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Abstract Additive manufacturing (AM) is an estab-
lished manufacturing technology which allows for greater
design freedom. Across the seven existing AM processes,
we observe a wvariety of defects in printed parts, due
to the different physical properties of each manufactur-
ing process. This variety of defects complicates the de-
sign step without a clear overview of the deep interac-
tion geometry-process-defect. The classification of these
defects, which may be process- or machine-based, of-
ten raises methodological and terminological issues. In
this paper, a review of AM general part defects using a
process-based approach, is proposed. The aim of this pa-
per is to provide the designer with a classification that
would allow to make choices in the part design, by tak-
ing stock of the different defects affecting the resulting
part considering the chosen process. For each process
category defined in ISO/ASTM 52900, the main prop-
erties and defects of parts are reviewed and classified
imto four families: geometry and dimensions, surface
quality, microstructure and mechanical properties. This
review focuses in particular, on the process parameters
which affect declined defects and properties allowing a
relevant choice of the designer with respect to the pro-
cess or the expected requirements of the part.
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1 Introduction

Additive manufacturing (AM) fundamentally revolu-
tionises the way parts are manufactured, with a layer-
by-layer approach, as opposed to traditional formative
or subtractive manufacturing methods [1]. The ground-
breaking nature of this technique allows for the produc-
tion of complex geometries such as lattice structures
[2,3] or topology optimised structures [4] that conven-
tional manufacturing tools would be incapable of [5].
However, even though AM allows end-use part manu-
facturing in various applications, even high-valued once
[5,6,7], resulting parts are not free from geometrical de-
viations in comparison to the nominal computer-aided-
design (CAD) model. For the last three decades, there
has been a massive deployment of AM machines and
processes [8,9] shifting the focus to manufactured part
characterisation in terms of part defects and the at-
tending mechanical, electrical and acoustic properties.
Indeed, as the material is built with process and geome-
try on symmetry, it is difficult to study one without the
other. This part characterisation is deeply linked: the
part geometry, the considered material, the manufac-
turing process and technology employed and even the
observation technique which may impact the interpre-
tation. As a result, defining a general defect and prop-
erty classification compliant to any AM process is not
an easy task. Literature shows that researchers rather
focus on a specific AM process in order to find opti-
mised machine parameters by conducting restrained-
to-the-part defect analysis such as mechanical or mi-
crostructure studies. Defect categorisation has been per-
formed for some AM processes [10,11,12,13,14] but
not for all of them. Given that most AM processes
have been established in relation to a precise mate-
rial such as ceramic [15] or aluminium [11], it may not
be adaptable for other materials such as polymer [16]
or stainless steel [17]; raising the need for a synthe-
sis for all AM processes, which does not exist to date.
Additionally, a thoughtful design is mainly the result
of the cooperation between the designer, the manufac-
turer and the metrologist. AM parts are challenging to
produce as part material is produced simultaneously to
its geometry, complicating the part defect and proper-
ties assessment within the process. Thus, an overview
of all accessible defects considering a particular AM
process, is an essential tool to clarify the designer’s
choice and to widen its interaction with the manufac-
turer and the metrologist. More precisely, an efficient
design methodology can only be reached with the con-
stant interaction performed between the designer, the
manufacturer and the metrologist [18,19]. This com-
munication allows to conciliate all design requirements,
manufacturing and measuring constraints, leading to
a customised, printable and measurable AM product
[20]. In this paper, a defect and property classification
review is proposed relying on AM process categories
provided by ISO/ASTM 52900 [21]. More precisely, the
aim of this paper is to provide a classification of defects

and properties, suitable for all manufacturing processes
based on the literature review. Most studies focus on
defects and properties that affect the part ability to
match its expected properties. Therefore, this review
includes geometrical, surface or structural defects as
well as mechanical properties such as strength or fa-
tigue life. For each process category, the literature is
synthesised through the proposed classification, giving
a broader view of the most studied properties or de-
fects by process category. Particular attention is paid
to the process parameters influencing these defects and
properties.

Section 2 presents the classification of general AM pro-
cess categories as specified in ISO/ASTM 52900 [21].
This section also presents data processing steps from
designing parts on dedicated CAD software until ready-
to-use three-dimension (3D) printed parts. This section
thus allows a clear identification of the possible source
influencing defects and properties, and provides a com-
mon framework, relevant to all AM processes. In order
to extend existing reviews to a general AM defect ap-
proach, section 3 highlights studied defects and prop-
erties according to these AM processes. When existing
in the literature, process defect classifications are dis-
cussed. Otherwise, main works are presented and sum-
marised then classified according to the proposed cate-
gorisation. Section 4 discusses trends raised in AM de-
fect and property studies relative to each AM process
category. This section proposes a synthesis comparisons
of amount of works to identify needed works in specified
classification families.

2 Overview of AM process categories

2.1 AM process categories and nomenclature

ISO/ASTM 52900 [21] provides an AM process classi-
fication declined according to seven AM process cate-
gories. These categories are defined in the following and
illustrations are provided in Figure 1. In this paper, the
referred geometrical axes are the axes described in Fig-
ure 1 for each AM process category.

e Binder jetting (BJ) - see Figure la. BJ consists
in selectively projecting binder material in a pow-
der bed successively spread to form a layer [21,
22,23,24]. BJ binds powder particles without ex-
ternal energy source except the binder projection
and binder-drying lamp. As a consequence, result-
ing green parts are not subject to residual stresses
which may cause resulting part deformations. How-
ever, without melting nor compression, binder jet-
ted parts are more porous in comparison to powder
bed fusion parts for example [23,25].

e Directed energy deposition (DED) - see Figure 1b.
DED refers to the AM category in which metal is
being melted while being deposited by focusing an
energy source to the deposition site [21,22,26].
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e Material extrusion (ME) - see Figure 1c. ME speci-
fies the material selective deposition through a noz-
zle [1,21,27]. Polymer extrusion is seen widespread
as the most general public accessible printing tech-
nology [27].

e Material jetting (MJ) - see Figure 1d. In the MJ
category, parts are built by successively depositing
photopolymer droplets which instantly turns into
solid when submitted to ultraviolet lamps [1,21,28].

e Powder bed fusion (PBF) - see Figure le. PBF man-
ufactured parts are obtained by selectively melting
regions of powder successively spread in a building
chamber [1,21,22]. The necessary amount of energy
to fuse powder is provided either by laser technology
[29] or by electron beam technology [30].

e Sheet lamination (SL) - see Figure 1f. SL process
consists in stacking sheets of material which are
bonded together and successively cut to form the
3D part [21,22].

e Vat photo-polymerisation (VPP) - see Figure 1g. In
the VPP category, part is manufactured in a liquid
photopolymer vat. Each layer is built by instantly
transforming photopolymer to solid state using ras-
tering ultraviolet laser [1,21,22,31].

For each of these process categories, different materials
can be used. For example, PBF encompasses polymer
PBF as well as metallic, ceramic or composite PBF.
Adapted material to a specified AM process is sum-
marised in Table 1.

AM process category \ Adapted material

Ceramic
Composite
Metallic
Polymer
Metallic
Ceramic
Polymer
Polymer
Ceramic
Composite
Metallic
Polymer
Ceramic
Composite
Metallic
Polymer
Ceramic
Composite
Metallic
Polymer

BJ

DED

T
ME

MJ

PBF

SL

VPP

1 Ceramics are not explicitly expressed as pos-
sible ME materials in ISO/ASTM 52900, but
ceramics relevancy towards ME is shown in
[32,33,34]

Table 1: Adapted materials for each specified AM pro-
cess (according to ISO/ASTM 52900 [21])

However, each category dedicated to a given material
can be declined according to the system technology un-
der use. For instance, with the metallic PBF example,
resulting parts can be obtained relying on laser technol-
ogy or relying on electron beam melting technology. In
other words, the methodology for classification of AM
part properties is not an easy task as these classifica-
tions depend on the process category, the considered
materials and the used technology.

2.2 From CAD to as-built parts

From original CAD to ready-to-use parts, a number
of manufacturing steps have to be considered. These
steps are detailed by Gibson et al. [1] and Thompson
[35] which provide a generic framework which can be
adapted to any AM process:

Step 1: CAD. The part is created in a digital mod-
elling software according to the designer specific in-
tents.

Step 2: Triangulation. The CAD file is converted
into a triangulated mesh file format. The most com-
monly used file format is the standard tessellation
language (STL). As an approximation of the CAD
model, this conversion step introduces chordal er-
rors as explained by Zha and Anand [36].

Step 3: CAM Preparation. When the STL file is
generated and oriented, support is to be generated
(if required according to the process), then slicing
the file and setting up the process parameters before
sending the file to the machine.

Step 4: File transfer to the AM machine. A machine-
dependent code is then generated according to the
considered AM process to build each of these layers.
Step 5: Machine setup. The machine is initialised
and process parameters such as laser power or dry-
ing time, are defined by the user.

