacturing – 
General principles – Overview of 
data processing

Additive manufacturing – 
Environmental health and safety – 
Standard test method for 
determination of particle emission 
rates from desktop 3D printers 
using material extrusion

Additive manufacturing – 
Qualification principles – Quality 
assurance requirements for 
production

Electrical apparatus for use in the 
presence of combustible dust

Dust fires and dust explosions – 
Hazards – assessment – safety 
measures

15 – References (continued)
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