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Additive manufacturing has long enabled complex and less restrictive design capabilities in the world of
modern manufacturing. However, industry applications require extensive analysis into reliability concerns
over repeatability that currently prevent the technology from maturing to an adequate, widespread pro-
duction method. With current research focus expanding on additive manufacturing technologies, a need has
developed to ensure repeatability in already established methods. This paper reviews the current certifi-
cation landscape surrounding additive components as well as similarly variable manufacturing processes as
baselines for comparison. Next, concerns in the repeatability of additive manufacturing methods are out-
lined for both their occurrences and effects. Lastly, methods of verification and current developments in
design and verification methodologies are presented with the aim of analyzing potential future develop-
ments to aid industry adoption of additive manufacturing.
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1. Introduction to Additive Manufacturing
and Reliability

Additive manufacturing (AM) is an emerging technology
that has seen a rapid rise in popularity in the last decades (Ref
1). With the introduction of new materials and processes such
as fiber-reinforced polymers, ceramics, and metal alloys, 3D
printing is garnering much attention, from none more so than
businesses that stand to benefit the most from the design
freedom and rapid adaptation of the additive technology.

1.1 The Advantages and Disadvantages of Additive
Technologies

At its core, additive manufacturing (AM) is a process that
enables complex geometries otherwise unattainable by other
methods (Ref 2) as well as allowing for small production runs
due to its adaptive manufacturing process (Ref 3). Outside of its
obvious benefits, there are more subtle reasons that companies
may want to undertake AM. In surveys taken of multiple
companies currently using or considering AM technology (Ref
4, 5), manufacturers mentioned economic advantages including
reduced cost in tooling expenses and maintenance as well as a
reduction in outsourced designs resulting in more cohesion
between part production and implementation. In a similar vein,

the introduction of more complex components allows for a
reduction in subcomponents and assemblies. The use of a
digital to finished product methodology reduces the number of
steps for completion of the part, further trimming the supply
chain hierarchy (Ref 6).

However, for all its advantages, AM technology has been
exposed to hesitancy in its implementation in industry. The
same surveys that were positive about the method also
introduced criticisms concerning a lack of standards and
process methodologies (Ref 7). The spare parts industry has
growing interest in AM; however, there is no methodology for
the replacement of parts for AM components of similar levels
of reliability (Ref 8). The dissolution of an assembly into one
component using AM brings about the need for reliability
analyses to evaluate the economic cost of failure and replace-
ment of an entire component as opposed to an individual part in
an assembly (Ref 3).

By reviewing the current trends in manufacturing research,
it is clear that AM will most likely play a vital role in the future
of manufacturing. With a move toward standardization and
qualification methodologies (Ref 9), researchers are clearly
taking steps toward the implementation of the technology with
an interest in reliability.

1.2 Designing for Reliability

A focus on reliability is necessary to implement AM
technology to the level of traditional manufacturing methods.
The process to design with reliability in mind is one that seeks
to understand and incorporate the fundamental variations
introduced in a process (Ref 10). Methods such as statistical
design enable the inclusion of statistical distributions for
common design values to inform engineering decisions based
on uncertainty in mechanical, geometric, and operating vari-
ables (Ref 11-13). Manufacturing processes can also incorpo-
rate methodologies for robustness of processes and controls
(Ref 14). Even traditional techniques such as equivalent initial
flaw size (EIFS), used to predict fatigue life based on
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destructive testing, can be extended through the use of
probabilistic methods (Ref 15) such as through probabilistic
damage tolerance (PDT) models. Entire books have been
devoted to risk-based design approaches addressing techniques
such as limit state functions, first- and second-order reliability
methods (FORM, SORM), and uncertainty propagation using
Monte Carlo simulation (Ref 10, 16, 17). We can conclude that
the design for reliability stems from an understanding of the
statistics for the design, manufacturing, and implementation of
a product.

1.3 Recent Reviews of Variability in Additive Manufacturing

This paper aims to review major sources of variability in the
AM process, their relation to reliability, and ultimately
methodologies to ensure reliability which could eventually
lead to widespread implementation of AM technology. Current
AM review papers survey information for a specific material,
process step, or mechanical property. Furthermore, papers on
topics such as variability and qualification focus on a particular
source of variability such as powder feedstock or the need for
standards in the industry. Additionally, there exists reviews of
computational methods and data collection for the printing
process and its role in qualification. Although these papers
review the landscape of AM collectively, this paper aims to
provide a widespread view of reliability in AM. With detail into
the identification, quantification, and control of repeatability in
the process, the goal of this paper is to bring awareness to the
subject of reliability in additive manufacturing. The summary
of previous review papers in Table 1, and an accompanying
chart of review paper compositions in Fig. 1, show the need for
analysis on the topic of variability, reliability, and ultimately
design. This paper aims to fill these gaps in the overarching
topic of reliability in current AM research.

1.4 Additive Manufacturing Standardization Collaborative
(AMSC)

America Makes and the American National Standards
Institute (ANSI) have published a ‘‘standardization roadmap’’
that details previous and current efforts to standardize the
additive manufacturing industry. Split into eight process stages,
the roadmap serves to advance the implementation of AM
technology. Although not entirely focused on reliability, many
of the proposed research needs are steppingstones to establish-
ing reliability methodologies throughout the manufacturing
process. Even other manufacturing techniques and their stan-
dards, such as casting�s ASTM E08.05 detailing certification
procedures, are viewed as potential routes through which AM
can follow. Throughout this paper, we will highlight the efforts
most pertinent to our discussion of reliability to properly
summarize efforts to establish AM as a widespread manufac-
turing technique.

2. Processes to Ensure Reliability

Reliability plays an important role in the world of manu-
facturing and applications in that we rely on our confidence that
our designs and fabrications will be continuously predictable.
Industries such as aerospace and automotive already rely
heavily on certification procedures to qualify a component or

structure as reliable. Although many examples exist, there is no
one-size-fits-all solution to designing for reliability and there-
fore these precedents may only help frame the discussion of
reliability.

2.1 Certification Strategies Regarding Reliability

In the current aerospace landscape, certification and qual-
ification of processes, equipment, and components are para-
mount to safe and efficient employment of products that are
mission critical (Ref 41). Therefore, we proceed with an
overview of certification strategies currently in place in this
industry. The use of simulation, testing, and validation applied
to entire aircraft structures and subsequent qualification strate-
gies are outlined in documents such as AMC 20-29, JSSG-
2006, and MIL-STD-1530C. Many of these guides rely on
simulation results to help mitigate large costs and time
commitments in projects, termed ‘‘analysis supported by
testing.’’ However, despite the host of simulation advancements
in recent years, the industry still relies on physical validation
for certification procedures. Ranging from mechanical testing
of wing structures to environmental testing for particulate
exposure, understanding the physical performance of a ready
assembly or structure is the final step toward certification. Due
to the large costs associated with production of full-scale
components, a common methodology to testing is termed the
‘‘building-block’’ approach diagramed in Fig. 2 (Ref 42, 43).
This technique diminishes the cost to validate designs by
reducing the quantity of full-scale components required to
establish confidence in design decisions. Material properties are
established through testing of smaller representations of full-
scale components via the use of witness and test coupons (Ref
44-46). These coupons serve to capture the characteristics of a
larger component undergoing the same manufacturing process
and conditions. As the design progresses through the building
block pyramid, more complex testing and failure modes are
detailed, ultimately validating a reduced number of full
assemblies.

