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Abstract

Additive manufacturing (AM) is a rapid prototyping technology based on the idea of discrete accumulation which offers
an advantage of economically fabricating a component with complex geometries in a rapid design-to-manufacture cycle.
However, various internal defects, such as balling, cracks, residual stress and porosity, are inevitably occurred during AM
due to the complexity of laser/electron beam-powder interaction, rapid melting and solidification process, and microstructure
evolution. The existence of porosity defects can potentially deteriorate the mechanical properties of selective laser melting
(SLM) components, such as material stiffness, hardness, tensile strength, and fatigue resistance performance. Synchrotron
X-ray imaging and diffraction are important non-destructive means to elaborately characterize the internal defect charac-
teristics and mechanical properties of AM parts. This paper presents a review on the application of synchrotron X-ray in
identifying and verifying the quality and requirement of AM parts. Defects, microstructures and mechanical properties of
printed components characterized by synchrotron X-ray imaging and diffraction are summarized in this review. Subsequently,
this paper also elaborates on the online characterization of the evolution of the microstructure during AM using synchrotron
X-ray imaging, and introduces the method for measuring AM stress by X-ray diffraction (XRD). Finally, the future applica-
tion of synchrotron X-ray characterization in the AM is prospected.

Keywords Additive manufacturing - Synchrotron X-ray imaging - X-ray diffraction - Defect formation - Mechanical
properties - Residual stress

1 Introduction

Additive manufacturing (AM), commonly known as 3D
printing, was one of the main rapid prototyping technolo-
gies developed in the 1990s [1]. It usually uses metal pow-
der as the raw material, pre-spreads the powder material
on the substrate area through the pre-layering process of
the computer-aided design (CAD) model, and then uses the
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high-energy beam to melt the metal powder layer by layer,
and finally form the artifacts [2, 3]. Additive manufacturing
technology can not only meet the processing requirements
of special parts in the manufacturing process, but also can
quickly produce samples, molds or models of new products
without the restriction of the geometric shape of parts, and
improve production efficiency. Therefore, the emergence
of AM has provided new impetus for the development of
manufacturing technology in many fields such as aerospace,
foundry industry, architecture, and medical equipment.
However, producing defect-free components by AM is
still challenging due to the lack of a fully understanding
of the underlying physical and metallurgical process of
AM. The process is usually affected by many factors, such
as laser energy input and scan speed, scan strategy, pow-
der material, powder size and morphology. The aforemen-
tioned factors might lead to form the defects of porosities,
incomplete fusion holes, cracks, and impurities, etc. These
defects are detrimental to a fabricated part in terms of its
mechanical and physical properties, which in turn limits the
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application of AM [4, 5]. The precise characterization of
the inner defects in fabricated parts is highly expected. In
addition, the structure of the AM parts is usually complex,
which leads to a large detection blind area in the traditional
inspection process. For AM parts, traditional destructive
detection can no longer meet the requirements. Advanced
non-destructive inspection methods are highly desirable,
especially for parts with complex structure and high preci-
sion. However, the nonuniformity of microstructure and the
anisotropy of defects in parts brings challenges to qualitative
and quantitative inspection.

Non-destructive detection includes traditional ultrasonic
detection [6], X-ray detection, eddy current detection [7]
and so on. Among them, X-ray detection has advantages
for the detection of complex samples via radiography (two
dimensional—2D) or tomography (three dimensional—3D)
as shown in Fig. 1. Two-dimensional imaging includes direct
radiography, which shows the structure and defects of the
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Fig. 1 Schematic of the XCT process
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parts on the display screen by making use of the difference
in X-ray absorption of materials with different thicknesses
or densities. While 3D tomography is also known as X-ray
computed tomography (XCT), which could obtain a 3D
volume or surface rendering by reconstructing a whole set
of 2D projections to series of slices containing the micro/
macro-structure information of the components [8]. It can
intuitively and accurately characterize the structure of
objects and has a wide range of applications in pore char-
acterization, size measurement and reverse modeling [9].
Since AM is essentially a non-equilibrium thermody-
namic process, parts are inevitable during the process of
rapid heating and cooling, there will be problems such as
non-uniform microstructure, metallurgy defect, residual
stress as well as cracks. The high residual stress gradient
will also result in deformation or microcracks, impacting the
performance of the printed components [10, 11]. Measuring
residual stress is still a challenge, and there is no method to
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measure its value directly at present. The residual stress in
the component is mainly evaluated via indirect methods, that
is, through the change of physical properties caused by lat-
tice distortion to know the residual stress. However, because
the residual stress state of AM parts is complex, it is nec-
essary to use non-destructive testing technology, including
X-ray diffraction (XRD), synchrotron radiation [12], neutron
diffraction [13], ultrasonic [14] and so on. Among these,
XRD is considered to be the most effective and extensive
method to measure residual stress because of its advantages
such as quantitative measurement, accuracy and low cost. In
addition, XRD also plays an important role in the identifica-
tion of crystalline materials, preferred orientations, particle
size and structure randomness of AM parts [15, 16].

