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ABSTRACT

The aim of this study is to investigate the qualification and control requirements for metal laser 
powder bed fusion additive manufacturing systems for applications in the aerospace industry. The 
laser powder bed fusion process is reviewed and its application within the aerospace industry is 
provided. A qualification and control procedure for metal laser powder bed fusion systems in 
aerospace is presented based on industry standards, best practices and literature. This procedure 
includes requirements for operator training, operating environment and system installation, pre-
build system setup and checks, print process control and in-process monitoring, part removal and 
system calibration and maintenance. 
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1. INTRODUCTION

Additive Manufacturing (AM) is becoming an ever more popular manufacturing technique within the 
manufacturing industry. This is largely due to the various benefits AM offers when compared to 
traditional manufacturing techniques. Some of these benefits include the ability to manufacturing 
geometrically complex parts, reduction of material waste, reduction of time and cost when 
manufacturing small batches and manufacturing of whole assemblies in one build [1][2]. There exists 
a wide range of AM processes that can manufacture parts in various materials. Of these materials, 
metal AM is of high interest as it offers high value and superior material properties due to the 
potential for manufacturing functional components [3]. This has lead metal AM to become 
increasingly more popular in the aerospace and medical industries [2]. Within the aerospace 
industry, the materials used are often metal alloys as performance, strength and heat resistance are
of importance even if at a high cost [4]. Directed energy deposition (DED) and powder bed fusion 
(PBF) are two of the most popular AM technologies within aerospace, with PBF often being preferred 
due to its ability to produce parts with greater accuracy [4][5]. PBF processes can be characterized 
by the energy type used in the melting or sintering of metal powder, with laser PBF (LPBF) being 
more widely used than electron PBF (EBPF) according to a NIST report [6]. Within industry different 
terminology for classifying the same AM processes are often used, LPBF is commonly referred to as 
selective laser melting (SLM) or direct metal laser sintering (DMLS). One of the main challenges 
hindering the full adoption of AM within the aerospace industry is the lack of industry standards and 
procedures for ensuring quality parts are manufactured [1]. A contributing factor to this is the lack 
of industry agreed-upon qualification procedures for AM systems to ensure the repeatability and 
reliability of parts manufactured by these systems [7]. Therefore, the aim of this study is to provide
further research to improve the qualification and control of AM systems for aerospace.

2. LPBF PROCESS FOR AEROSPACE

2.1 Overview of the LPBF process

The natural starting point for any qualification and control processes is to understand the subject 
matter. In the LPBF process, metal powder is stored in a powder delivery system and raked across 
by a recoater arm to form a thin layer, for metal typically 30 to 60 microns thin, on the machine 
bed [8]. A laser is programmed to aim at the scanner which directs the energy onto the powder bed 
melting or sintering the metal powder as required. Another thin layer of powder is raked over the 
bed and the process is repeated until the desired component is manufactured [5]. Figure 1 presents 
a generic LPBF process as presented in ISO 17296-2 [9].

Figure 1: Generic LPBF process [5]
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Most metal LPBF systems need a build platform onto which the part is built and must be removed 
from after the print. This is to reduce part warping caused by the high residual stresses faced due 
to large temperature changes [2]. Post-processing such as stress-relieving heat treatment is 
performed on the build before the build platform is removed from the parts to reduce residual 
stresses in the parts. The laser radiates enough heat to melt or sinter the metal powder in the 
machine bed causing a melt pool. As the laser is moved away from this melt pool the molten metal 
solidifies to form a track of solid metal [10]. Typically a Ytterbium fibre laser of 200 watts is used 
in LPBF systems manufacturing Ti-6 Al-4 V parts [11]. LPBF systems require an inert gas atmosphere 
as parts manufactured by these systems are prone to oxidation which tends to have negative effects 
on the mechanical properties of the parts. Nitrogen gas is used when manufacturing steel parts and 
argon gas is used when manufacturing titanium and cobalt-chromium parts [12].

2.2 LPBF in the aerospace industry

Due to LPBF systems’ ability to manufacture parts of high quality and accuracy, it is an ideal match 
for the aerospace industry [13]. Other benefits of LPBF for aerospace applications are that LPBF
systems have the ability to manufacture high-strength materials that are used for aerospace 
components such as titanium, steel, aluminium and nickel-based alloys. Titanium alloy Ti-6 Al-4 V 
is of particular interest within the aerospace industry due to its corrosion resistance and ability to 
withstand high temperatures [14][15]. An example of LPBF being used within the aerospace industry 
is GE Aviation using EOS metal PBF machines to manufacture engine components via the DMLS 
technique [16]. Currently, the main challenge hampering the full adoption of metal LPBF within the 
aerospace industry is the lack of standardization and quality and control methods for ensuring
product quality and process repeatability [7].