Another method, commonly referenced in relation to AM
components, is known as ‘‘point-testing.’’ This approach is
characterized by testing with full-scale components to circum-
vent the necessity of generating a full set of material allowables
(Ref 47). By establishing the integrity of the design through a
statistical analysis of several full-scale parts, one can optimize
the certification procedure in particular cases where the
production of complete components is almost equally as costly
as the production of numerous smaller samples. An example in
which this may be the case is in metal castings or powder
metallurgy. Regardless of the use case, variations of this
methodology have been proposed as valid means to certifica-
tion strategies for AM as well.

Catastrophic failure of a powder metallurgy fan blade
component in an F/A-18 crash (Ref 48) directly led to a setback
in adoption of PM for critical components in the aerospace
industry. Following in the wake of the failure, an adoption of a
criticality hierarchy framework allowed the reintroduction of
PM technology. This tiered system permitted low criticality
components, whose failure were not seen to be vital to mission
success, to be produced via PM to assist in the technology�s
development. As progress was made toward understanding the
technology, component criticality was slowly raised until the
technology had been fully adopted into the industry. The
following success of PM in aerospace may be attributed to this
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hierarchy. Consequently, PM has reaped benefits, such as
improved fatigue life and reduced scatter in comparison with
cast and wrought components (Ref 49), that far removes it from
its historical shortcomings. Due to its prominent success, many

researchers have proposed similar frameworks in the produc-
tion of aerospace products using AM technology such as in Ref
9 and 50. In unison, the road map introduces Gap QC2 which
emphasizes this strategy through development of standard

Fig. 1 Proportion of considered review papers relating to topics in reliability

Fig. 2 The fundamental building-block approach used to reduce cost and resources in the qualification and certification process
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definitions for part criticality to begin rollout of AM compo-
nents. As such, AM technology can begin to replace parts that
are less critical to mission success and begin correlating
previous certification techniques to the needs and peculiarities
of the AM technology.

2.2 Ensuring Reliability in Similarly Variable Manufacturing
Processes

The process of maintaining a consistent and reliable design
and manufacturing methodology depends highly on the process
as well as the particular use case. However, we can see some
similarities across materials and techniques simply because
reliability guides our goals (Ref 51). Many of the manufactur-
ing techniques employed currently utilize some form of
statistical process control (SPC). SPC aims to ensure that
components are manufactured under controlled conditions that
fall within a predetermined range (Ref 52). Material-specific
guidelines developed by the Federal Aviation Association
(FAA) and researchers (Ref 53) serve to outline the manufac-
turing and testing schedules that can be incorporated into SPC.
Within these guides, key parameters are identified which need
to be closely observed and controlled due to their effect on the
final product quality. In turn, these parameters are then
monitored and compensated through SPC techniques. For
example, due to the methods by which popular composites are
made, the variability found in these field can be quite high (Ref
54). However, through processes entailed in certification
guidelines provided by agencies and organizations such as
the FAA, ASTM, ISO, or MMPDS, statistical information can
be inferred and process-specific tests are identified that can
illuminate the typical batch to batch variability present.
Additionally, through the use of aforementioned witness
coupons, we can catch abnormalities before they significantly
deter the quality of the batch product by manufacturing test
specimens with our main components (Ref 55, 56).

Statistical simulation of the manufacturing process is also
vital toward optimizing SPC. For example, the development of
probabilistic models for key indicators of the resultant perfor-
mance of carbon fiber C-channels (Ref 57). A manufacturing
simulation is run to determine the quality of a part and a
cumulative distribution is generated, indicating the likelihood
of success. Maximizing this likelihood, parameters are opti-
mized to reach economic and engineering goals. Another paper
by Li et al. (Ref 58) dons the same methodology but now
analyzing the impregnation process of resin into carbon-fiber
matrix. Statistical information is gathered on the flow rate and
matrix permeability of a preform mold. These distributions,
coupled with probabilistic assumptions of errors found in resin
viscosity, pressure, and displacement measurements, are sam-
pled and are used to inform mold design to optimize process
success. As a last example, Gan et al. (Ref 59) also offer a
stochastic approach to modeling the glass-fiber composite
layup process. In quantifying the variability in fiber layup, the
authors automate the procedure to add a layer of statistical
process control.

Extending this approach, manufacturing simulations can
produce a virtual product that is subsequently tested in finite
element analysis (FEA) (Ref 58) and higher level quality
characteristics can be evaluated. This methodology represents a
movement toward a virtual qualification procedure wherein
costs and lead times can be reduced significantly. In situ
techniques can also be leveraged to ascertain the final build

quality of a component through observations made during the
build process. Tools such as cameras to identify quality
characteristics can be used to extrapolate toward performance
measures (Ref 59). Other industries, such as the Food and Drug
Administration (FDA), rely on certification envelopes for
patient-matching technologies such as hip implants. These
designs are certified for a range of parameters that are altered
from one patient to another, allowing technologies such as AM
to quickly produce parts without certification of each individual
design (Ref 60). The use of post-production inspection
techniques such as x-ray computer tomography enable the
observation of inclusions, porosity, and defects. These are then
analyzed for the average maximum values, thus creating a
worst-case damage scenario which is used as the assumed norm
in an extreme value analysis. Such techniques are typical in
components produced via casting, in which the presence, size,
and distribution of porosity is critical to determining fatigue
characteristics (Ref 61, 62).

There exist manufacturing guidelines for technologies such
as composites that require the use of probabilistic models as
well as statistical process control and post-production testing
(Ref 53, 63, 64). Indeed, most qualification procedures that
ensure reliability aim to quantify the variability in a manufac-
turing process to provide statistical insight into design critical
values such as mechanical and geometric properties (Ref 65).
Many guides exist for the development of this information such
as one produced by Harmsworth (Ref 66) for metal matrix
materials and by Jones (Ref 67) for composite materials. These
guides focus on the variability present in the manufacturing
processes and how their variation from sample to sample and
batch to batch can be quantified. This quantification is precisely
what is needed when a process is sufficiently complex and
volatile in quality; it serves to maximize the performance of
probabilistically derived values.