Step 6: Building. The part is built within the ma-
chine building chamber.

Step 7: Removal and clean-up. Once the part is
built, some processing steps may be required be-
fore extracting the part such as cooling timeouts
of the building chamber or removal of excess built
material. Then, the part can be removed from the
building platform and cleaned up. The cleaning may
be considered as the first post-processing step.
Step 8: Post-processing. Some additional post-processing
steps may be required such as removal of support
structures, sintering, further curing or finishing and
polishing. Post-processing requires user handling and
may result in a lengthy task.

Step 9: Application. The part is built, post-processed
and ready to be used.

This list tends to provide a general pipeline from CAD
to as-built part. Specific-to-the-process steps should be
considered in order to improve the end-use part. For ex-
ample, VPP should comprise a support definition step
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to increase the part manufacturability. This decomposi-
tion enables to better understand and identify in which
step defects are most likely to occur. In this review,
studied properties are mainly limited to steps 3, 4, 5
and 7.

3 General AM defect and property clas-
sification

AM defects and properties classification is multi-level
where nomenclature, i.e. classification methodology, is
of high importance for comprehensive sorting and com-
parison of AM part properties. As previously mentioned,
defining a generic AM defect classification is not an easy
task due to the multi-level origin of observed defects.
Bourell et al. [37] proposed a list of defects affecting
AM parts. More precisely, they referenced six types of
defects relative to AM parts:

Balling

Porosity

Cracks

Distortion and delamination

Poor surface finish

Chemical degradation and oxidation

However, some of these defects may be linked. Balling
defects, for instance, may result in an increased poros-
ity or a part delamination [38] due to the discontinuity
of melted pool for laser PBF process. Moreover, these
defects are not sufficiently representative of the diver-
sity of the AM defects encountered within a specific
process. In other words, as defects are deeply linked to
the considered AM process, we better think that defect
and property classification should be conducted relative
to a specific AM process category. In the following, the
classification of part defects and properties is studied in
the scope of a specific AM process category. Where ex-
isting, part defect and property classifications already
established relative to a specified AM category are pre-
sented. A first analysis of the different classifications
proposed in the literature highlights that it is possible
to use a unique classification. Therefore, the following
classification is proposed for each AM process category
relying on a fourfold property decomposition:

e Geometry and dimensions
e Surface quality

e Microstructure

e Mechanical properties

Specific-to-process properties and defects are then de-
clined and classified according to that common frame-
work.

3.1 Binder jetting

BJ involves successive steps which possibly introduce
defects of different natures. Indeed, for each layer, the

binder is selectively projected onto the powder bed be-
fore being dried by heat lamp. In order to reinforce part
properties, a sintering step is performed on the printed
green part.

3.1.1 Geometry and dimensions

Geometrical and dimensional defects can be declined
in a two-fold manner: dimensional inaccuracy of the
printed part relative to the defined geometry and de-
formation effect such as shrinkage.

Dimensional inaccuracy

Dimensional inaccuracy is defined as the dimensional
deviations between the printed part and its ideal de-
fined geometry. The most obvious example of such de-
viations are chordal errors introduced during the file
conversion step, whatever the considered AM process
(see [36]). BJ allows the use of powder particles of 20
pum or less which is a main advantage in comparison
to PBF for example [23]. Gaytan et al. [39] even per-
formed a successive BJ printing of barium titanate us-
ing a particle size of 1 ym with a 30 pm layer thickness.
However, Miyanaji et al. [40] highlighted that a larger
metal particle size results in better dimensional accu-
racy.

Lores et al. [41] reviewed metal BJ recent develop-
ments. They showed that improvement of spreading
rollers such as of ultrasonic vibrating or double smooth-
ing mechanisms [42] reduce powder layer defects. In-
deed, with a better powder spread, the layer density is
increased which decreases risks of layer defects due to
shear forces induced by the roller.

As investigated by Hsu and Lai [43], part accuracy also
depends on the part location in the printing chamber. A
better dimensional accuracy is obtained for part located
near the powder supplier, which is the region firstly
impacted by the roller [41].

Myanaji et al. [44] investigated printing speed effects on
part accuracy. They highlighted a linear correlation be-
tween printing speed and part accuracy along the mo-
tion axis of the binder deposition head. Higher printing
speeds mean lower part accuracy along the motion axis
of the deposition head.

Binder material is dried by a heat lamp, which power
is defined by the user. However, Miyanaji et al. [45]
demonstrated that increased heat lamp power results
in incomplete junction between particles for porcelain
structures. Indeed, with a high heat lamp power, there
is not enough time for the binder material to reach
all the particles it is supposed to bind. This results in
poor accuracy. Similarly, increased drying time results
in weak bonds between particles which may lead to
dimensional variations and loss of accuracy [41,45].

At the end of the printing process, binder jetted green
parts are sintered to increase their properties such as
density or mechanical strength (see dedicated sections).
This sintering step is time-consuming and introduces
distortions in the part (see deformation paragraph) [23].
As explained by Chavez et al. [46], final part accuracy



Marc-Antoine de Pastre, Yann Quinsat, Claire Lartigue

is highly dependent on the final grain size after the
sintering step. Indeed, during sintering, particles are
combined together, growing together to form the final
grain size which affects final part accuracy.

Geometrical deformations

Geometrical deformations highlighted by this literature
review reports shrinkage, which is the part contraction
or expansion, as the main studied geometrical defor-
mation defect. Relying on a Taguchi experiment, Chen
and Zhao [47] showed that part shrinkage is highly de-
pendent of binder drying time. With the same Taguchi
approach, Wang and Zhao [48] highlighted that part
shrinkage is higher along the building z direction, than
along the x or y-axis.

Sintering step has also an important effect on part
shrinkage. In BJ, powder is successively spread without
packing force, resulting in low-density parts. In order
to increase density and to improve mechanical prop-
erties, the sintering step is performed. During the sin-
tering process, the part is submitted to shrinkage risk.
Wang and Zhao [48] investigated sintering time, sinter-
ing temperature and temperature rise rates on shrink-
age effects to find optimised values of these parameters
via Taguchi experiments. Authors found that sintering
time has the major effect on part shrinkage along all
axes. Sintering time and temperature rise rate effects
depend on the considered axis: temperature rise rate
has more effect on the z-axis shrinkage and sintering
time affects more the x-axis shrinkage.

3.1.2 Surface quality

In this literature review, surface quality is mainly re-
ferred to as part surface roughness, evaluated by ISO
4287 average roughness R, value [49] converted into a
signal-to-noise ratio study [47]. Chen and Zhao iden-
tified that roughness depends on the layer thickness:
surface roughness decreases with thinner layer thick-
ness.

Saturation level is believed to impact surface quality.
Printing saturation level defines the amount of binder
deposited relative to the powder bed [41,47]. As ex-
plained by Lores et al. [41], a lower saturation level
means that binder has not been sufficiently deposited to
bind all particles it is supposed to. This results in parti-
cle detachment or separation leading to surface quality
decrease. Conversely, too high saturation levels increase
the number of attached particles and results in exces-
sively deposited powder binder which affects surface
quality.

Furthermore, Miyanaji et al. [40] also argued that smaller
particle sizes lead to improve surface finish. Do et al.
[50] noticed a small diminution of the R, values after
the sintering step.

3.1.3 Microstructure

In the BJ scope, microstructure is referred to as poros-
ity or powder density. Asadi-Eydivand et al. [51] iden-

tified that BJ significant parameters affecting the re-
sulting green part porosity are part orientation, layer
thickness and delay time needed to spread the next
layer of powder.

Particle shape is of great influence on the green part
density. As shown by Mostafei et al. [52], particle mor-
phology impacts part density: spherical particle-based
parts are denser than irregular particle shape based
parts.

Binder jetted parts have low density because of the
spread of powder layers with minimum roller efforts
[41]. As a result, a densification step by sintering is
needed when increased mechanical properties are ex-
pected. Using computed tomography (CT), Zhu et al.
[53] illustrated the pore evolution during sintering. Evo-
lution of pores according to sintering temperature is
also described by Do et al. [50]. Micrographs of bore-
based samples for different sintering temperatures are
shown in Figure 2. Indeed, as explained by Chavez et
al. [46], density evolution during sintering depends on
sintering temperature. The higher the sintering tem-
perature, the denser resulting part. However, longer
sintering times increase the risk of part shrinkage and
warping [41].

(a) 1150°C (b) 1200°C

©

(c) 1250°C

Fig. 2: Microstructure of bore-based samples for differ-
ent sintering temperatures shown in [50]

3.1.4 Mechanical properties

In BJ processes, mechanical properties of printed parts
have been widely investigated. In this review, such prop-
erties are summarised according to mechanical strength
and cracks.