This paper provides an overview of the application of
synchrotron X-ray imaging and diffraction in AM, which has
been divided into four sections. The first section briefly pre-
sents the use of XCT to characterize metal powder, micro-
structure, dimensional metrology, defects and mechanical
properties of AM parts. Section 2 draws together research in
the area of in situ analysis of microstructure evolution during
the AM process. The measurement of residual stress on AM
parts by XRD is explained in the third section. Finally, the
current challenges and future applications will be addressed
in the final section of the paper.

2 Application of XCT in Additive
Manufacturing

2.1 Characterization of Metal Powder

Among the process of AM, the properties of the raw metal
powders affect the ultimate performance of the part to
a certain extent. Therefore, the characters of raw powder
materials are studied, so as to optimize AM technology and
improve the quality of AM parts. At present, the study of
metal powder is mainly focused on the preparation process
of powder, the particle size of the microstructure and impu-
rity content, the morphology and phase of the powder, etc.
However, the common characterization methods such as
scanning electron microscope (SEM), transmission elec-
tron microscope (TEM) and differential scanning calorim-
etry (DSC) can only characterize the micro-morphology and
microstructure of a certain cross section of the powder, but
cannot analyze the overall properties of the powder in an all-
round way. Therefore, using synchrotron or laboratory X-ray
tomography can better characterize the 3D microstructure
of the powder, thereby promoting the subsequent formation
process.

Zhao et al. [17] characterized the surface and internal
pores of gas atomized Ti6Al4V alloy powder by synchrotron
X-ray imaging. The results showed that with the decrease

in the particle size of the powder, the surface of the powder
changed gradually from sags and crested to smooth surface,
and the internal pores of the powder gradually decreased. In
addition, the porosity and pore size of the powder enlarge
with the increase in the particle size of the powder, as shown
in Fig. 2. It also shows that the 3D morphology of the pow-
der is helpful to accurately represent the location and size of
the defects, and can calculate the volume, surface area and
other information.

Further, Zhou et al. [18] characterized the powder mor-
phology by XCT and SEM. The results showed that com-
pared with the 2D slice, the XCT results more closely
matched measurements made of SEM images of powder
particles. In recent years, scholars have focused on the
effect of hollow powder in the AM process. Wang et al. [19]
reconstructed the 3D morphology of the cavity in AlSi10Mg
particles by XCT. They found that the cavity in the particles
significantly affected the heat conduction of the material,
thus reducing the sintering density (Fig. 3).

The aforementioned results show that XCT technology
has displayed the ability to comprehensively characterizing
the 3D morphology of raw powder materials, which lays a
foundation for further studies of the influence of powder
characteristics in the AM process.

2.2 Microstructure
In addition to qualitative and quantitative characters of

raw powder materials, the 3D microstructure of AM parts
can also be characterized using XCT. AM parts often have
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Fig. 2. Three-dimensional reconstructed topography of powders with
different particle sizes: a 200 pm; b 210 pm; ¢ 95 pm; d 40 pm [17]
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Fig.3 a Cavities in AlSi10Mg particles; b 2D slices; ¢ 3D reconstruction

complicated microstructures. Based on the characteristics of
computed tomography (CT) imaging, the reconstructed 3D
image includes all the internal features of AM parts, which
enables the internal structure and defects of the parts to be
clearly characterized.