3. Predicting Reliability through Experimentation,
Design, and Analysis

Reliability indicators such as fatigue life or geometry
variations have been shown to be similar in AM and traditional
manufacturing techniques such as casting and composites;
however, reproducibility has not. Reliability, by definition,
requires repeatability. Therefore, to understand how to reliably
design for AM, we must first understand the variability inherent
to the technology. By doing so, we can understand how to
monitor, compensate, control, and design with AM variability
in mind.

3.1 Variability Caused by Process Parameters

Variability originates from process conditions inherent to a
manufacturing technique. Therefore, a clear understanding of
these sources is paramount. Some common configurable
parameters available across AM methods include scanning
speed, build-plate temperature, layer height, and hatch spacing.
Research surrounding the optimization of these variables is
carried out for every new AM technique, material, and machine
model that arises and the need for standardized testing
schedules is detailed in Gap PC5. Extensive research has been
conducted on design of experiments and response surface
methodologies to optimize configurable parameters (Ref 26,

Journal of Materials Engineering and Performance Volume 32(15) August 2023—6593



68-71). Following this approach, process maps are created that
link quality characteristics to configurable parameters (Ref 72-
75) such as in Fig. 3. Users assume these quantities to be
deterministic whereas natural variability resides within these
configurable inputs. Spatial variations in the microstructure
(Ref 76, 77), melt pool morphology (Ref 78), and residual
stresses (Ref 79) of a material as well as batch variations in
transition temperatures of super metals (Ref 80), fatigue life,
and subsurface defects (Ref 81) are only a few of the unknowns
introduced by slight variations in configurable parameters.

We seek a statistical understanding of these sources for
variability. As can be shown through the propagation of
simulated, statistically based models, such as in Ref 82, the
uncertainty from these origins produces large variations and
poor control over a resultant component. Additionally, the
interactions between these parameters compound their vari-
ability. Casual maps show the positive and negative correlations
between process parameters and used to demonstrate the
dependence of one variable to another (Ref 83). These maps
serve not only as a note for future development of parameters
but also a forecast of the difficulty in understanding the AM
process. Changing conditions within the AM process and
subsequent outcomes in the final build create the necessity to
quantify these variations and their effect on quantities of
interest.

3.2 Quantifying the Effect of Uncertainty in Additive
Manufacturing

By enumerating the variations inherently found in the AM
process, a database is created for future development of
techniques such as uncertainty propagation or process simula-
tion and control. The following section divides the process into
its pre-, intra-, and postprocess variations.

3.2.1 Preprocess Variations. Starting from the source,
powder morphology and chemical composition of the feedstock
powder is at the origin of many variables introduced by the AM
process (Ref 84). The distribution of powder diameter,
sphericity, and particle adhesion affect packing density and
the flowability of the melted particles and ultimately the melt
pool morphology which characterizes local thermal properties
of the print (Ref 85-88). Standards such as ASTM F3049-14
can assist in providing methodologies to characterize these
powder traits and introduce higher levels of quality control at

the source. Furthermore, standards such as ASTM F2924-14
and ASTM 2594-09 specify bounds for the chemical compo-
sition in feedstock powder for metals such as Ti-6Al-4V.
However, authors have shown that the spatial concentration of
oxygen content is of importance as well (Ref 89, 90). Thus,
powder that is improperly mixed, or that has been reused, have
non-negligible consequences on the final structure of the
components.

Design decisions such as the chosen AM technique clearly
affect the variability in quality characteristics (Ref 91).
However, even the choice of machine model within the same
AM process will exhibit variations in uncertainty (Ref 92). To
this end, Gap D5 in the AMSC road map identifies the need for
design optimization between machine models, not just the
manufacturing process itself. Even environmental variations,
such as chamber gas pressure, will influence mechanical
characteristics (Ref 93). ISO/ASTM PWI 52904 assists man-
ufacturers in identifying and optimizing these atmospheric
variables to ensure a more repeatable printing process. Addi-
tionally, the feasibility of a design is an issue based on machine
choice. Gap D8 aims to optimize design decisions including the
machine choice via a feasibility modeling approach. SAE
AMS7003 allows user-guided calibration of AM machines in to
reduce the variability from machine to machine of the same
model. Unfortunately, these calibration methods and schedules
are mostly based on experience and therefore Gap PC2 and
PC3 call for a calibration and scheduling methodology and
health monitoring system to ensure preventative maintenance.
Furthermore, machine optimization for future designs can
utilize this information through the development of Gap PC4.

As previously mentioned, simulation plays a vital role in the
design phase of product development. However, large uncer-
tainty surrounding factors such as powder flowability as well as
packing density show the limitations of simulation on poorly
understood mechanisms. Authors, such as Moges et al. (Ref
21), bring attention to the fact that the uncertainty in the
modeling of the parameters and assumptions that carry these
simulations may overlook or misinterpret complex mechanisms
in the AM process. For example, the inadequate modeling of
the vaporization mechanics of melted powder results in a non-
conservative value for keyhole porosity. This, coupled with the
computationally expensive operations that is expected from
these calculations (Ref 94), makes current technology a difficult
process to rely upon without the introduction of false correla-
tions.

3.2.2 Mechanical Variations. Mechanical variations,
such as fatigue, strength, and defect distributions, commonly
arise in AM through natural fluctuations in all input variables.
Geometric design can be correlated with mechanical perfor-
mance to quantify one form of this variability. Razavi et al. (Ref
95) produced many two-dimensional dogbone samples with
varying thicknesses as well as notch geometries to highlight the
different microstructures and fatigue properties, finding that the
grain growth is shortened in thinner specimens due to an
increased cooling rate. This was also found to affect the surface
roughness and elongation at failure for smaller thickness
samples resulting in a more brittle material. Unwanted variation
of strut diameter in lattice structures has also been linked to
changes in elasticity and mechanical performance from those
intended (Ref 96). Correlation therefore must be developed to
assess designs for the creation of design methodologies.
Development of geometric ratios, such as t/d ratios thatFig. 3 Process mapping of the formation of various process defects

vs. scanning speed and power
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represent the proportion of specimen thickness to average
characteristic length of grains, delineates critical design values
at which further extremization would drastically affect mechan-
ical performance (Ref 97). Such a correlation can be seen in
Fig. 4 for fatigue performance.

Other design features such as notches also cause variability
in the physical location of failure as can be seen in Fig. 5. The
notch acuity, a measure of the sharpness of the notch with
respect to the local geometry ranging from � 1 to 2 or least
notched to most notched, is labeled on the x-axis. The y-axis
represents the relative height from the bottom to the top of the
notch ranging from 0 to 1, respectively. The authors show the
bounds for the results collected with the blue lines. Although
stress concentrations at notches represent the most likely
location for failure, downskin surfaces produce poor surface
finish qualities and increased defect densities (Ref 98). This
phenomenon results in failures at the downskin surface rather
than the center of the notch as found in Ref 99.