Mechanical strength
Chumnanklang et al. [54] argued that mechanical strength
of bioceramic green parts (before sintering) is increased
with the increase of pre-coated particle size. However,
for metallic powder, Miyanaji et al. [40] found that a
smaller particle size would increase mechanical strength.
Authors further investigated the effect of binder sat-
uration levels on the resulting strength. Their exper-
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iments revealed that mechanical strength is increased
with saturation levels. This result is shared with Chavez
et al. [46] whose experimental observations revealed in-
creased elastic modulus with increased saturation lev-
els. Miyanaji et al. [45] found that increasing binder
saturation levels from 50% to 75% increased the part
strength by 50% for porcelain structures. Miyanaji et
al. [44] studied the effects of printing speed on part
strength. With increased printing speed, binder satu-
ration levels decrease leading to decreased mechanical
strength, according to [43,46,54].

Doyle et al. [55] investigated the effect of layer thick-
ness and part orientation on the resulting stainless steel
and bronze part strength. The authors found that layer
thickness has more impact on part strength than orien-
tation. They also identified that part density is of huge
influence on mechanical properties. Indeed, the sinter-
ing step allows mechanical properties to be increased
by densification of the green part. This point is also
demonstrated by Chumnanklang et al. [54] who found
that mechanical properties were increased after the sin-
tering of the green binder-jetted part.

Cracks

Cracks occur when material is submitted to high shear
efforts. Even though BJ successively spreads powder
without packing forces, initial layers may be displaced
due to increased roller shear efforts, resulting in crack
formations [41]. Furthermore, cracks in the resulting
layer are affected by the powder distribution strategy:
too much spread powder raises these shear forces while
risking crack formation. As explained by Lores et al.
[41], excessive dried layers are prone to cracking due
to the shear efforts induced by the roller spreading the
next layer.

3.1.5 Electrical properties

It is worth mentioning works performed on BJ electri-
cal properties in this classification review. Chavez et
al. [46] investigated evolution of the ceramic dielectric
constant according to sintering temperature. Results
showed that increased sintering temperatures lead to
increased values of dielectric constants. Authors ad-
ditionally studied the impact of part orientations on
piezoelectric properties highlighting a correlation be-
tween mechanical and piezoelectric properties.

3.1.6 Summary

Table 3 summarises the BJ property review and influ-
ence parameters outlined in the previous section.

3.2 Directed energy deposition

DED is a complex process involving many physical prin-
ciples, the monitoring of which is not an easy task. DED

processes are commonly categorised into: laser-based
DED, arc-based DED, electron beam DED depending

on the kind of energy used. Significant efforts have been
made to develop in-situ process monitoring and dedi-
cated property identification algorithms. For example,
Chabot et al. [56] recently highlighted ultrasonic test-
ing relevancy for in-situ monitoring of defects whose
size comprises 0.6 mm to 1 mm. Further works and de-
velopments are reviewed by Everton et al. [57] and Kim
et al. [58].

3.2.1 Geometry and dimensions

Geometrical and dimensional defects are mainly referred
to as dimensional inaccuracies. Geometrical deforma-
tions of the printed part are less studied and mainly
described as part shrinkage.

Dimensional inaccuracy

As explained by Bi et al. [59], size and temperature of
the melt pool have a direct influence on the dimensional
accuracy of the printed part. Authors particularly high-
lighted edge effects in the clad deposition procedure
with a constant laser power. More precisely, edge ef-
fects due to cooling rate variations and acceleration se-
tups impact wall thickness or edge clads for example.
Typically, DED parts printed with constant laser power
present increased edge heights. Authors then proposed
a path-dependent laser power to decrease such inac-
curacies. Masaylo et al. [60] described low deposition
rate effects on the final geometry which tends to be
heightened. This effect is more pronounced where the
deposition head changes its motion direction. Adopting
a unidirectional strategy may improve the part geome-
try. Atwood et al. [61] expressed that decreasing layer
thickness results in a better part accuracy. Moreover,
their measurements revealed better accuracy in the x-y
plane than along the z-axis.

In wire-based DED, Herali¢ et al. [62] proposed a z-axis
compensation controller in order to correct flatness de-
viations while building the part. In other words, a 3D
scanner is integrated within the building cell and com-
pensation of the layer height is performed by control-
ling the wire-feed rate. Similar works were performed
by Chabot et al. [63] involving in-situ ultrasonic sensor
to correct deposition head vertical position and improve
dimensional accuracy of the printed parts.

Geometrical deformation

Geometrical deformation is mainly referred to as shrink-
age notably by Bi et al. [59] who defined DED part
shrinkage. Indeed, clads located in the edges of the part
are cooled in a faster way than clads in the middle of
the part. As a result, the part outside wall is prone to
shrinkage directed towards the inside of the part due
to that high cooling rate ratio.

3.2.2 Surface quality

Surface quality in the DED field of study is referred
to as evaluation of R, average roughness parameter.
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Fig. 3: Description of DED AlSi10Mg alloy morphology evolution along the building direction provided by Javidani

et al. [26

Atwood et al. [61] reckoned that DED parts are natu-
rally rough, with established R, values reaching about
5.08 um to 7.62 pm (original inch values have been
converted). Toyserkani and Khajepour [64] proposed a
method to evaluate the clad surface roughness, by ap-
plication of a pattern recognition procedure which finds
back clad height fluctuation from image acquisition.

3.2.3 Microstructure

In the DED process, microstructure studies focus on
different kinds of defects. These defects are summarised
according to morphology, oxide inclusion and porosity.

Morphology

The part morphology and microstructure grain orien-
tations are the most studied DED defects. Grain struc-
ture orientation is widely examined in the literature.
Grain texture orientations depend on many parame-
ters notably temperature gradients or cooling rates [65].
More precisely, grain morphology has been observed for
titanium-based alloys [66,67,68], for aluminium alloys
[26], nickel-based alloys [69], stainless steel-based alloys
[70,71] and cobalt-based alloys [72]. These works high-
lighted a grain morphology modification of the printed
material. Indeed, as shown by Javidani et al. [26] for
aluminium alloys, the substrate material, i.e. the ma-
terial on which the first layer is printed, impacts the
solidification of the first deposited clads. On initial lay-
ers, solidified features appear as cellular features. As
height increases, so does the distance of deposited mate-
rial from the substrate. These features are progressively
turned into dendritic columnar with an orientation de-
pending on the heat release flow direction. On the final

]. Morphology evolves from the substrate (left side) to the last deposited layers (right side)

layers, the observed part presents equiaxed dendritic
solidified features. Such a description is shown in Fig-
ure 3. Similar observations were conducted for other
kinds of materials. Saboori et al. [67] outlined the so-
lidified feature modification with height for titanium
parts as depending on the temperature gradients and
solidification rates. High temperature gradients com-
bined with low solidification rates result in columnar
features. Conversely, low temperature gradients com-
bined with high solidification rates result in equiaxed
grains. Similar conclusions were drawn by Shamsaei et
al. [65] based on Selcuk’s works [73].

Saboori et al. [67] also summarised different works in-
vestigating the layer-by-layer process impact on the so-
lidified feature structures and their effects relative to
the entire part (see for example Liu et al. [74]).

Zhang et al. [72] investigated steel DED process for
repairing damaged parts made of a different material.
Authors particularly focused on feature discontinuity
on the interface between original and deposited mate-
rials.

Oxide inclusion

Oxide inclusion defects are described by Masaylo et al.
[60] specifically for stainless steel alloys with a high
chromium level. Oxide inclusions are small intern spat-
ters composed of oxygen and chromium created by oxy-
gen entrapped in the powder, powder moisture or oxy-
gen in the deposition working chamber [60]. Authors
provide solutions to minimise oxide inclusion such as
introducing a preliminary powder drying step or using
protective means while printing.
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Porosity
In the DED process scope, there are two kinds of porosi-
ties [57]:

e trapped gas during the solidification process.
e interlayer porosity.

Trapped gas has been studied by Zhang et al. [75] by
observing evolution of trapped gas in the melt pool.
Authors described the bubble formation and evolution,
and the impact on surface porosity whether the bubble
explodes on the surface or is retained in the melt pool.
More precisely, they asserted the competition between
solidification velocity and gas bubble release due to the
growth rates of the bubble inside pressure.

Interlayer porosity is caused by the lack of fusion be-
tween layers [57], incorrect laser power, robot speed or
powder amount deposited [60] resulting in voids being
partially filled with gas or unmelted powder spatters
[60].

DED porosity was estimated by Javidani et al. [26] us-
ing volumetric measurements performed by Archimede
methodology. Gaja and Liou [76] used an acoustic emis-
sion sensor, i.e. a piezoelectric transducer, to identify
gas pores.

3.2.4 Mechanical properties

Main DED works on mechanical properties reveal five
topics relative to associated properties: strength, cracks,
hardness, residual stresses and fatigue behaviour.

Strength

Shamsaei et al. [65] and Saboori et al. [67] reported
works performed on resulting mechanical strength of
parts printed by the DED process. They reported higher
tensile properties along the x-axis. Indeed, as described
by the authors, the x direction, which is the deposition
head direction provides higher cooling rates as heat is
evacuated by natural metal conduction. Such samples
have a thinner microstructure compatible with higher
tensile strength [65,67].