In an analysis of the pure titanium implants in electron
beam additive manufacturing (EBAM), Ahn et al. [20]
found that the commercial purity (CP) titanium implant is
composed of an inner frame and an inner hole, on which
about 80 pm titanium powder was attached, and the inner
pore size increased rapidly with the increase in poros-
ity. Figure 4 shows CP-Ti implants with different porosi-
ties. Wen et al. [21] used XCT to characterize the Ti—Al
alloy lattice structure printed by SLM. The XCT method
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structure of cavities in particles; d distribution of the cavity size [19]

realized the visualization of AM complex lattice structure
and provided strong technical support and the basis for the
reliability analysis of lattice structures. Recently, Carneiro
et al. [22] proposed a new technology of combining AM
with investment casting, and XCT was used to characterize
the macro-scale structure and defects in the lattice sam-
ples. This method is of great significance to reform the
structure of the metal lattice.

The above conclusions show that CT is a powerful
method to characterize the morphology and internal struc-
ture of AM parts. In the future, the combination of CT and
electron backscattered scattering detection (EBSD) data will
provide more possibilities in order to better improve the per-
formance of AM parts.
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Fig.4 CP-Ti implants with different porosity (P): a photographs, P=23%; b micro-CT images, P=41%; ¢ SEM, P=61%; d optical micro-
graphs, P=76% [20]

2.3 Dimensional Metrology cannot be measured by the traditional size measurement
technology, and thus CT has played an important role in
Due to the complexity of AM parts, their internal features
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the inspection of parts as well as process verification and
dimensional measurement since 2011 [23].

2.3.1 CAD Model Validation

In order to verify the geometric consistency of the parts, the
CT voxel model of AM parts is usually compared with the
original CAD file to evaluate the dimensional deviation from
the original design. Kruth et al. [24] studied the application
of XCT in dimensional quality control, including the basic
principles of CT metrology and measurement uncertainty.
The deviation from the nominal geometry was calculated by
comparing it with the actual shape. They further outlined
the principles of XCT metrology, highlighting various data
acquisition strategies as well as problems associated with
scatter, beam hardening and edge detection. In addition,
the authors also mentioned the lack of reference objects for
the purpose of XCT verification and calibration, which sig-
nificantly restricting the applicability of XCT metrology in
AM or related areas. Carmignato et al. [25, 26] summarized
the methods of accuracy evaluation of XCT dimensional
measurements and discussed performance verification and
traceability establishment methods, noting the importance
of XCT for size measurement of AM parts.

In addition, since reproducibility and repeatability are
the main limitations and challenges for AM parts in current
status, some scholars have used artifacts to control the per-
formance of a machine or a process. Kruth [27] was the first
to mention a test artifact for comparing AM systems in 1991.
Moylan et al. [28] built upon their results, proposed a new
version of the NIST test artifact for AM machine evaluation
on the basis of summarizing the characteristics of the previ-
ous test artifact, and combined with coordinate measuring
machine (CMM) and XCT to detect its internal defects [29].
Finally, this new test artifact was successfully manufactured
by SLM and electron beam melting (EBM), which indicates
that it will become a new standard to test the capability of
AM systems. Figure 5 shows the picture of the test artifact
made by SLM. Mohring et al. [30] used XCT to measure the
size of an artifact, and then compared the original CAD data
to draw the manufacturing error (Fig. 6). Combined with
simulation, machine analysis and appropriate measurement,
the author made a comprehensive evaluation of the ability
of the artifact. This lays a foundation for the further appli-
cations of the artifact in production engineering research.

2.3.2 Reverse Engineering

The CT method is also widely used in reverse engineer-
ing to scan the parts and obtained the CAD model for AM
process. Reverse engineering of CT started in the field of
biology and then slowly expanded into AM. Cooper et al.
[31] used CT scanning for the hollow engine valves made
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Fig.5 A test artifact made by AM [28]

by AM, and evaluated the internal geometry and mate-
rial integrity. The authors found that the part’s geometry
was well with the CAD model, and had not found signifi-
cant defects. This is enough to illustrate that XCT is an
important tool for validating CAD models. Bauer et al.
[32] studied metrological researches on the reverse engi-
neering and repetitive workflow of turbine blades. They
made a test component by SLM and performed a CT scan-
ning. The surface deviations and standard deviations of
the actual and scanned parts were calculated, and the print
parameters were optimized. Figure 7 shows CAD variance
analysis of facial implant built by laser-based powder bed
fusion (LPBF). Blue areas are smaller than the design,
red are larger [9]. Here, reverse engineering quantitatively
provides the inaccuracy of manufacturing methods and
data acquisition, which helps reduce the cost of replacing
new parts.