Another source of variability arises from the relation of the
number of parts per build as well as cross-sectional area of a
component. Both of these factors lead to increased interlayer
dwell time (ILDT) which creates longer time gaps between melt
spots on a build surface. As such, the thermal history of a
component widely varies from one geometry to another despite
using the same process parameters and machine (Ref 100).
Furthermore, the accumulation of heat as multiple parts of the
same geometry is allocated onto a build plate means there can
be variations in thermal history from sequential builds of the
same parts if varying quantities are printed. Residual stress has
been shown to increase as a result of a decreased number of
components per build (Ref 101) and increased mechanical
strength is found in components with higher levels of interlayer
dwell time due to a reduction in keyhole porosity formation
(Ref 100, 102).

The topic of variability from machine model to model
emphasizes the need for standardization among AM machine
models, such as ASTM DIS 52941. Obeidi et al. (Ref 92) show
a clear distribution in porosity and tensile strength between
machine choices of the same AM process. This was attributed
to the different cooling rates associated with the build chamber
volumes and inert gas flow location. This same gas flow causes
dispersion of powder particles during melting, commonly
termed spatter particles, which in turn oxidize, and then land on
fresh powder areas downstream of the gas inlet (Ref 103).
Additionally, the vaporization of powder causes powder
droplets to form with poor sphericity characteristics (Ref 104)
which introduces variations in mechanical properties. Most
notably, the change in sphericity as well as enlargement of
average particle diameter can lead to an increase in surface
roughness as well as defect formation (Ref 105).

3.2.3 Defect Variations. One of the key indicators of
mechanical reliability in AM originate in defect density and
distribution (Ref 106). As such, researchers investigate the
formation, detection, and simulation of defects. The notion of
Bayesian networks to propagate uncertainty in the AM process
can be again used to simulate the formation of defects (Ref
107). However, there seems to be an even larger, highly
nonlinear relationship between defects and mechanical proper-
ties. Boyce et al. (Ref 108) attempt to explain this variation by
applying percolation theory which maps the likelihood of
interconnections being formed in a nodal graph as the
population of nodes increases (Ref 109). Through this appli-
cation, it was found that increased porosity in a component not
only leads to nonlinear tensile strength declination, but also
reduced reproducibility. This stems from the likelihood that
more pores begin to form in clusters wherein the strength to
porosity ratio becomes much less linear. A concern that arises
from this nonlinearity due to geometric design is witness

Fig. 4 Normalized fatigue limit represents the fatigue limit of a sample vs. the fatigue limit of the largest sample. The three sections from left
to right denote the dependence on either thickness, t/d ratio, or characteristic grain length (Ref 97)
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coupon and component performance correlation. The complex
thermal interactions are quite different between components to
a sample and therefore large discrepancies are often noted.
Researchers have found that this lack of correlation can be
largely attributed to differences in defect formations. Li et al.
(Ref 110) reinforce this by analyzing the performance of two
cylindrical samples which varied unpredictably despite only a
small change in gauge diameter. This was attributed to the
density of near-surface pores which were more prominent in the
samples with smaller gauge diameters due to quicker cooling.
In characterizing the spatial distribution of defects, Sanaei et al.
(Ref 111) focus on samples sectioned along radial lines and the
vertical axis as shown in Fig. 6 wherein the quadrants and
shells, particularly the former, showed high levels of variability.
Many factors play a role in the development of defects which in
turn affect the mechanical quality of a part. Poorly controlled
interactions between laser energy density, powder quality, and
chamber atmospheric conditions (Ref 112) all contribute to
unwanted variability in the defect size, density, and distribution
in an AM component.

3.2.4 Geometric Variations. Geometric deviations from
a model to the printed part contribute to a lack of reliability
through mechanisms such as a lack of mechanical integrity and
assembly interference. Arising from thermal distortions during
manufacturing, they are linked to many configurable parame-
ters as well as variables introduced in Sect. 3.2.1 (Ref 113,
114). Geometric dependence of distortions makes the task of
extrapolating design to variability difficult. Thus, measurement
techniques have been developed that help identify geometric-
dependent versus independent distortion (Ref 115). The
diagram shown in Fig. 7 demonstrates this principle which
the authors have researched. By assuming geometry indepen-

dence inside of the borders of a shape, shape dependence can
be associated with design features at the borders and their
subsequent variability correlated. In particular, the rate of
change of the radius associated with the border of a shape is
used to extrapolate shape-dependent distortions. Then, regres-
sions are fitted to the independent distortions and subsequently
subtracted from the distortions found at the border, enabling the
calculation of shape-dependent variability. Furthermore, statis-
tical distributions can be fitted to these geometric variances
which then are sampled to recreate a distorted model from point
cloud data to determine design allowables for proper dimen-
sions and tolerancing (Ref 116). Further studies affirm this
geometric dependence/independence relationship and empha-
size the need for further studies relating geometric design to
dimensional tolerancing (Ref 117).

Clearly, variability has been a topic of recent research but
there are still topics to be addressed in measuring this
variability. What is needed is a consistent methodology to
quantify deviations as well as a quantification of its own
measurement limitations and uncertainty.

4. Variability in Validation and Inspection

Variability needs to be observed and documented. Proposed
certification strategies such as MSFC-STD-3716 and AWS
D20.1 rely on inspection and testing to repeatedly characterize
a material or component. However, these practices are still
lacking as outlined in the roadmap such as through Gap FMP4
which stresses the need for widespread design allowables for
AM materials that are only possible through a statistical
analysis from observations collected in experiments.

Fig. 5 Comparison between notch acuity on the horizontal axis and the relative height from the bottom to the top of the notch on the vertical
axis. The lines represent the spread of failures found for the combination of the two aforementioned parameters (Ref 99)
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4.1 Current and Developing Methods for Nondestructive
Evaluation

Nondestructive evaluation (NDE) allows examination of
quantities of interests without negatively affecting a compo-
nent�s ability to function (Ref 118). Some standards with NDE
technology that are under development, such as ASTM
WK47031 and ASTM 52908, aim to assist in selecting NDE
methodologies as well as specific guidelines for metrology,

respectively. Necessary evolutions of NDE are outlined in gaps
such as Gap FMP5 which addresses the need for characteri-
zation of final material properties such as the microstructure of
an AM component. Methodologies to qualify feedstock mate-
rial, such as ASTM 52907 and AMS 7015, can also introduce
uncertainty and as such gap PM3 requests that this source of
variability be quantified to be used in uncertainty propagation
as well as statistical modeling of the AM process.