In the repair application for aluminium-based alloys
described by Zhang et al. [72], authors found a DED-
repaired part presenting an increased tensile strength
in comparison to the original part. However, authors
outlined the change of mechanical behaviour: the re-
paired part is less ductile with almost no yielding zone
whereas the original part was much more ductile pre-
senting wider yielding zone. Rauch et al. [77] found
similar results in the same repairing application for
titanium-based alloys, highlighting decreased ductility
of repaired parts.

Cracks

With microstructure, crack formation is the second most
studied defect in DED works reviewed in this paper. Ac-
cording to Everton et al. [57], crack formation results
in the difference in the material thermal expansion co-
efficients during the printed process resulting in shear

stress in the material. Experimentally, acoustic tech-
niques or ultrasonic techniques adapted to the DED
process [78,79] have been shown to successfully iden-
tify crack formations [76,80]. Wang et al. [80] showed
for example that DED crack formations increased with
material thickness and with increased cooling rates.

Hardness

As reviewed by Shamsaei et al. [65] micro-hardness val-
ues measured from a DED part differ, depending on
the investigated region. Authors assumed the cooling
rate to be responsible for this observation. This state-
ment is detailed by Javidani et al. [26] who showed
that hardness of aluminium alloys highly depends of
the microstructure feature. Indeed, dendritic solidified
features showed lower Vickers hardness values than the
cellular morphology. Bi et al. [59] used Vickers hardness
measurements to validate their path-dependent process
control which modulates laser power intensity accord-
ing to the followed path. In the repair context detailed
by Zhang et al. [72], Cobalt-based alloys deposits are
found to have higher Vickers hardness than the steel
substrate. Such a high value is explained by the rapid
cooling rate at the substrate interface and the fine ob-
tained microstructure.

Residual stresses

Shamsaei et al. [65] also reviewed main works on resid-
ual stresses. Rangaswamy et al. [81] used neutron diffrac-
tion to identify residual stresses in DED parts. Authors
showed that residual stresses are uniaxial and aligned
with the deposition head motion. Residual stresses are
shown as compressive in the middle of the sample and
more tensile near the edges [81]. Along the z-axis, resid-
ual stresses are mainly compressive near the substrate.
These compressive stresses slowly decrease with height
and are then substituted by tensile stresses until the
top surface [65]. However, in order to reduce residual
stresses, local thermal gradients should be decreased. In
order to impact thermal gradients, users may optimise
process parameters or apply heating of the substrate
during the process [65]. The chosen path strategy [82]
to maintain thermal gradients substantially constant
during the process remains under question.

Fatigue

Fatigue properties, fatigue models and fatigue crack
formations of DED parts are reviewed by Shamsaei et
al. [65]. Atwood et al. [61] established that DED parts
have increased fatigue properties. Indeed, as shown by
Razavi et al. [66], DED parts underwent a higher num-
ber of cycles before cracking than wrought equivalent
part. As explained by the authors, DED parts present
finer grain sizes resulting in a better fatigue behaviour.
Bandyopadhyay et al. [83] investigated the effect of de-
position orientation on Ti6Al4V fatigue performance.
They showed that vertical tested parts have an increased
interlayer porosity that weakens their fatigue perfor-
mances in comparison with horizontal parts.
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3.2.5 Summary

Table 4 summarises the DED property review and the
influence parameters outlined in the previous section.

3.3 Material extrusion

ME defects have been reviewed and classified in sev-
eral papers. Penumakala et al. [84] recently proposed a
thermoplastic polymer composite-based review. Their
works particularly showed how thermoplastic compos-
ites are being reinforced in order to improve the printed
part mechanical properties, with regard to the part ap-
plication requirements. However, different defect classi-
fications have been proposed according to literature. In
1996, Agarwala et al. [85] proposed a binary classifica-
tion considering that defects could be divided in surface
or internal defects. More precisely surface defects en-
compass support staircase effects, curve approximation
errors, top and bottom surface aspects, defects due to
the deposition delay when head motion starts or stops
and support structure removal effect on part quality.
On the other hand, internal defects have different ori-
gins such as:

e voids generated by abrupt movement changes of the
deposition head.

e voids generated when turning or by bonding weak-
ness between adjacent paths due to increased cool-
ing time with a long path.

e filament slippage occurring in the filament feeding
system resulting in a lack of deposited material and
weak bonding.

e a non-uniform deposited filament diameter.

In their paper, authors also investigate influence factors
which can reduce these observed defects [85].

In 2018, Papazetis and Vosniakos [86] conducted Taguchi
experiments linked to an artificial neural network eval-
uating the influence of layer thickness, material flow,
deposition head velocity and plane orientation in the
resulting part shape conformity to its CAD model. As
described by the authors, they identified defects as:

"Deformed edges’

"Under-extrusions’

"Weak fibre bonding’

"Base bulging’ which can be defined as the crushing
of the first layers

These defects are shown in Figure 4.

Wickramasinghe et al. [13] conducted a comprehen-
sive review on fibre-reinforced material extruded parts.
They outlined the diversity of works performed to char-
acterise mechanical properties, part defects, process and
surface treatments regarding ME parts. In depth, they
listed part defects integrating fibre-reinforced ME parts
as follows:

(d)

Fig. 4: Illustration of ME defects defined by Papazetis
and Vosniakos [86]: (a) deformed edges; (b) under ex-
trusion; (c) weak fibre bonding; (d) base bulging

e Shape distortion, a result of residual stresses trapped
in the printed part due to non-uniform temperature
gradients. Shape distortion is mainly expressed as
shrinkage. Shrinkage affects part by layer delamina-
tion and warping (also referred to as curling in the
literature). Authors note the advantage to adopt an
adhesive printing platform to weaken warping ef-
fects on extruded parts.

e Micro-voids between fibre and polymer.

e Uneven fibre distribution in the fibre-reinforced fil-
ament.

e Poor bonding of fibre introduced inside filaments.

e Surface roughness mainly affected by staircase effect
of layer deposition.

In the interest of consistency with other AM process
categories, Table 5 translates these reviewed defects
into the proposed defect and property classification. Al-
though this review mainly focuses on mechanical engi-
neering parts, it is worth mentioning major works per-
formed in the civil engineering field by the development
of concrete extrusion processes [87,88]. These works do
not lead to the same level of defects as considered in
this paper but mechanical aspects of resulting applica-
tion should be outlined.

3.4 Material jetting

MJ process has the particular advantage of printing
multi-material parts, raising the interest of various ac-
tors such as biological engineering or electrical circuit
engineering [58].

3.4.1 Geometry and dimensions

Geometrical and dimensional MJ defects may be classi-
fied by dimensional inaccuracy and geometrical defor-
mation of the printed part.
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Dimensional inaccuracy

Vaezi et al. [89] explained that the final part geome-
try being printed using MJ is highly dependent on the
shape of the droplets involved in the printing process.
Indeed, by reviewing main parameters affecting part
quality, authors identified that the deposited droplet
shape influences the resulting part precision and accu-
racy. Similarly, according to Tourloukis et al. [90], the
MJ printer performance depends on its ability to con-
trol the droplet ejection, deposition and curing mecha-
nisms. More precisely, a wide understanding of the pro-
cess is required to significantly increase the printed part
accuracy, by selecting appropriate printing parameters.
Sturm et al. [91] developed an in-situ impedance-based
measurement methodology to monitor the part quality
whilst printing. In other words, authors used electrome-
chanical impedance measurements to track the built ge-
ometry. That monitoring enables to induce in-process
changes and to minimise part deviations relative to the
defined geometry.

Geometrical deformation

MJ deformation is mainly referred to as part shrinkage
due to residual stresses accumulated within the part.
In the biomaterial field, Ebert et al. [92] noticed a part
volumetric isotropic shrinkage about 20%. Koshkoo et
al. [93] investigated part thickness and build orienta-
tion effects on the induced distortion. Distortion is,
indeed,mainly the resulting effect of internal residual
stresses. These residual stresses are generated when
material is deposited along previously cured deposited
material, resulting in a thermal gradient heterogeneity.
Koshkoo et al. [93] printed two sets of 100 x 10 (mm?)
samples with different thicknesses, ranging from 1mm
to 6mm. One set is printed along the x-axis, and the
second one along the y-axis. Height elevations were ac-
quired with a profilometer. Results showed that thin
parts tend towards waving distortion shapes whereas
thicker parts tend to reverse coil distortion shapes. More-
over, distortion effect is shown to be more important
for part printed along the x-axis, i.e. the longer ras-
tering distance in the deposition head motion. Indeed,
along the x-axis, a significant delay applies between two
adjacent paths. On the next path, material is then ad-
jacently deposited to an already cured material. This
delay increases the thermal gradient intensity resulting
in residual stresses.