Enlarging the application of CT metrology in AM parts
measurement is the direction to be explored in the future.
In order to improve the accuracy of CT measurement, the
uncertainty of measurement must be within microns. In
addition, a continuation of work regarding XCT system
calibration and verification to increase technology adop-
tion, as well as the production of new research regarding
XCT measurement of surface texture is also vital to pro-
mote the development of dimension measurement in CT.
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Fig.7 CAD variance analysis of facial implant built by LPBF [9]

2.4 Characterization of Porosity Defects

In the SLM forming process, the metal parts will experience
a complex and non- equilibrium thermodynamic behavior
under the action of the laser, and the formability of the parts
will be affected by numerous factors. These factors have
a significant effect on the microstructure formation and
mechanical properties of AM parts. The improper param-
eters during printing will inevitably lead to the formation of
defects such as pores, unfused holes, cracks and so on [33].
The occurrence of defects not only reduces the density of the
parts but also deteriorates their comprehensive properties,
which significantly restricts the development of AM [34,
35]. Therefore, it is of great importance to elaborately char-
acterize the defects in the AM parts and gain a full under-
standing of the defects, so as to eliminate or minimize them
during AM. Considering the nature of random sampling and
arelatively small number of pores, the XCT can provide 3D
information about the precise shape and location of the pores
in the material. It is more accurate when comparing with the
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Fig.8 Examples of XCT datasets. a Ti6Al4V sample with a voxel
size of 9.9 um; b the edge and the center of the same sample with a
voxel size of 2.1 pm [39]

traditional metallographic method [36]. The application of
XCT for the non-destructive measurement of density and
porosity, as well as the study of pore morphology and dis-
tribution, is now a well-established practice that applies par-
ticularly well to the defect characterization of AM parts [37].
Van Bael et al. [38] designed and manufactured porous
Ti6Al4V structural samples using SLM, and the empirical
correlation functions of pore volume, porosity, specific sur-
face area and designed pore diameter were obtained by CT
characterization technology, which lays the foundation for
porous structure parts manufactured by SLM. Tammas-Wil-
liams et al. [39] studied the size, volume fraction and spatial
distribution of pores in Ti6Al4V samples in detail through
XCT, as shown in Fig. 8. They also revealed that pores were
not randomly distributed, and the majority of the pores were
found to be small spherical gas pores, concentrated in the
infill hatching region. They also found that the level of gas
porosity could be reduced by increasing the energy density
or focus of the electron beam in a certain range [40, 41].
Lacking fusion of planned induced defects in Ti6Al4V
parts with different 3D geometric shapes was investigated
via non-destructive XCT by du Plessis et al. [42]. As shown
in Fig. 9, CT results showed that some melting occurred in
the induced defect layer perpendicular to the construction
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Fig.9 CT view of porosity varying with the direction of construction. a , b : two directions and ¢ one cropped view to emphasize the direction-

ality of the porosity trails [42]

direction up to 180 pm in height. This indicated that the
fusion existed through the fusion layer above the cavity,
which minimized the formation of defects in the plane of
the build platform. While in the case of vertical cavities
parallel to the build direction, much larger defects were
observed. In 2019, Neikter et al. [43] used XCT to correlate
the defects in Ti6Al4V manufactured by EBM with stress
concentration. They found the Ti6Al4V sample had a total
of 0.078 vol% defects. The results showed that a major-
ity of the defects were found closer to the surface, which
from previous research had been correlated with the pro-
cess parameter “contouring,” which both the samples were
built with. Moreover, from the finite element analysis, the
defects showed information on high-stress concentrations,
which consequently would lead to crack initiation sites and
premature failure. In the same year, Gong et al. [44] utilized
XCT to detect defects in Ti6Al4V specimens fabricated via
SLM and EBM. The results showed that it was difficult to
identify the contour features of SLM defects due to small
sizes, but the EBM stochastic defects were large enough to
be visualized. In addition, the author also found that the
porosity of EBM specimens can be estimated using single
slices through image processing, while single slices of SLM
specimens only showed a rough texture and could not be
used for porosity analysis. An empirical method to approxi-
mately estimate the porosity by carefully selecting the neu-
tralization gray threshold was proposed.