Fig. 6 Illustrating the sample geometry and the locations which were considered for the investigation. The variations along the build height (a),
around the build axis (b), and along the radial axis (c) (Ref 111)

Fig. 7 A representation of the concept explored in Ref 115. Both images represent a nominal, cylindrical example to be produced via AM.
However, their distortion is split into two parts, geometry dependent and independent. While the geometry-independent distortion of (a) is the
same as (b), the geometry-dependent distortion is not
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4.1.1 Postprocess Inspection. From simulation to phys-
ical inspection, NDE provides ways to inspect a component for
failure or defects to update life expectancy of parts as well as
determine when a component has reached some predefined
retirement criteria. An overview of NASA�s previous and
current endeavors with AM-related NDE can be found in Ref
119. It highlights the need to improve NDE of hidden channels
and features that are not commonly present in more traditional
manufacturing techniques. Additionally, other authors have
confirmed this emphasis and identified other key features
necessary for the development of AM (Ref 60, 120-122).
Criteria for maintenance and retirement schedules must also be
evaluated through NDE but given the difficulties previously
mentioned, the road map appends Gap NDE8 to develop a
proper methodology. The AM community has responded by
adapting existing NDE techniques to AM and developing new
techniques and standards to characterize components (Ref 22,
123). Many of these developments come in the form of
traditional NDE found in casting designs. In particular, usage of
liquid dye penetrant, ultrasonic inspection, and eddy current
probing are found to adapt well to AM technology with minor
modifications (Ref 124, 125).

As shown in Ref 26 and in Fig. 8, process mapping can be
done through techniques such as 3D x-ray computed tomog-
raphy (XCT). Additionally, this study provides insight into a
key mechanical element, the critical pore size. Found in casting
studies as well (Ref 126), the critical pore size dictates the
strength of the entire component based on the largest detected
pore, elevating the importance of thorough NDE of AM parts in
design and manufacturing methodologies.

The measurement of the geometry can introduce uncertainty
as showcased in Ref 127. In this study, coordinate measuring
machines (CMM), x-ray computed topography (XCT), and
photogrammetry are used to measure the sample artifact and the
advantages and disadvantages are explored. Each technique is

affected by different issues such as surface roughness for CMM
and internal geometries for photogrammetry. Each introduced
their own level of variability, however, if time permits, XCT
was found to be the most repeatable method. Surface finish
measurements of an AM component is another crucial intro-
duction of variability. Research on tactile, optical, and edge
tracing indicate an ample distribution of accuracy and practi-
cality for various measurement methods (Ref 98). Dependent
on the accuracy demanded, some methods are shown to be
inadequate for high level simulation and data archiving.
Furthermore, lack of methodologies for NDE often necessitates
subjective selections of process parameters based on experience
which can vary from engineer to engineer (Ref 128).

The use of defect detection through methods such as XCT
can limit the design complexity of a component due to its
inability to accurately characterize deep, hidden passages and
lattice designs. To rectify this, Du Plessis et al. (Ref 129) assess
the use of NDE in AM through the lens of witness coupons to
review the effect of vertical build height on correlation between
specimen and component. Another method of inspection can be
realized through real-time monitoring, in situ, of the process
due to the unique production method for AM.

4.1.2 In Situ Inspection. AM technology offers a unique
advantage in its layer-by-layer printing method that can be
monitored directly for early detection of anomalies. For
example, the development of techniques such as acoustic
emissions (AE) enable the integration of sensors into build
plates that then signal developing defects such as pores and
cracks (Ref 130). For example, the research results of Davis
et al. (Ref 131) show demonstrate the technology�s ability to
identify location and depth of defects manufactured into
specimens using data from AE.

However, one issue found with the AE measurement
technique has been the inaccuracy due to surface roughness.
Lopez et al. (Ref 133) address this issue in wire-arc AM by

Fig. 8 Process mapping of porosity vs. laser power through the use of 3D XCT. The characterization of defect distribution and the largest
detected pore size is integral to understanding the mechanical properties of the printed component (Ref 70)
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increasing the quantity of emitters and collectors as well as
diminishing the gain values for the emitters which produced
more accurate results to a depth of approximately 15 mm. A
combination of witness coupons and AE has also been
suggested to capture characteristics of complex components
in situ (Ref 134). Although suffering from similar correlation
hardships, this methodology would present an efficient way to
use new technology such as AE or adapt older NDE tools.

Thermal imaging can also be insightful for its ability to
characterize the heating and cooling phase of AM and therefore
the melt pool geometry and resultant microstructure. The
results such as the mapping of layer height to melt pool
geometry (Ref 135) and absorbed laser power to microstructure
and defects (Ref 33), can be inferred with thermal imaging
techniques. Despite its utility, authors have stressed that
introduction of erroneous values is common due to the variance
in refraction and absorption of beams on the material of interest
(Ref 136). One method currently under research to rectify this
introduces machine learning as a corrective algorithm to
compensate for these slight variations while still capturing the
original nature of the data (Ref 132). Their results are found in
Fig. 9 where localized high temperatures can be observed to
create a distinct microstructural morphology. Moreover, these
same machine learning algorithms can assess causal relations
between thermal imaging data and resultant part quality,
displaying approximately 85% accuracy (Ref 137).

Overall, the ability to measure these defects while they
occur provide useful information such as acceptance criteria for
components before they are even tested as identified in Gap
PC16. Furthermore, the results of in situ monitoring can have a
direct effect on updating predictive models in simulations that
in turn can improve the accuracy of process simulations. This
beneficial coupling is detailed in Gap D22 in the road map.
Clearly, NDE offers a wealth of information without sacrificing
the original part itself. Although this may work for many useful
circumstances, for certain mechanical properties, this process

does not fully characterize a component. We need to look past
NDE and look at another technique, destructive testing.

4.2 Current and Developing Methods for Destructive Testing

Destructive testing (DT) is the characterization of a
component�s mechanical properties at its mechanical limits,
rendering it unsuitable for future use. As is evidenced by other
established manufacturing techniques (Ref 138, 139), DT plays
a fundamental role in qualifying the reliability of a component.
The research of AM�s structural strength has been a subject of
constant development, with current endeavors to fully under-
stand the fatigue life of AM components with respect to similar
processes (Ref 140). Also of interest are quantities such as
residual stress (Ref 141, 142) for which DT can offer fuller
characterization over NDE. Although there is a difference in
mechanical properties, the standard methods used in testing
casting and wrought materials, such as in ASTM B557-15 and
E837, can still be observed for AM as shown reviews such as
Ref 143 and 144.

Ultimately, DT suffers from the same pitfalls as NDE,
namely that the sacrificial specimens used for the analyses may
not be representative of the component. Therefore, we seek a
correlation between specimen and component mechanical
properties. Li et al. (Ref 145) investigate the effectiveness of
statistical distributions for extrapolation of coupon data. The
probabilistic model, fitted with parameters using maximum
likelihood estimation, offered more consistent results and
increased confidence bounds over equivalent deterministic
calculations.