3.4.2 Surface quality

MJ works on surface quality concern roughness evalu-
ation. Cazén et al. [94] as well as Pugalendhi et al. [95]
identified that the glossy surface finish drastically im-
proved the surface roughness. However, glossy surface
finish may be detrimental to the thin walls and may
not be recommended for part including thin features,
with authors further arguing that parts positioned in
the x-y plane have lower roughness values.

Kechagias and Maropoulos [96] investigated the im-
pact of part tilt orientation (which corresponds to part

inclination) on the resulting surface roughness. They
showed that lowest roughness values were obtained for
0° tilt angle whereas maximum roughness was obtained
for 90° tilt angle. In a deeper analysis, Kumar and Sar-
avan Kumar [97] used matt and glossy samples made of
regularly tilted platens to incrementally cover all build-
ing tilt orientations. They used a typical truncheon
artefact which is shown in Figure 5, and which has been
formerly described in [98,99,100].

~ F—4.,0 mm

L

120.0 mm

All dimensions are in mm

(b)

Fig. 5: Illustration of the truncheon artefact: (a) CAD
definition (Udroiu et al. [101]); (b) used samples by
Kumar and Saravan Kumar [97]

Authors used predictive drop deposition and curing
modellings to predict surface roughness. They could
compare predicted roughness values with measured ones
on all the surfaces comprised in their specified sam-
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ples. As Kechagias and Maropoulos [96], Kumar and
Saravan Kumar [97] showed that surface roughness in-
creased from 0° to 90° (i.e. the part top-facing sur-
face), and further decreased from 90° to 180° (i.e. the
down-facing surface). The layer thickness does not sig-
nificantly influence the resulting surface roughness. As
explained by the authors, the staircase effect is of very
little influence for layer thickness considered in MJ [97,
102].

Udroiu et al. [101] extended Kumar and Saravan Ku-
mar’s works [97] by investigating effects of tilt angle,
finish type and part orientation within the printing area
on the part roughness. Their designed artefact, similar
to Kumar and Saravan Kumar’s [97], has been placed
in different orientations in the x-y plane. Surface rough-
ness values of each printed part was compared to the
expected theoretical values. As a result, the glossy part
perpendicular to the head motion direction results in
the lowest roughness values.

3.4.3 Microstructure

Microstructure has not been studied in the same depth
that aforementioned defects. Moore and Williams [103]
observed voids in MJ materials. Authors assumed these
voids to have a drastic impact on the part fatigue life.

3.4.4 Mechanical properties

In the scope of MJ mechanical properties, the proposed
classification is strength, fatigue and ageing effects on
mechanical properties.

Strength

Cazén et al. [94] investigated the part orientation and
the surface finishing effect on the mechanical strength
by printing differently oriented and finished parts. Au-
thors showed that matt parts have lower elastic modu-
lus than glossy parts. Moreover, parts printed along the
x-axis, which is the main motion axis of the head, have
the highest elastic modulus. Resulting ductility also de-
pends on the printing direction as parts printed in the
x-y plane are more ductile than the z-axis printed parts.
Bass et al. [104] found the same x-axis condition when
comparing orientation effect on mechanical properties
for different rigid and elastic MJ parts. Authors iden-
tified that parts being printed in the z-axis direction
have the weakest mechanical strength.

Pugalendhi et al. [95] processed MJ parts with differ-
ent printing conditions ending up with glossy or matt
surface finish for two printing strategies: high quality
or high-speed printing. By conducting tensile, flexion
and hardness evaluations, authors found that the "high-
speed’ glossy part has better mechanical properties. In-
deed, this part shows higher values than other stud-
ied samples in terms of tensile strength, elongation at
break, flexural strength and shore hardness.

Vu et al. [105] characterised printing orientation on
multi-material interfaces by evaluating and investigat-
ing their mechanical properties. More precisely, the part

orientation of multi-material sandwich is shown to have
an important impact on the material fracture resis-
tance. As shown by the authors, multi-material parts
where ’sandwich’ layers are printed in x-y plane, exhib-
ited better fracture resistance properties.

Fatigue

Moore and Williams [103] found a relation between
elongation and fatigue cycles for MJ parts. Authors
showed that glossy surface finish considerably improved
fatigue life properties up to 37% longer than non-glossy
part fatigue life.

Kaweesa and Meisel [106] focused on the multi-material
aspect of MJ parts on fatigue life properties. Indeed,
multi-material MJ parts tend to break along the mate-

rial interface. Thus, authors designed and printed gradient-

based samples where transition between materials relies
on a gradual material change. Their works emphasised
the gradient-based transition between materials as be-
ing of influence on the resulting fatigue life properties.
Moreover, parts with shorter transition length lead to
a higher fatigue life.

Ageing

Bass et al. [104] conducted a study on the ageing ef-
fect on MJ part mechanical properties. More precisely,
for ten weeks, they weekly evaluated ultimate tensile
strength and elastic modulus of two sets of parts printed
in the x-axis (which is the axis leading to the best me-
chanical strength). The first set has been regularly ex-
posed to fluorescent light, and the other set has been
conserved in an opaque box, with no light exposure.
Results showed that ageing increased mechanical ul-
timate tensile strength, and decreased elongation at
break. However, as argued by the authors, conditions
of light exposure do not seem to affect MJ part me-
chanical properties.

3.4.5 Summary

Table 6 summarises the MJ property review and the
influence parameters outlined in the previous section.

3.5 Powder bed fusion

Regarding literature, PBF is one of the most and di-
versely studied. PBF part properties and defects have
already been reviewed by several authors. Indeed, all
of these works primarily distinct the process technol-
ogy used to melt powder bed: laser or electron beam.
On a second level, reviews focus on a specific mate-
rial used in the process. The aim of this section is then
to discuss and to compare existing reviews in order to
extend these works to a general overview.

Malekipour and El-Mounayri [10] precisely studied laser
PBF (LPBF) defects highlighting the influential pa-
rameters for each of the outlined defects. Their de-
fect classification is summarised in Table 7. Similarly,
Galy et al. [11] provided the defect typology performed



Effects of additive manufacturing processes on part defects and properties: a classification review 13

for aluminium alloys produced by LPBF. In a deeper
analysis, they declined a fourfold classification of alu-
minium alloys LPBF defects as porosity, hot-cracking,
anisotropy and surface quality by developing cause trees
to track back the influential main parameters.

Vo et al. [107] provided a defect classification for elec-
tron beam PBF (EBPBF). Their classification is very
similar to Malekipour and El-Mounayri’s [10] apart from
the geometrical and dimensional point. Whereas geo-
metrical and dimensional defects are declined as form
and size defects by Malekipour and El-Mounayri [10]
for LPBF, Vo et al. [107] rather declined them as ge-
ometrical inaccuracy and geometrical deformation for
EBPBF. Geometrical inaccuracy encompasses for ex-
ample staircase effect or machine positioning errors.
Geometrical deformation refers to warping, loss of edge
and loss of thickness occurring during the printing pro-
cess [107]. These defects are illustrated in Figure 6.

Both classifications have inspired the classification method-

ology presented in this review.

Loss of thickness

(b)

Fig. 6: Illustration of geometrical deformations de-
scribed by Vo et al. [107] for EBPBF: (a) warping; (b)
loss of edge and loss of thickness

3.6 Sheet lamination

Although SL allows the production of metal-based [108],
ceramic-based [109], polymer-based [110] or paper-based
parts [111], SL process remains the same. Sheets of ma-
terials are successively rolled, and layer outlines are cut
by a laser. Then, a roller bonds the current layer to the
previous one. SL is then adapted to produce composite

e *———_ Loss ofedge

parts and heterogeneous material by adding prefabri-
cated material between layers [112]. For polymers, ce-
ramics or paper-based materials, the heated roller acti-
vates thermo-active glue spread over the previous layer.
For metal-based materials, bonding is mainly performed
by ultrasonic waves emitted by a sonotrode roller re-
sulting in the layer fusing by vibration and friction re-
sponse of the metal sheet.

3.6.1 Geometry and dimensions

Kechagias [113] investigated process parameter effects
on the resulting paper part dimensional accuracy using
Taguchi experiments on typical cubic samples. Results
showed that dimensional accuracy is significantly differ-
ent along the x-axis or along the y-axis. Heater rolling
speed is identified as the main parameter influencing
the part dimensional accuracy in the x-y plane. Verti-
cal dimensional accuracy depends on moisture absorp-
tion, layer thickness and material compaction. Pilipovié
et al. [110] focused on the influence of the part posi-
tion in the printing machine on geometrical deviations
and mechanical properties. Authors designed prismatic
test parts built by three different methods: layer stack-
ing along the part height, layer stacking along the part
width, and layer stacking along the part length. These
three layer stacking configurations are shown in Fig-
ure 7a. Results showed that parts printed along the
part length have the lowest geometrical deviations. Au-
thors also explain the highest vertical geometrical de-
viations by thick polymer film width and bonding glue
effects. With metallic SL, precise laser cut combined
with sonotrode roller bonding technique offers great
geometrical accuracy in x or y directions. However, ac-
curacy along the z-axis is harder to control due to the
layer thickness modification while sheets are being com-
pressed and bonded [108].