Recently, Chioibasu et al. [45] found two kinds of pores
in Ti6Al4V through XCT: one is spherical pores caused by
local evaporation, and the other is polyhedral pores caused
by the lack of overlap between straight lines in the AM
process. XCT successfully provided information about the
arrangement, location, and size of pores for every varied
parameter. Their study confirms that the XCT is an invalu-
able tool for non-destructive characterization of the printed
component for defects evaluation. Likewise, using XCT, Liu
et al. [46] elaborately analyzed the spatial and morphologi-
cal characteristics of pore defects in SLM Ti6Al4V speci-
mens under different processing parameters. They provided
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an insight into the influence of process conditions on for-
mation pores or un-melted powder particles during print-
ing. The exhaustive study helps to gain a higher degree of
understanding about the mechanism at the base of defects
formation. They also discussed in detail, the geometric fea-
ture and orientation of the pore relative to the parts and their
impacts on tensile properties (Fig. 10).

In addition, aluminum alloy is also one of the common
materials widely used in AM. Cai et al. [47] used XCT to
measure and characterize the porosity of A1Si10Mg samples
prepared by SLM in 2015. The features of porosity based
on the XCT image slices illustrated that increasing the laser
power in the SLM process would reduce the material poros-
ity level. Porosity-free specimen was obtained at sufficiently
high enough laser power at 350 W. The result shows that
with the application of the non-destructive XCT method,
porosity in the SLM specimens can be measured and char-
acterized by shape and size, to enhance the understanding
of the process parameters on material porosity, thereby pro-
viding quality control of SLM AlSi10Mg parts. Similarly,
through the study of AISil0Mg pores and unfused voids by
XCT, as shown in Fig. 11, Maskery et al. [48] presented a
quantitative analysis of the spatial, size and shape distri-
butions of the pores. They found that the largest pore was
strongly anisotropic and flat disk-shaped in the XY plane
normal to the building direction.

The XCT method was also applied to study the poros-
ity defect in other metallic materials such as 316L stainless
steel (SS) and CoCrMo alloy fabricated by SLM. Zidtkowski
et al. [49] characterized discontinuity and porosity detec-
tion, including the size, shape and orientation of pores in
SS316L produced with SLM technology by XCT. Analysis
conducted on three produced test samples showed that the
application of XCT as a method of quality control of speci-
mens offered a wide range of possibilities to detect porosity
within materials. And based on the data obtained by the
XCT measurement analysis, it is possible to determine the
course of the cracks and diagnose places that may be the
point of crack initiation.
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Fig. 10 XCT reconstruction shows the density distribution of Ti6Al4V alloy samples under different laser power [46]

Following this, Zhou et al. [50, 51] used synchrotron  of defects in CoCrMo alloy: one is single-layer defects
X-ray imaging to reconstruct the 3D morphology of SLM  with long and shallow shape, and the other is multilayer
defects in the CoCrMo alloy. They illustrated two kinds  defects with small length and width, as shown in Fig. 12.
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Fig. 11 Pores (dark regions) observed along three principal axes and
in 3D projection [48]

(a)

Top surface

Front

Fig. 12 CT characterization of 3D. a, b single-layer defect and ¢, d
multiple layers defect morphologies in different directions [50]

The accidental single-layer defects supposed to form as
gaps between adjacent laser melt tracks or melt track dis-
continuousness were attributed to inherent fluid instability
under various disturbances. The multilayer defects usu-
ally spanned for 2-3 subsequent powder layers on the first

@ Springer

formed single-layer defects. They suggested that the reduc-
tion in defect concentration could be achieved by stabilizing
the melt pool flow or by reducing the surface roughness by
adjusting the processing parameters. Further, Wang et al.
[52] studied the internal defects of Mo in wire arc addi-
tive manufacturing (WAAM) through state-of-the-art high-
resolution CT. As shown in Fig. 13, three main types of
defects were revealed: small spherical pores (SSP), inverted
pear-shaped pores (IPP) and cavities. By quantitatively and
statistically analyze the amount and morphology of the
internal defect, the formation mechanisms of different types
of defects were proposed and correlated to the fabrication
parameters. Specifically, they found IPPs were formed by the
collapse of SSPs, which was related to the remelting process.
Moreover, the sphericity of the pore was size-dependent.
The smaller the pore size, the higher the sphericity. These
observations are helpful to explain the defect formation
mechanism of Mo manufactured by WAAM.