3. QUALIFICATION AND CONTROL PROCEDURE

This section aims at presenting a qualification and control procedure for metal LPBF systems for the 
aerospace industry based on industry standards, best practices and relevant literature. There are 
various focus areas of LPBF systems that should be addressed individually. Figure 2 presents these 
various focus areas as direct or indirect processes, each of which must be documented in the 
organizations Quality Management System (QMS) in accordance with AS 9100D [17].

Figure 2: LBPF system qualification focus areas

3.1 Operator training

LPBF systems are highly complex and require operators with in-depth training to be able to identify 
errors, manufacture parts of high-quality and reduce waste. In the standardization roadmap for AM 
developed by America Makes & ANSI AM Standardization Collaborative (AMSC), machine operator 
training and qualification was highlighted as a gap and it was recommended that standards and 
guidelines need to be developed [18]. Operators should have a good understanding of the LPBF 
processes and periodic workshops should be held by the organization to ensure the operators are 
knowledgeable about the latest aspects of LPBF. A training program must be developed and 
implemented and adequate proof of operator compliance with this program must be documented. 
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Both the ASTM F3303 and NASA MSFC-SPEC-3717 standards state that the LPBF machine manufacturer 
must be consulted when developing this program and to ensure correct implementation is followed
[19][20]. The training program must identify all operator responsibilities and provide adequate 
information to enable the operator to fulfil these responsibilities safely and reliably, including 
procedural training on visual inspection to ensure the operator can correctly visually inspect features 
such as surface roughness and dimensions [21]. Evaluation criteria must also be provided along with 
a schedule for periodically evaluating operator competence, the ISO/ASTM 52942 standard highlights 
additional tests and qualification procedures for LPBF machine operators that should be followed by 
the organization [20][22]. The training program must include relevant health and safety training and 
the operator must be made aware of all potential dangers [23]. A qualified person from the LPBF 
machine manufacturer must be assigned the responsibility of providing certification to the operator. 
A record must be kept of the operator's on-the-job history including a clear description of any 
nonconformances that occurred due to operator negligence. All relevant information to the 
competency of the operator including qualification, training, experience, workshop attendance, 
health and safety training and operational history must be recorded in the organizations QMS. The 
organization should obtain the relevant operator accreditation from Nadcap [21].

3.2 Operating environment

The environment that the LPBF machines and operators work in must be controlled. The operating 
environment’s effect on part quality is highlighted as a gap in the AMSC standardization roadmap 
for AM [18]. The ASTM F3303 – 2018 standard states that the LPBF machine must be in a controlled 
operating environment to prevent contamination from other processes within the organization [19].
In order to ensure this, each LPBF machine should be placed in an isolated environment with 
temperature and humidity controls. Temperature and humidity conditions must be in accordance 
with the machine manufacturer’s specifications and recorded on the manufacturing plan. Operators 
must wear adequate protective gear such as gloves, hairnets and respirators to ensure no organic 
matter contaminates the LPBF system and the operator is protected from potential hazardous gases 
and particles [19]. The operating environment must be cleaned on a regular basis and documented, 
a method for cleaning and cleaning materials to be used must be established with the oversight of 
the LPBF machine manufacturer. Preventative action plans must be established by the organization 
and implemented to prevent contamination of the LPBF system [20].

3.3 LPBF system installation

Installation of the LPBF machine must be conducted by the machine manufacturer and the 
installation procedure followed must be documented. The machine manufacturer must be consulted 
when installing the relevant auxiliary systems such as gas systems and dust filtration systems, the 
installation procedure and type of systems installed must be approved by the machine manufacturer 
and documented. The ISO/ASTM 52941 standard also highlights taking shock and vibrations into 
consideration when planning where to install the system [24]. All relevant documentation of the 
operating environment and system installation must be recorded on the organizations QMS in 
accordance with AS 9100D [17].

3.4 Pre-build checks

The pre-build checks must be performed by the LPBF system operator prior to each build and
confirmation that each of these checks was performed must be recorded on the manufacturing plan 
for that specific build. The main aim of the pre-build check is to validate the LPBF system parameters 
correlate to the parameters specified in the manufacturing plan for the aerospace part that is to be 
manufactured. Table 1 presents the minimum required Pre-build checks stated by the ASTM F3303 
and MSFC-SPEC-3717 standards.