3.6.2 Surface quality

In SL, surface quality defects are described as surface
roughness. In their works, Pilipovi¢ et al. [110] found
that the top surface of the polymer part printed in the
x-y plane has the lowest R, value. Indeed, in that lay-
out, top surface is made of the last deposited and cut
polymer film.

Kechagias [111] performed a design of experiment ap-
proach to identify parameters of influence among layer
thickness, heated roller temperature and speed, plat-
form retract, laser speed, feeder speed and platform
speed, on the resulting part roughness evaluated along
the z-axis. Results showed that the R, value evaluated
along the z-axis mainly depends on the heated roller
temperature, the layer thickness and the laser speed.
Chryssolouris et al. [114] developed R, semi-empirical
prediction model relying on influential main param-
eters: layer thickness, heated roller temperature and
speed, and platform retract. Paul and Voorakarnam
[115] developed a roughness quantification model de-
pending on layer thickness and surface orientation us-
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ing a parabolic curve surface representation. Contrary
to Chryssolouris et al. [114], Paul and Voorakarnam
[115] made the distinction between up-facing and down-
facing roughness in their model description. They as-
sessed their model by evaluating R, values evaluated
for different tilt angles with different layer thickness
highlighting a good agreement between predicted and
measured R, values.

Similarly, Ahn et al. [116] used Paul and Voorakarnam’s
parabolic curve predictive roughness model [115]. In
order to validate their model, authors evaluated R,
values in the up-facing part, i.e. in the range 0° to
180°, using a paper test part comprising regularly tilted
planes. This sample enabled to investigate the influ-
ence of layer thickness and penetration depth of laser
cut. Results showed that surface roughness decreases
in the up-facing part from 0° to 90°, and increased in
the down-facing part from 90° to 180°, as predicted by
the model. Moreover, increased layer thickness tends
to increase resulting part roughness. Authors also out-
lined the penetration depth effect of the cut laser in the
resulting roughness. However, penetration depth has a
minor effect in comparison with the layer thickness.

3.6.3 Mechanical properties

Tensile strength

Chryssolouris et al. [117] investigated influence of pro-
cess parameters, such as layer thickness, heated roller
speed and the temperature or platform retract, on the
resulting paper part strength. Authors relied on a sta-
tistical design experiment analysis (Taguchi method-
ologies) and identified layer thickness as the main pa-
rameter influencing the resulting tensile strength. With
increased layer thickness, the produced part has an in-
creased tensile strength. Indeed, as explained by the au-
thors, low values of layer thickness induce more layers
and thus more glue to bond layers. As a result, as bond-
ing glue has lower mechanical strength than paper, the
wider glue layers, the less resistant resulting part. How-
ever, in polymer SL, Zhang and Wang [118] showed the
impact of time and temperature used to bond layers.
They highlighted that, increasing compression time or
bonding strength increases interdiffusion between lay-
ers, and thus the resulting part shear strength.
Pilipovié¢ et al. [110] identified that polymer parts printed
in the x-y plane have improved mechanical strength in
comparison to other part layouts. Part fracture dur-
ing tensile tests for each sample is displayed in Figure
7b. For metallic SL, part strength is lower along the z-
axis than along the other direction [108]. Gussev et al.
[119] showed that mechanical properties such as part
strength along the z-axis can be drastically improved
by post-printing heat treatments.

Layer thickness also has an influence on the resulting
part strength. As explained by Zhang et al. [108], me-
chanical resistance is altered by residual stresses which
are influenced by layer thickness.
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Fig. 7: SL polymer part layer stacking investigations
defined by Pilipovié¢ et al. [110]: (a) part layer stacking
definition; (b) visual comparisons of the sample fracture
after tensile tests

Flexural strength

Olivier at al. [120] investigated effect of building ori-
entation in the x-y plane on the flexural strength. Re-
sults showed that test parts with a 45° orientation from
lamination direction, have higher flexural strength than
other layouts.

Fatigue life

Kimmel et al. [121] investigated layer deposition and
microstructure for composite aluminium sheets in the
resulting part fatigue life. Their findings indicated that
combining two sheets of aluminium of different mechan-
ical properties resulted in a significant improvement of
the part fatigue life.

3.6.4 Summary

Table 8 summarises the SL property review and the
influence parameters outlined in the previous section.
3.7 Vat photo-polymerisation

VPP is mainly used in biomedical field [122,123,124]
and the process suits for different materials such as
polymers [125], ceramics [126] or metals [127].
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3.7.1 Geometry and dimensions

As previous AM processes, geometrical and dimensional
defects can be declined by dimensional inaccuracy and
geometrical deformation.

Dimensional inaccuracy

Williams et al. [128] ran several prints with different
printing parameters comprising hatching spacing, stair-
case effect or part width. Authors identified parameters
leading to the best part accuracy relative to the nomi-
nal geometry definition. In a deeper axis-dependent in-
vestigation for polymer samples, Dikova et al. [129] out-
lined a better accuracy in the x-y plane than along the
z-axis in comparison to the expected geometry. More-
over, authors also noticed optical properties of pho-
topolymer resin as being of influence in the resulting
part geometry. Indeed, due to optical properties such
as opacity, photopolymer resins may not be sufficiently
cured by polymerising rays. Likewise, polymerising rays
maybe reflected, resulting into pronounced curing inac-
curacies.

Relying on Taguchi methodology, Zhou et al. [130] in-
vestigated parameters of influence among layer thick-
ness, layer overcure, hatching space, blade gap and part
location on the resulting horizontal and vertical accu-
racy, geometrical shapes and surface roughness. Au-
thors identified blade gap as having effect on the re-
sulting x or y accuracy. Blade gap refers to the dis-
tance between the recoating blade and the last layer
being cured. However, authors noticed that the verti-
cal accuracy increases with deeper overcure effects of
the scanning laser, i.e. the curing depth reachable by
the laser. Geometrical shape accuracy is identified as
highly dependent on the chosen layer thickness.

In the same design of experiment, Chockalingam et al.
[131] considered layer thickness, hatching space and
overcure depth on the resulting parallelism, perpen-
dicularity, angularity radius fillet properties. Authors
noted parallelism and radius fillet as highly influenced
by hatching space whereas perpendicularity was mostly
influenced by layer thickness and angularity depended
on overcure depth.

Geometrical deformation

VPP parts are subjected to deformation notably by
warping and shrinkage effects. Xing et al. [132] noticed
that warping effect was drastically increased with over-
all part dimensions. In their works, Li et al. [133] high-
lighted an increased shrinkage along the building di-
rection. That effect is also increased along the length
direction. Shrinkage has also been shown to be depen-
dent on the curing hatching space. Indeed, Salmoria
et al. [134] explained that the high level of hatching
space increases volume of uncured resin trapped be-
tween layers. This trapped resin results in an increased
cure shrinkage effect during post-process steps. Cor-
cione et al. [135] showed that shrinkage and curl dis-
tortion are increased by lower scan speed. Lower scan

speed means that laser polymerises more photopoly-
mer, meaning higher reaction rates.

For ceramic materials, post-process steps are usually
water drying, debinding and sintering to reinforce me-
chanical properties. Zhou et al. [136] outlined the use of
a desiccant instead of natural drying process to reduce
part deformation during that step. Indeed, desiccant al-
lowed a more uniform water removal than natural dry-
ing which leads into water evaporation heterogeneity. In
the same idea, part shrinkage is mainly due to residual
stresses accumulated within the part whilst printing. In
order to reduce these residual stresses in ceramic-based
parts, Johansson et al. [137] showed the advantage of
adding non-reactive components in the ceramic suspen-
sion.

3.7.2 Surface quality

VPP surface quality works refer to part roughness. Some
works compare VPP surface roughness with other AM
processes (see [138]). As explained by Cedorge and Colton
[139], VPP parts are suited for designing and manu-
facturing injection moulds. However, increased rough-
ness has an impact on ejection force required as it in-
creases part friction in contact with the mould. That is
why, part roughness, which is shown to be dependent
on layer thickness, is of major importance for the part
application.

Dikova et al. [129] measured lower roughness values
along the x or y-axis than along the z-axis. Moreover,
they assumed photopolymer suspension optical proper-
ties to be of influence on the resulting surface rough-
ness. Similar works have been conducted by Xing et al.
[132].

Some works performed a design of experiment analysis
(Taguchi methodology) to identify parameters of influ-
ence on the resulting part roughness. Chockalingam et
al. [131] identified layer thickness as the main parame-
ter impacting the resulting roughness. Zhou et al. [130]
found the same result. However, they made distinction
between lateral surface roughness influenced by layer
thickness and top surface roughness influenced not only
by layer thickness but also by overcure depth. Khodaii
and Rahini [140] measured roughness obtained for dif-
ferent surface tilt angles printed with different hatching
spaces. Authors showed the influence of tilt angle and
hatching space on roughness values.