It is mentioned above that most scholars have studied
the influence of process parameters on defects, in which
the characteristics and distribution of defects have different
effects on the performance of AM parts. In recent years,
some scholars have classified the features of defects and
explored the relationship between defects characteristics
and the performance of AM parts. Sanaei et al. [53] evalu-
ated the correlation between defect features (size, sphericity/
circularity, aspect ratio) based on both discussed 2D and
3D defect characterization detection methods. As shown
in Fig. 14, they used sphericity and aspect ratio to repre-
sent diameter, the projected area of the defects on various
planes, defect volume, and defect morphology, providing
better visualization of various defect characteristics. Simi-
larly, Liu et al. [46] also characterized four kinds of typical
defects of Ti6Al4V in SLM process by CT, and counted
pore orientation and spatial distribution under three kinds
of energy density. The relationships between fatigue perfor-
mance and defects features were also discussed. The results
showed that the aspect ratio and sphericity of the defects
generally decreased as the diameter of the defects increased,
making larger defects more critical for fatigue performance.
Based on the fast tomography algorithm of convolution neu-
ral network (CNN), Zhu et al. [54] divided the 105 holes
characterized by XCT of binder jetting copper samples into
four morphological groups with different characteristics, and
established a comprehensive defect library. In addition, the
author used unsupervised learning to effectively divide the
detected pores into four morphological groups with obvi-
ous characteristics [as depicted in Fig. 15(a)], and quantified
the evolution of pore morphology [Fig. 15(b)]. This study
is helpful to further develop deep learning algorithms to
better represent the topological structure of defects and the
potential interaction of adjacent pores in the printed samples
inspected by XCT.
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Fig. 13 a Peak 1 sample fabricated with 1,=200 A and I, =60 A; b an original scan tomogram of the red area in a ; ¢ the reconstructed image
of the blue area in b ; for better visualization, d the image of ¢ without the SSPs; e the image of the yellow area in d [52]

(@1
-~ (-]
200 pm AR=1
Sphericity = 0.81
AR =0.9 ?
08 Sphericity = 0.4
AR=08
Sphericity = 0.6
=
=< 0.6]
2 ") <
] < 3 AR=0.5
§ AR=0.62 7o & Sphericity = 0.7
@ Sphericity = 0.26 -
o AR=Q.3 AR=05
< 0.4 Sphericity=04  gopericity = 0.6
0.2]
S =S
AR=0.2
Sphericity = 0.4
‘Sphericity = 0.1
0 0.2 0.4 0.6 0.8
Sphericity

(b) 1

Aspect Ratio (AR)

g——a ®
200 pm AR=1
Circularity =1
AR =0.8
0.8 Circularity = 0.6
) AR=0.7
L ' Circularity = 0.6
AR=0.7 AR=0.7 P
0.6 Circularity = 0.2 Circularity = 0.5
AR=0.6
AR=0.6 Circularity = 0.8
Circularity = 0.4
0.4
AR= o‘st . ARSI
0.2| Circularity = 0.2 Clroularity 04
,/An =01
Circularity = 0.3
0 0.2 0.4 0.6 0.8 1
Circularity

Fig. 14 a Aspect ratio (AR) and sphericity visualization of defects gathered from micro-CT results using software for Ti6Al4V AM250 and
M290 annealed specimens; b aspect ratio (AR) and circularity visualization of defects observed during optical microscopy [53]
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Fig. 15 a Four identified pore groups; b pore number fraction for the four pore groups [54]

Though XCT is widely used to qualitatively and quan-
titatively characterize the 3D features of porosity defect in
the parts fabricated by AM, it is worth noting that defect
analysis is strongly dependent on the threshold value, which
directly determines the size, shape as well as morphology of
the defects. The automatic determination is not influenced by
a human factor; however, in the cases when the volumetric
data are measured with insufficient voxel resolution, it gives
inaccurate results [55]. It is worth to note that it is difficult
for XCT to distinguish the source of small spherical pores
inside the build, they may come from the keyhole or the
powder. In future work, we should make full use of advanced
means such as machine learning and numerical simulation to
identify the different characteristics of defects from various
angles, and explore the formation mechanism of defects in
depth, which is of great significance to enhance the compact-
ness of parts and reduce the formation of defects.