Table 1: Pre-build checks [20][19]

Category MSFC-SPEC-3717 ASTM F3303 - 2018

Equipment
Machine make, model and serial Maintenance and qualification record

Machine configuration Required feedstock quantity
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Software and firmware version Build platform serial and installation 
procedure

Recoater material, configuration and 
speed

Visually inspect build platform for 
defects

Build platform material, configuration 
and pre-heat temperature

Recoater blade compatibility and 
clearance

Nominal powder dosing Visually inspect recoater blade for 
defects

Build 
chamber

Purge/ventilation gas composition
Ensure adequate flow of protective gas 
filters

Ventilation gas flow rate and diffuser 
configuration

Chiller temperature and flow of heat 
transfer fluid

Dew point/moisture control Parts nesting

Oxygen and temperature limits
Part orientation and location on the build 
platform

Process 
parameters

Layer thickness
Feedstock, machine and process 
parameters

Laser power, spot size and shape Laser beam power verification

Scan speed

Hatch and contour spacing/overlap

Laser timings and scan strategy

Auxiliary 
systems

Type, function and cleanliness of 
auxiliary systems

Part files revision

The checks presented in Table 1 and powder feedstock quality assurance checks along with any other 
checks required by aerospace OEMs and the LPBF machine manufacturer must be performed prior to 
each build cycle and recorded on the manufacturing plan and the organization’s QMS to ensure the 
LPBF machine parameters match those defined in the manufacturing plan. Nadcap requires the 
organization to have documented procedures to control build plate cleanliness, build plate 
geometrical tolerance and material requirements and a predefined sequence of operations for the 
operator to follow [21].

3.5 Print process control and in-process monitoring

Print process control and in-process monitoring are essential for ensuring the manufactured part is 
free from defects, both internally and externally. Most LPBF systems come with their own in-process 
monitoring systems, such as EOS’s EOSTATE system [25]. This system includes a melt pool monitoring 
system which precisely locates any process deviations that occur, and an exposure optical 
tomography system which is a camera that monitors light in the near-infrared spectrum which 
records an image per layer built and automatically analyses these images for nonconformances [25].
Such systems should be installed in accordance with the LPBF machine manufacturer’s guidelines.
The LPBF machine manufacturer and aerospace OEMs must be consulted to determine tolerances for 
determining nonconforming parts. 

The ASTM F3303 standard requires sensors installed in optimal locations, as defined by the LPBF 
machine manufacturer, to effectively monitor the oxygen levels of the part bed. This standard also 
requires the following in-process monitoring criteria are within the LPBF machine manufacturer's 
tolerances:

Laser characteristics 
Laser power at build platform extremities 

The ISO 17296-3 standard suggests monitoring process temperature, environmental conditions, time-
lapse and process speeds, laser beam parameters and emitted radiation. The aerospace OEM along 
with the LPBF machine manufacturer should be consulted to determine the scope of the in-process 
monitoring and control [26].
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Nadcap requires that the organization has documented procedures for identifying any build 
interruptions and perform adequate corrective actions with accordance to aerospace OEM and LPBF 
machine manufacturer’s requirements [21]. If in-process monitoring systems detect 
nonconformances the build cycle must be stopped and any parts manufactured in that build cycle 
must be quarantined. Corrective action must be performed to determine and correct the cause of 
the nonconformance and the LPBF machine must be requalified. All data captured from in-processing 
monitoring systems must be recorded on the manufacturing plan including other data such as build 
time, date of build, machine and laser serial number, part number, software versions and all other 
relevant data needed for traceability and adequately documented in the organizations QMS.

3.6 Part removal from LPBF machine

Once a build cycle is complete, all unmelted or unsintered powder feedstock must be removed from 
the LPBF machine. The machine manufacturer must be consulted on the best practice for removal 
of powder feedstock from their specific LPBF machine, this process must be documented and 
measures must be taken to ensure the operators follow this process. Once all the powder feedstock 
is removed it must be stored in a labelled container to ensure it does not contaminate virgin powder 
feedstock. Other powder feedstock processes of importance involved in the recycling of used powder 
include powder sieving, ageing and blending with virgin powder. Recycling of powder feedstock is 
an external process and a standard operating procedure must be developed in tandem with the 
machine and powder manufacturer and approved by the OEM. Brushing, vacuuming and compressed 
gas are often used to remove powder feedstock [19]. Adequate procedures must be in place to 
ensure all powder feedstock is removed prior to the further processing of the part, as not ensuring 
this can lead to damage to post-processing machinery and reduced part quality [27]. Removal of 
parts from the build platform and removal of support structures occurs after stress relieving which 
is a post-process and therefore not covered in this study.

3.7 LPBF system maintenance and calibration 

Maintenance and calibration is of vital importance to ensure the LPBF system is operating as desired. 
The LPBF machine manufacturer must be consulted when determining the frequency and criteria of
the maintenance and calibration plan. The ASTM F3303 standard states that preventative 
maintenance should be performed at least once every 6 months or after a certain amount of build 
hours [19]. This standard highlights a minimum set of criteria that must be maintained according to 
LPBF machine manufacturer tolerances:

Software-indicated and actual laser position
Z-axis movement
Alignment of recoater blade
Oxygen sensors 
Laser field alignment

Other requirements include maintenance of compressed air in accordance with ISO 8573-1, any other 
maintenance requirements stated by aerospace OEMs or listed in the LPBF machine manual [28].
This maintenance and calibration must be performed by a qualified technician and a record of the 
maintenance or calibration activity and relevant information must be displayed on the LPBF machine 
and within the organizations QMS [19].