The reduction of coupon volume is also beneficial in the
high-cost, low-production regime of AM. However, it also
harbors correlation issues as the gauge size is reduced wherein
dominant micro-mechanics introduce high nonlinearity into the
mechanical results. Therefore, the evolution of miniature test
specimen is developed to accomplish constant characteristic
geometric ratios to maintain component correlation as well as a

Fig. 9 Variation in temperature captured using thermal imaging. Figure depicts the microstructural differences caused by thermal hotspots
during fabrication (Ref 132)
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reduction in potential stress intensity factors that develop with
higher curvatures in shorter gauge lengths (Ref 146, 147).

By taking advantage of unique designs through AM, we can
also construct samples that are more adapted toward additive
technology. For example, downskin surfaces printed through
overhanging orientations lead to reduced surface quality. This
roughness then leads to greater uncertainty in the failure
location of a test specimen. This often necessitates machining
of the surface to improve surface quality or at minimum to
remove surfaces, thus reducing the correlation to as built
specimens. Fatemi et al. (Ref 148) produce coupons that
address the non-uniform loading encountered in torsional
testing and investigate more gentle radii and less overhang
for vertically printed specimens to reduce downskin surfaces.
With this change, the results became more consistent not only
in value but also failure location.

5. Design for Reliability in Additive Manufacturing

We have seen the processes by which variability is
introduced into a component and how we can characterize
these variations. We now look toward methodologies to
maximize reliability.

5.1 Certification and Design Methodologies in Additive
Manufacturing

A great introduction to the current standards in aerospace as
well as process steps that need to be standardized can be found
in Ref 34. Divided into design to implementation steps, the
authors discuss the necessity to characterize subjects such as
powder consistency and development of a digital thread
database to improve the reliability of future components.
Additional information for process control to meet current
qualification standards can be found in Ref 24. On top of
developing technical standards, approaches toward their imple-
mentation and organization are necessary as well (Ref 149). As
such, flow maps for the organizational adoption of the
technology have been produced that detail supply chain,
workforce, administration, and technological resources other-
wise overlooked (Ref 83, 150). More specific ideologies for
design methods that include part orientation optimization (Ref
151), design for assembly (Ref 152), and automated design
acceptance criteria (Ref 153) offer streamlined, autonomation
of the design and development process, matching toolboxes and
software available to more conventional manufacturing tech-
niques. Design methodologies must consider not only the
effectiveness of the design, but the repeatability as well, often
prompting the introduction of witness coupons to assess
manufacturability (Ref 154). Many of these features are
currently incorporated in standards such as ASTM 52910 or
NASA-STD-6030 in design and testing methodologies to help
develop AM products. Furthermore, standards such as AMS
7003 help place limitations on AM processes such as LPBF to
better guide designers through the limitations presented in a
chosen AM technique.

5.2 Simulation Methodologies in Additive Manufacturing

A starting point for reliable design is utilizing statistical
information found in research and testing for the development
of confidence bands that dictate our design allowables. One

method to develop these limits is to produce statistical
information through physical testing. However, simulation
may not always align with physical phenomenon but the
correlation is only improving with time (Ref 155, 156). At the
preliminary level of product development, the addition of
supply chain optimized design (Ref 157) through manufactur-
ing simulation can help discern between design decisions can
introduce an early advantage in AM optimization. On a more
physical level, the use of FEA to produce simulated manufac-
turing results can help mitigate costly mechanical testing (Ref
158). The results can then enable reliability optimization, such
as the reduction of residual stress and deformation. Thus,
design parameters that result in the highest probability of
producing the reliable results can be ascertained. In a similar
methodology, Flores et al. (Ref 159) optimize manufacturing
reliability through SPC, inferring information from simulated
manufacturing runs. These simulations then dictate compensa-
tion factors that reduce the variability in the process with
respect to some quality characteristic such as surface roughness
and hole-to-hole distance. FEA analysis can be embedded with
stochastic observations from parameters, such as defect gener-
ation (Ref 160) or lattice strut diameter (Ref 95). These
inclusions in turn provide modifiers to the simulation process
and can help improve correlation and consistency from
simulated to physical component.

As previously mentioned, the computational cost of simu-
lation can oftentimes be insurmountable without model sim-
plification. Gorelik et al. (Ref 48) diminish the computational
intensity of full-scale AM simulation by introducing a zone-
based approach for evaluating parameter exceedance. By
compartmentalizing AM components into its most critical
geometries, simulations can be made more efficient by tailoring
the accuracy to areas with the highest levels of concern.
Surrogate modeling and dimensionality reduction has also crept
into the field of AM modeling and simulation as valid tools to
reduce computational intensity of full-scale models (Ref 161,
162).

5.3 Evaluation Methodologies in Additive Manufacturing

Standards for the NDE of AM components post-build are
under development with guides, such as ASTM E3166-20e1,
being published to assist in transitioning traditional NDE
technologies to AM. However, the implementation of witness
coupons must be integrated into a design-based methodology
that assures reliable results (Ref 46) to further improve efficacy
and viability of the AM process. However, lack of correlation
between artifact and specimen is not uncommon, as showcased
in the review of benchmark artifacts by Rebaioli et al. (Ref 23).
Fortunately, the same authors present a table of geometric
features that could assist in a design-specific artifact method-
ology that reduces artifact complexity to just those that pertain
to the component being manufactured. Shown in Table 2 and
other research papers, these basic features serve as a baseline to
understand and develop techniques for proper artifact design.
Another benchmark artifact, in Ref 163, is designed to
compensate a machine�s laser parameters to limit geometrical
deviations equalizing geometrical reproducibility from machine
to machine. Taylor et al. (Ref 164) develop a standard artifact,
Fig. 10, to be used in all AM machines to evaluate key
reliability parameters, standardized to ensure parity among
resulting components from different machines and processes. In
a similar method, and following ASTM standard F2924-14 on
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Ti-6Al-4V, Grinan et al. (Ref 165) shows the results of
analyzing a similar artifact for use in standardization of a
product. A main difference here is the acknowledgement of the
variation in part orientation for physical testing coupons
including coupons in multiple orientations. Lastly, Portoles
et al. introduce multiple witness coupons surrounding the
printed component, in varying orientations, to quantify the
variability in powder quality throughout the build chamber. The
ability of these coupons and artifacts in characterizing the AM
process is potent enough that the AMSC road map identifies the
need for artifact design methodologies, NDE2, and artifact
correlation for design, D15. Indeed, recent developments in
standards have motivated designs such as the NIST benchmark
artifact (Ref 166) developed and proposed to adhere to standard
ASTM 52902. With improved correlation between benchmark

and coupon design with that of manufactured components,
advancements toward quickly and economically identifying
key performance indicators may be better realized.