Several authors developed part roughness models. Reeves
and Cobb [98] established an analytical model to pre-
dict roughness values according to the part tilt an-
gle. They could establish a good agreement between
their model and measured values from a specific and
regularly surface-tilted artefact. Mostafa et al. [141]
combined staircase predictive models with curing light
diffraction models. Results showed that this model is
precise to predict surface profile angle, i.e. the angle
between previous layer plane and the edge-deposited
next layer. However, with a roughness estimation er-
ror around 30%, authors outlined the need to improve
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the 3D curing model. Singhal et al. [142] proposed a
roughness predictive model to find the best part orien-
tation within the building volume. Their works iden-
tified the best part orientation by minimising the pre-
dicted resulting surface roughness. Similarly, Kim and
Lee [143] developed a roughness behavioural predictive
model. That model estimates resulting part roughness,
and minimises post-processing time using a genetic al-
gorithm. It finally provides the user with the optimal
advisable layout leading to the lowest post-processing
time.

3.7.3 Microstructure

Chugonov et al. [144] monitored microstructure evo-
lution in ceramic-based parts during different printing
and post-process steps. As described by the authors,
green body pores stem either from a lack of homogeni-
sation of the ceramic suspension or air entrapment.
With lack of homogenisation, binding material is miss-
ing in some area leading to voids after the drying and
debinding steps. When removing extra binding mate-
rial, green body pores grow due to interconnected voids
and coalescing effects. During the sintering steps, pores
are significantly reduced which increases for example
mechanical properties [133]. As described by Johans-
son et al. [137], residual porosity of ceramic-based parts
can be reduced by using non-reactive components in the
ceramic solution that would not evaporate but decom-
posed.

Liu et al. [145] and Guessasma et al. [146] showed the
correlation between porosity and mechanical properties
as high porosity leads to lower part strength. More-
over, they showed that for designed porosity between
10% and 30%, measured porosity reached lower values
than the one expected. This observation is explained as
10% and 30% porosity levels lead to small and closed
pores which may trap bonding material. Higher poros-
ity levels result in open porosity where extra bonding
material can be easily removed from.

3.7.4 Mechanical properties

Tensile strength

Salmoria et al. [147] experienced different post-curing
treatments including ultraviolet, microwaves and con-
ventional heating on polymer green parts. Results showed
that all these treatments increased mechanical proper-
ties. The best improvement is obtained with conven-
tional heating. Authors explained the latter by the uni-
form stress distribution within the part obtained using
conventional heating.

Flexural strength

Additive ceramic-based VPP has been shown to have
close flexural strength in comparison with subtractive
manufacturing [148]. However, although subtractive and
additive parts have close microstructure, porosity is of
huge influence on the resulting mechanical properties.
Indeed, as shown by Liu et al. [145] and Guessasma et

al. [146], increased porosity decreases the resulting part
flexural strength. Moreover, Li et al. [133] investigated
the effect of sintering temperature for ceramic-based
materials on the resulting flexural strength. Based on
their works, flexural strength is increased by the in-
crease of sintering temperature. Indeed, as explained
by the authors, sintering temperature increase allows
the reduction of pore size and then the increase of part
homogeneity.

Cracks

Crack formation occurs by the accumulation of resid-
ual stresses. As described by Johansson et al. [137],
they can be minimised by the use of non-reactive com-
ponents reducing residual stresses. Moreover, Bae and
Halloran [149] investigated the effect of residual un-
cured monomer on end-retract zones on the part crack-
ing behaviour. Indeed, during post-process heating, resid-
ual monomer trapped in the end-retract zones may
be polymerised resulting in polymerisation shrinkage
and cracks. Figure 8 illustrates vertical and horizontal
cracks of sintered ceramic part produced by VP and
investigated by Bae and Halloran [149).

Vertical
crack

Horizontal
crack

Fig. 8: Illustration of VPP sintered part cracks shown
in [149]

3.7.5 Summary

Table 9 summarises the VPP property review, and the
influence parameters outlined in the previous section.

4 Discussion

According to this proposed literature review for gen-
eral AM parts, analysed defect and property families
seem to be identical and not depending on the con-
sidered AM process. Indeed, AM part defects mainly
fall into the fields of geometry and dimensions, mi-
crostructure, surface quality or mechanical properties.
However, a deeper analysis of these studied properties
highlights the declined defects dependency of consid-
ered AM process. For example, microstructure stud-
ies for DED process mainly focus on grain morphol-
ogy whereas BJ main works on microstructure relies
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Geometry and dimensions ‘ Surface quality ‘ Microstructure

Mechanical properties

BJ +++ + ++ +++
DED ++ 0 4+ +++
ME" +++ +++ ++ +++
MJ +++ + + +++
PBF” +++ +++ +++ +++

SL + ++ 0 +++
VPP +++ +++ ++ ++

* For ME and PBF, estimations of amount of work have been performed according to existing literature
reviews (see [85,86,13] for ME, and [10,11,107] for PBF)

Table 2: Summary of amount of works performed for each process category. Amount of work is materialised
on a cross typology designed among this literature review. Each evaluation is calculated among the referenced
papers relative to the considered AM process: () means that property concerns less than 10% of the referenced
papers; + means that property concerns between 10% and 25% of the referenced papers; ++ means that property
concerns between 25% and 50% of the referenced papers; +++ means that property concerns more than 50% of

the referenced papers

on porosity. In other words, AM defects can always be
classified by defect or property family such as geome-
try and dimensions, microstructure, surface quality or
mechanical properties, the latter being commonly de-
fined between AM processes. Nevertheless, declined de-
fects in each of these families for different AM processes
can hardly be compared as these AM processes are too
different, by the physical property differences involved
relative to each AM process.

As revealed in this paper, AM defects and properties
have been unequally studied. AM processes were not
studied in a generic way but in an adapted-to-the-process
way. Table 2 summarises amount of works as reviewed
in this paper for all AM process categories. This ta-
ble provides a quick overview and comparison elements
between amount of works for one AM process in com-
parison with another. Among all seven AM processes,
PBF is the most studied process whereas there have
been fewer works performed for SL or MJ for exam-
ple. For approximately all AM process categories, ge-
ometry and dimensions, and mechanical properties are
the main studied categories. Further works are required
in the less studied AM processes, such as SL or MJ
microstructure to deeply understand defects and prop-
erties of the resulting AM parts and thus provide a
more accurate general part defect classification. By tak-
ing hindsight, this paper deals with the part-process-
material interaction which deep link should be high-
lighted. AM professions have then evolved into a more
communicative requirement and AM design should be
anticipated with an interactive objective. This behaviour
allows to product optimised and consistent high quality
end-use parts in an industrialisation context taking the
inherent raised stakes into account [150]. Future works
are then required on the production decision making
and to develop standard communication roadmaps and
process integrations implemented for complex indus-
trial environment, adapted to AM. This roadmap should
be based on the process inner and outer complexity in

order to increase productibility and by minimising part
rejects.

5 Conclusion

This paper proposes a defect and property classification
for general AM parts. For general AM parts, common
families of defects and properties such as geometry and
dimensions, microstructure, surface quality or mechan-
ical properties can be defined. For each family, defects
and properties are different according to the each AM
process category. Our study gives a better understand-
ing of current research works and proposes a common
reference for further comparisons and discussions. This
classification is an important mainstay for the designer
to rely on and to have a clarified and informed approach
of defects affecting a specific process. This classification
provides an overview of these defects and allows him
to make thoughtful decisions in interaction with the
manufacturer regarding the part design. However, as
general AM parts are concerned, this encapsulates spe-
cific structures such as topology optimised structures
or lattice structures. The latter, for instance, consist of
a 3D repetition of an elementary pattern. Therefore, it
is worth questioning the scale of defects and properties
which may impact the classification. Further works will
focus on a multi-scale study to identify a relevant and
robust classification methodology.
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Properties and defects

Influenced by

Geometry and dimensions

Dimensional inaccuracy

Layer spread (Lores et al. [41]; Cao et al. [42])
Part localisation (Hsu et al. [43])

Printing speed (Miyanaji et al. [44])

Drying power (Miyanaji et al. [45])

Final grain size (Chavez et al. [46])

Geometrical deformation

Drying time (Chen and Zaho [47])
Considered axis (Wang and Zaho [48])
Sintering conditions (Wang and Zaho [48])

Surface quality

Surface roughness

Layer thickness (Chen and Zaho [47])

Binder saturation (Lores et al. [41]; Chen and Zaho
47))

Particle size (Miyanaji et al. [40])

Sintering (Do et al. [50])

Microstructure

Porosity

Part orientation (Asadi-Eydivand et al. [51])

Layer thickness (Asadi-Eydivand et al. [51])

Delay time (Asadi-Eydivand et al. [51])