The NASA MSFC-SPEC-3717 standards states that maintenance and calibration should occur every 90 
days for the optical system and every 180 days for the rest of the LPBF system [20]. Optical system 
criteria that must be addressed include:

Laser power, spot size, shape and profile
Laser and plane of focus alignment in relation to the build platform
Laser timing and accuracy of scanner head beam steering

A maintenance and calibration plan must be established and documented to ensure all mechanical, 
software, optical, electrical and firmware systems are working correctly. For each of these systems, 
ideal values, tolerance and maintenance and calibration intervals must be determined and stated in 
the maintenance and calibration plan [20].

Nadcap requires additional documented procedures for the maintenance and calibration of the 
power supply, laser cooling equipment, filter replacement, cooling water conductivity, machine 
ways, bearings, interlock and safety checks, gas lines, pumps, door seal, sieving system and purge 
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check [21]. The LPBF system must be recalibrated if any nonconformance is identified and the 
system must be requalified. 

3.8 Test specimens and first article inspection

The use of test specimens or test artefacts is critical for the qualification of the LPBF system. Test 
specimens are designed in such a way as to effectively test the print features and determine 
capabilities and limitations of the LPBF system [3]. Common print features to test include overhangs, 
spherical holes, thin walls, tall and repeated structures [3]. The evaluation of test specimens also 
provides valuable information about the chemical composition, porosity, microstructure and 
mechanical properties [19]. A standardized test specimen was proposed by NIST in 2012 in the article 
“Proposal for a Standardized Test Artifact for Additive Manufacturing Machines and Processes” [3].
It is recommended to use this test specimen as a starting point and improve it to better suit the 
types of aerospace parts that are to be printed on the specific LPBF system. NASA present criteria 
for classifying AM parts into classes in the MSFC-SPEC-3716 standard and classification of parts is 
also recommended in ISO 17296-2, it is recommended that the aerospace organization develop a 
customized test specimen for each of these classes by following the criteria for designing test 
specimens presented by NIST and obtain confirmation by consulting the LPBF system manufacturer 
and aerospace OEMs for which these AM parts are to be manufactured [27][9]. The ASTM E8, E8M 
and ISO 6892 standards for tension test blanks along with the customized test specimens for each 
AM part class and a reference part that is to be manufactured on the specific machine must be 
manufactured and evaluated in accordance with ASTM F3122 [29]. The results must then be 
presented to the aerospace OEMs in accordance with the ASTM F2971 standard for approval [30].
The AS 9102B standard for aerospace first article inspection (FAI) requires an FAI is performed for 
every new design or if any changes occur to the manufacturing process [31]. Once approved, the 
manufacturing process is frozen and the same parameters used for the manufacture of the FAI and 
relevant test specimen must be used when manufacturing the parts for the aerospace OEM. These 
test specimens must be kept along with all relevant documentation including powder feedstock 
identification, LPBF system parameters and test results for each production build of a certain 
aerospace part. This procedure must be performed at least once every 6 months and if there are 
any changes made to the LPBF system such as calibration, maintenance, relocation of the system or 
if the system has experienced drastic temperature or humidity changes [19]. This procedure only 
qualifies the specific material used and specific LPBF machine for manufacturing aerospace parts 
from the tested part class. Nadcap provides additional requirements for nonconforming test 
specimens. When a nonconforming specimen is identified all parts manufactured since the last 
documented acceptable specimen must be quarantined and appropriate failure analysis must be 
performed before a new build cycle can commence [21]. A full record of these procedures and 
results must be kept on the organization’s QMS.

4. CONCLUSION

Qualification and control of metal LPBF systems are of high importance within the aerospace 
industry. The implementation of a certified procedure to ensure metal LPBF systems are qualified 
and control provides the organization with assurance that the parts manufactured with the systems 
are of required quality and repeatability which reduces waste and the risk of non-conforming parts.
Correct documentation of the qualification and control procedure in accordance with aerospace 
quality management system standards improves the organization’s marketability to aerospace OEMs. 
Risk management techniques such as process and design failure modes and effects analysis to 
identify and provide mitigation strategies for potential risks within the AM process will also aid in 
reducing non-conforming parts. The development of standardized qualification and control 
procedures for metal LPBF systems and AM systems in general increases the maturity of AM and 
encourages a full-scale adoption of the technology within the aerospace industry.
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