In situ testing is also a recommended inclusion in the
qualification process as presented by Mazumder et al. (Ref
167). The authors develop three key elements, chemical
composition, phase composition, and thermal history that need
to be observed to qualify a finished component with confi-
dence. Termed as ‘‘certify as you build,’’ a critical step for this
to work is to align the microstructural evidence to the
mechanical observations given the previous results. By signif-
icantly reducing the unknown variations that may have
occurred, we can develop standards for pass/no pass criteria
for finished components as they are being printed. For
completeness, this paper includes an addition in NASA�s
NASA-STD-6030 AM certification guidelines that involve
proof-testing of all components over a level of criticality. The
details of conducting this proof-testing are not provided in the
document, but its inclusion does provide insight into post-
production validation currently necessary to overcome the
variable nature of AM.

5.4 Methodologies for Spare Parts and Low Production
Manufacturing

AM is useful for its ability to provide on-the-fly production
of spare parts. This method provides immense benefits to the
supply chain for companies. However, there is a need to
understand the reliability of what is being replaced and
matching this reliability with a new AM part. Without this
understanding the design itself will need to be made conser-
vative. As such, research has been aimed to evaluate the
requirements to most accurately match the reliability of
traditional versus AM parts. Investigating the replacement of
welded structures with a single AM component, Coro et al. (Ref
8) analyze key differences between the two assembly tech-

Table 2 Geometric features that should be evaluated in
witness coupon and benchmark artifact design to
maximize correlation of geometric and defect deviations

Geometric factor Related features

Circularity Circular boss, cylindrical walls
Concentricity Concentric bosses, recessed holes

in cylinders
Flatness Cubes, straight walls, rectangular

bosses, flat component bases
Parallelism Straight walls, cubes, recessed

features
Perpendicularity Straight walls, component on flat

base, recessed features, bosses
Straightness Cubes, straight walls, flat base of

component, rectangular holes
Position Bosses, holes, linear, and circular

patterns
Angularity Surfaces at an angle

Fig. 10 Standard test artifact, (a), for the qualification of AM components, and, (b), after removal of tensile specimens (Ref 164)
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niques. Most importantly, the defect distribution was once
again found to influence the mechanical reliability the most in
the AM component. Thus, defect generation is forecasted and
an estimate of mechanical reliability is produced. The intro-
duction of subdivided design decisions as in Ref 168 can
provide a methodology that reliably updates old components
for new AM parts. The authors divide a satellite component
into several sub-categories, such as manufacturing, organiza-
tional, and economical, and design constraints can be estab-
lished as in Fig. 11. These identified ‘‘free design spaces’’ will
function as areas in which an engineer may move around a
current limitation without affecting the function of the compo-
nent. Lindemann et al. (Ref 169) propose a similar methodol-
ogy with a heavier focus on assembly replacement by one AM
component through stricter geometric constraints. Full pack-
ages for redesign optimization enable the autonomation of these
workflows and are also a topic of current development (Ref
170).

Yet another application in which AM can greatly contribute
is manufacturing of low-production components such as
biomedical implants and single-make aerospace components.
In such scenarios, the high quantity of samples for statistical
inference is detrimental. Therefore, we seek a methodology that
can provide high levels of assurance with low levels of testing.
This is obviously non-trivial and would be beneficial for any
manufacturing process; however, we have seen examples of
witness coupons that aim to provide such support. In reference
to Ref 115, separation of material/process-specific qualities
from geometry is essential to understanding the variation from
one model to the next. Coupled with a rigorous FEA approach
to qualification and certification, such as in Ref 171 and 172,
and simulation of the process variables that define reliability as
mentioned in Sect. 3, certification strategies can rely on a more
digital implementation. Design guides that detail numerous
design limitations using pass/no-pass tables that clearly delin-
eate the necessary dimensions and tolerances required by an
AM process have been explored (Ref 173-175). From mini-
mum hole diameter to letter recesses, guidelines like these are
necessary to understanding the design space afforded by a
particular AM process. These guides may limit the necessary

experimentation with proven design elements; however, they
are resource intensive as the initial experiments necessary are
extensive and time-consuming.

5.5 Reducing the Variability Involved in Additive
Manufacturing

As previously developed, reliability and variability are
inseparably linked. Thus, to improve the reliability in AM, we
must reduce its associated variability. An example of this could
be the replacement of powder surrounding parts on a build plate
instead of its reuse. Researchers have found that the powder
particles located near printed components are significantly more
likely to be oxidized (Ref 89). Thus, components with recycled
powder contain higher density of defects as well as larger
porosities leading to greater instability in mechanical properties
(Ref 105, 176, 177). Recycling of this powder is a current topic
of research but recent discussion in NASA�s NASA-STD-6030
5.4.1.2 offers the most comprehensive overview of necessary
precautions that allow for the use of recycled powder. Extensive
sieving and material characterization, coupled with a pre-
planned reuse cycle limit, can be used to designate used powder
as negligibly different to virgin powder. Preprocess treatment of
powder particles with nanoparticles can further realize defect
density improvements by arresting the mechanisms by which
the melt pool ejects molten material (Ref 178). Thus, this helps
mitigate the detrimental effects of spatter particles. Additional
particle treatment may assist distribution of quality for certain
materials with high optical reflectivity such as copper. Heat or
surface treatments of these particles may help stabilize resultant
usability and print quality (Ref 179). An in-process method-
ology developed by Huang et al. (Ref 93) allows machine
learning to deduce process parameters with the greatest
influence on reliability. The authors investigate 16 different
parameters e wherein gas chamber pressure was found to be of
significant influence and therefore was more rigorously con-
trolled in a follow up production. As can be seen in Fig. 12, the
narrowed confidence bounds for the resulting elongations and
tensile strengths reduced the uncertainty in the entire process.

Fig. 11 Design constraints and subdivisions for the replacement of a satellite part for an AM component (Ref 168)
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Postprocessing of a component may also reduce variability.
What we seek is a reduction in the factors that may lead to
instability in performance characteristics such as fatigue and
residual stress. Similar to progress undertaken by the AM
community to adopt current NDE standards, some traditional
postprocessing techniques have been reviewed for their efficacy
in AM (Ref 180). Additionally testing of the advantages each of
these processes produce on subsequent design properties of AM
is critical. To this end, Rezaei et al. (Ref 181) test the effect of
hot isostatic pressing (HIP) on the microstructural and mechan-
ical properties of Inconel 718 concluding that the reduction of
defects can be achieved through HIP, leading to a reduction in
variability in components (Ref 182, 183). It is known that
elongated grains of AM parts typically grow the build direction
(Ref 184); therefore, the authors� findings that the recrystal-
lization of the grains in these components produced finer and
more varied orientations signifies a less isotropic tendency.
Coupled with the findings by Farhang et al. (Ref 77) that the
microstructural texture spatially varies throughout a compo-
nent, we conclude that the homogenization of a part�s grain
morphology could be beneficial to the consistency of mechan-
ical testing results.