Particle shape ( Mostafaei et al. [52])

Deusification (Zhu et al. [53])

Sintering temperature (Chavez et al. [46]; Do et al.
[50])

Mechanical

Strength

Particle size ( Miyanaji et al. [40]; Chumnanklang et
al. [54])

Binder saturation (Miyanaji et al. [40]; Hsu et al.
[43]; Chavez et al. [46]; Chumnanklang et al. [54])
Printing speed (Miyanaji et al. [44])

Layer thickness (Doyle et al. [55])

Density (Doyle et al. [55])

Sintering (Chumnanklang et al. [54])

Cracks

First layer shear efforts (Lores et al. [41])
Powder distribution strategy (Lores et al. [41])
Drying power (Lores et al. [41])

Electrical

Sintering temperature (Chavez et al. [46])
Part orientation (Chavez et al. [46])

Table 3: Proposed BJ property and defect classification according to main BJ works
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Properties and defects

Influenced by

Geometry and dimensions

Dimensional inaccuracy

Size and temperature of melt pool (Bi et al. [59])
Low deposition rate (Masaylo et al. [60])
Layer thickness (Atwood et al. [61])

Geometrical deformation

Cooling rate (Bi et al. [59])

Surface quality

Roughness

Morphology

Temperature gradients and solidification rates
(Shamsaei et al. [65]; Saboori et al. [67]; Selcuk [73])
Layer stacking (Saboori et al. [67]; Liu et al. [74])
Discontinuity (Zhang et al. [72])

Microstructure Oxide inclusion Trapped gas (Masaylo et al. [60])
Trapped gas and bubble release (Zhang et al. [75])
Porosity Interlayer porosity (Everton et al. [57]; Masaylo et
al. [60])
Printing orientations (Shamsaei et al. [65]; Saboori
Strength et al. [67])
Cooling rates (Shamsaei et al. [65]; Saboori et al.
1[\647])1hk W . [80])
aterial thickness ang et al. |80
Cracks Cooling rates (Wang et al. [80])
Mechanical Hardness Microstructure (Javidani et al. [26]; Zhang et al. [72])

Residual stresses

Laser direction (Rangaswamy et al. [81])

Position in the sample (centre/edge) (Shamsaei et al.
[65]; Rangaswamy et al. [81])

Distance-to-substrate (Shamsaei et al. [65])
Thermal gradients (Shamsaei et al. [65])

Scan strategy (Rangaswamy et al. [81])

Fatigue life

Grain size (Razavi et al. [66])

Table 4: Proposed DED property and defect classification according to main DED works

Properties and defects

|

Influenced by

Geometry and dimensions

Dimensional inaccuracy

Start/stop errors (Agarwala et al. [85])
Chordal errors (Agarwala et al. [85])
Support structure removal (Agarwala et al. [85])

Geometrical deformations

Deformed edges (Papazatis and Vosniakos [86])
Base bulging (Papazatis and Vosniakos [86])
Thermal gradient (Wickramasinghe et al. [13])

Surface quality

Roughness

Staircase effect (Agarwala et al. [85]; Wickramas-
inghe et al. [13])

Top/bottom surfaces (Agarwala et al. [85])
Start/stop errors (Agarwala et al. [85])

Support structure removal (Agarwala et al. [85])

Microstructure

Voids

Sharp turns (Agarwala et al. [85])
Path strategy (Agarwala et al. [85])
Fibre insertion strategy (Wickramasinghe et al. [13])

Mechanical

Strength

Weak interface (Agarwala et al. [85]; Papazetis and
Vosniakos [86]; Wickramasinghe et al. [13])
Filament diameter variation (Agarwala et al. [85])-
Flow tweak (Papazetis and Vosniakos [86])
Underflow and filament slippage (Agarwala et al.
[85])

Cracks

Weak interface (Agarwala et al. [85])

Table 5: Classification of reviewed ME defects
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Properties and defects

Influenced by

Geometry and dimensions

Dimensional inaccuracy

Shape of droplets (Vaezi et al. [89])
Droplet ejection,deposition and solidification (Tour-
loukis et al. [90])

Geometrical deformation

Part thickness and orientation (Koshkhoo et al. [93])
Residual stresses (Koshkhoo et al. [93])

Part tilt angle (Keshagias and Maropoulos [96],
Udroiu et al. [101])

Surface quality Roughness Surface finish (Cazon et al. [94], Kumar and Sara-
vana Kumar [97], Udroiu et al. [101])
Microstructure Voids (Moore and Williams [103])
Part orientation (Cazoén et al. [94]; Bass et al. [104];
Strength Vu et al. [105]) | - o
Quality and surface finish (Pugalendhi et al. [95])
Mechanical Fatigue Surface finish (Moore and Williams [103])
Multimaterial gradient type and length (Kaweesa
and Meisel [106])
Ageing Time (Bass et al. [104])

Table 6: Proposed MJ property and defect classification according to main MJ works

Table 7:

Properties and defects

Influenced by

Form

Staircase
Machine errors

Geometry and dimensions
Size

Tap density

Shrinkage

Spot diameter
Microstructural waviness
Building direction

Gas flow rate

Surface roughness

Scan strategy /laser specifications
Powder deposition

Pits on the surface

Fractures, cracks and holes
Quality of substrate

Staircase effects

Surface orientation

Surface quality

Balling

Energy density
Used gas

Cooling rate
Powder effect
Plateau’s coefficient
Poor wetting

Surface deformat

Warping

ion 2 .
Layer distortion

Surface oxidation -

Anisotropy

Scan direction
Layer orientation

Heterogeneity

Powder conditioning
Scan strategy

Energy density
Temperature
Solidification condition

Microstructure

Porosity

Laser specification
Laser mode(pulsed...)
Scan strategy

Balling

Powder morphology
Drying treatment
Layer thickness

Melt pool size

Poor wetting

Powder packing density
Overlapping ratio
Entrapped gas

Layer orientation
Densification

Gas flow conditions

Mechanical -

Fracture/cracks/holes
Inter-layer bonding
Porosity

Low strength
Stiffness

Residual stresses

LPBF defect classification proposed by Malekipour and El-Mounayri [10]
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Properties and defects

Influenced by

Heater rolling speed (Kechagias [113])

Part position towards lamination direction (Pilipovié

Geometry and dimensions | Dimensional inaccuracy | et al. [110])

Sonotrode bonding effect (for metal sheets-Zhang et

al. [108])

Part position towards lamination direction (Pilipovié

et al. [110])

Heated roller temperature (Kechagias [111])

Tilt angle and layer thickness (Chryssolouris et al.

[114]; Paul and Voorakarnam [115]; Ahn et al. [116])

Penetration depth (Ahn et al. [116])

Microstructure - -

Layer thickness (Chryssolouris et al. [117])

Bonding strength and compression time (Zhang and

Wang [118])

Tensile Strength Part position towards lamination direction (Pilipovié

Mechanical et al. [110])

Laminated part direction (Zhang et al. [108])

Heat treatment (Gussev et al. [119])

Flexural strength Part orientation in x-y plane (Olivier et al. [120])
Fatigue Composite lamination (Kiimmel et al. [121])

Surface quality Roughness

Table 8: Proposed SL property and defect classification according to main SL works
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Properties and defects

‘ Influenced by

Geometry and dimensions

Dimensional inaccuracy

Considered axis (Dikova et al. [129]; Zhou et
al. [130]))

Blade gap (Zhou et al. [130])

Layer thickness (Zhou et al. [130]; Chock-
alingam et al. [131])

Hatching space (Chockalingam et al. [131])
Overcure depth (Chockalingam et al. [131])

Geometrical deformation

Laser speed (i.e. conversion rate) (Corcione et
al. [135])

Part dimension (Xing et al. [132])

Part length (Li et al. [133]

Hatching space (Salmoria et al. [134])
Evaporation heterogeneity (Zhou et al. [136])

Surface quality

Roughness

Layer thickness (Zhou et al. [130]; Cedorge et
al. [139])

Overcure depth (Zhou et al. [130])
Considered axis (Dikova et al. [129]; Xing et
al. [132])

Suspension optical properties (Dikova et al.
1129])

Hatching space (Khodaii and Rahini [140])
Surface tilt angle (Khodaii and Rahini [140];
Reeves and Cobb [98])

Microstructure

Porosity

Ceramic solution composition (Johansson et
al. [137])

Post-processing steps (Chugonov et al. [144])
Level of porosity and trapped bonding mate-
rial (Liu et al. [145]; Guessasma et al. [146])

Mechanical

Tensile strength

Post-process treatment (Salmoria et al. [147])

Flexural strength

Porosity (Liu et al. [145]; Guessasma et al.
[146])
Sintering temperature (Li et al. [133])

Cracks

Ceramic solution composition (Johansson et
al. [137])

Residual uncured monomer (Bae and Halloran
[149])

Table 9: Proposed VPP property and defect classification according to main VPP works
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