To reduce variability in surface roughness and its subse-
quent effects on mechanical properties (Ref 185), popular
techniques such as post-print machining and shot-peening can
be utilized. By introducing various surface postprocessing steps
in a study and analyzing the effect on fatigue life, Uzan et al.
(Ref 186) find that the reduction in surface roughness in turn
reduces the variability found in the fatigue life results of AM
samples. Furthermore, the machining of the first 25 lm of
samples and shot-peening increased fatigue life past that of
equivalent cast samples. Postprocessing can assist in introduc-
ing greater reliability into our designs post-production and as
such, standards such as AMS 7000A and AMS 499A are
helpful in implementing these strategies.

The AMSC roadmap introduces Gap D9 which illustrates
the need for a simulation of each step of the manufacturing
process. Surveys such as one conducted by Hu et al. (Ref 28)

illustrate the use of simulation and existing thermal and
mechanical models to identify key parameters which contribute
to variability. The uncertainty of these parameters is then
propagated through the AM process through simulation.
Assumed or experimentally derived distributions are sampled
and final results are observed for their variance. As an example,
Wang et al. (Ref 187) simulate grain growth and solidification,
leading to calculated melt pool geometry and microstructure.
Given that the melt pool morphology one key to understanding
the resultant part microstructure (Ref 188), the build quality
characteristics follow from subsequent simulations. Scime et al.
(Ref 189) analyze the resultant grain morphologies caused by
variations in process parameters. Although normal distributions
described most samples, those produced via high laser energy
densities demonstrated high levels of variability with poor
distribution fits, indicating unknown complexities in high
energy regimes. Akram et al. (Ref 190) look to simulate the
grain growth process which is essential for the use of thermal
history information. This modeling method can predict the
microstructure of a resultant component and be fed forward into
other simulation tools. Lee et al. (Ref 191) expanded on this by
introducing the prediction capabilities of machine learning to
forecast the morphology of the melt pool based on laser quality
and powder characteristics. These simulation methods serve as
indicators for key control parameters in techniques such as
SPC.

6. Concluding Remarks on Future Needs
to Ensure Reliability in Additive Manufacturing

This paper has laid out the need to develop methodologies
and standards in AM to ensure reliability. However, there are
limitations with the process that inherently make it difficult to
employ many methodologies and standards previously dis-
cussed. Many of those reasons are due to a lack of standard-
ization among industry manufacturers as well as a constantly

Fig. 12 Figure (a) and (b) demonstrate the difference to the average elongation versus the difference to the average tensile strength before and
after positively controlling the chamber pressure, respectively. The authors enabled an increase in predictability in the process by clearly showing
less outliers outside of the 95% prediction bounds after a process control was employed (Ref 93)
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evolving research field for a technology that is seen to still be in
its infancy. With the addition of new technologies year by year,
what is required is a set of tested AM techniques with which to
produce components. Kandukuri et al. (Ref 192) identify
processes such as selective laser melting, electron beam
melting, and direct metal deposition as developed technologies
with potential for standardization. With a focus on specific
technology, the industry can begin to standardize tools and
components such as recoater blades and purge gas feed location
such that documented variability becomes useful throughout
the industry. As a result of the lack in standardization, material
allowables should only be quantified for a particular AM
printer, due to the incongruity in data presented between
machine models. Thus, an emphasis needs to be placed on
establishing calibration procedures through benchmark artifacts
to align varying machines models with process-wide allow-
ables. Until then, further clarification needs to be shed on
context for the procurement of allowables such as machine
model, interlayer time, and specimen thickness. Further assis-
tance is provided if research demonstrates a more thorough
understanding of the most critical elements to ensuring
reliability through techniques such as sensitivity analyses and
uncertainty propagation (Ref 193-195).

Although many methodologies focus on the use of in situ
monitoring and pre/postprocess testing, the need for more
mature techniques to rapidly analyze defects such as compo-
sitional deviations or pore distribution is apparent. In a general
review of current and developing measurement science tech-
nologies, Mani et al. (Ref 196) describe the need for standard
processes for the calibration and characterization of sensors,
motors, and materials to accurately infer and predict statistical
information from the printing process. As mentioned before,
the development of a database is essential to the adoption of
AM to make available the information collected by NDE (Ref
197). Through analysis and data recordings of the various

stages of the AM process, industries can co-develop the
necessary testing for statistical analysis of AM components,
thus reducing this typically costly and time-consuming process.
Many qualification methodologies incorporated benchmark
artifacts or witness coupons that would be used to analyze
and correlate test data to component quality. Unfortunately, this
correlation is not fully developed and is non-trivial. In
response, authors are developing correlation maps between
geometric features and mechanical, microstructural, and geo-
metric performance qualities to allow extrapolation from
samples to components. The necessity to combine this corre-
lation with a geometry-based design methodology for witness
coupons will allow the use of small-scale coupons instead of
full-scale prints. With this in hand, the manufacturing time and
complexity are reduced and the benefit to the supply chain can
be better realized.

Moving forward, the most critical focus of the AM
community needs to be that of implementation and certification.
Throughout this review paper, key elements to reliability as
well as standards and identified gaps have been introduced that
all push toward a more repeatable process. These key elements
that pertain to reliability are summarized in Fig. 13. The AM
process is split into five stages, each representing key aspects of
the pre-, in situ, and postprocess that define AM technology.
These processes are then broken down into some of the sources
of variability, quality characteristics, standards, and gaps in
standards related to these processes that have been developed
throughout this paper. Variability, such as build height, and its
effect on quality characteristics such as melt pool size, residual
stress, and defect density, are shown interconnected to demon-
strate the correlation between these parameters, some under
control of the user and some not, and metrics defined by
engineers in evaluating the effectiveness of a component.
Ultimately, this figure shows the cascading nature of variability
and its effects on reproducibility in AM as the validation

Fig. 13 Flowchart showing sources of variability that then contribute negatively to performance indicators in the additive manufacturing
process
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process then provides feedback into new designs. Although not
comprehensive, these variability sources serve as subjects for
future research to quantify and in turn reduce the volatility in
their values. Focusing on these advancements is quintessential
to the adoption of additive manufacturing beyond rapid
prototyping.

Throughout manufacturing history, new technologies have
developed to provide solutions to issues encountered in older
techniques. From casting and machining to powder metallurgy
and fiber composites, additive manufacturing looks to mature to
the point that it can be introduced in widespread projects. In
assessing the industry�s ability to move forward, we can turn to
a historical measure of the maturity of a manufacturing
technology, the technology readiness level (TRL) (Ref 198)
introduced by NASA in the 1970s. This scale provides an idea
as to when a technology is ready for adoption into industries.
Growing from level 1, where the basic operating principals of a
technique are tested, we seek to reach level 9 consistently
across all industries that wish to utilize AM technology. With
this goal in mind, we move forward to assure the reliability and
consistency of a manufacturing technique that can not only
provide complex and less restrictive design opportunities but
also result in economic, ecological, and organizational benefits
that are yet to be fully realized
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