2.5 Mechanical Properties

Compared with the casting parts, the mechanical proper-
ties of AM parts are mainly affected by the internal micro-
structure, complex growth direction and defects of the parts.
AM parts have high tensile strength, low ductility and strong
anisotropy related to the building direction [56, 57]. XCT
can also be applied to characterize the tensile fracture and
internal pores of reinforced parts, in order to gain a better
understanding of the correlation between the defect features
and properties of printed components.

In a study investigating Ti6Al4V manufactured by SLM
in 2016, Krakhmalev et al. [58] found that the average poros-
ity was less than 0.0022% (density >99.9%) by means of
XCT. It is demonstrated that pore coalescence was the main
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crack formation mechanism in the final fracture with typical
cup-and-cone fracture morphology, suggesting that XCT is a
powerful method to investigate the impact of defects on the
mechanical properties. Carlton et al. [59] performed in situ
tensile tests on AM SS316L using synchrotron X-ray imag-
ing to tract the damage evolution within the materials. The
3D pore volume, distribution, and morphology in SS at the
micrometer length-scale were measured, while tensile load-
ing was applied, as shown in Fig. 16. Although the samples
with high porosity were improved by annealing, they still
showed poor mechanical properties. They also found that
porosity distribution played a more important role in affect-
ing the fracture mechanisms than measured bulk density.
Zekavat et al. [60] studied the effect of preparation tem-
perature on the mechanical properties of fused deposition
modeling (FDM) polylactic acid (PLA) filament parts by
XCT, and they found that the fracture strain of the sam-
ple prepared at lower temperature was larger, but its tensile
strength was relatively low. However, the samples prepared
in the higher temperature range had higher tensile strength
because of the better bonding between extruded fibers. The
results showed that different mechanical responses were
highly related to the internal geometry of the specimens and
not necessarily the porosity. It proves that CT shows great
potential as a non-destructive tool for the development of the
FDM method. Similarly, Stef et al. [61] proposed a detec-
tion method based on 2D fracture and 3D XCT analysis for
printed Ti6Al4V. They related the 3D spatial distribution,
morphology and orientation of voids to the scanning strategy
mode. Their results showed that pores were mainly local-
ized on the overlay zones and supported the lack of energy
induced by the lower energy at the periphery of the laser spot
as the main formation mechanism of porosity. They unveiled
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Fig. 16 Results from a high porosity SS316L specimen. a 3D rendering of the segmented void distribution for high-porosity AM SS sample
before mechanical testing (left) and just before catastrophic failure (right); b tomographic images at different load and displacements during ten-

sile loading [59]

that the tensile properties and crack path were affected by
the 3D distribution of voids and the crack paths followed
the alignment directions of voids, as shown in Fig. 17 where
the crack paths are parallel to the building directions. This
further confirmed the research of Krakhmalev et al. [58].
For AM parts in the fields of aviation, aerospace, power
and energy, many parts are subjected to varying degrees
of alternating stress in the course of service, which leads
to fatigue failure. It is confirmed that the porosity defects
show an important impact on the fatigue performance dur-
ing the service of AM parts. Siddique et al. [62] used CT
to evaluate the effect of stress concentration caused by
porosity on the fatigue dispersion in AlSil2 samples. They
found that pores were the potential sites of crack initiation,

while samples without porosity only had a surface crack
initiation. The effect of pores was supposed to be more
pronounced in initiating crack when found in the vicinity
of the surface. Based on this, a recommendation by setting
the regional remelting of the contours up to 200 pm in
the SLM process was proposed for fatigue critical com-
ponents. They also developed a model describing stress
concentration factors (k,) as a function of pore character-
istics (pore diameter and distance from surface) based on
the results from CT scans. In the study of Sandgren et al.
[63], the fatigue crack growth (FCG) behavior of Ti6Al4V
fabricated by laser engineered net shaping (LENS) was
observed in situ based on high-energy synchrotron X-ray
imaging. As shown in Fig. 18, the crack in Ti6Al4V
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«Fig. 17 a XCT view of the broken tensile sample along the x-axis; b
dual-view of the broken tensile sample with the fracture surface at the
top part and the 3D void distribution at the bottom part. ¢, d: Two dif-
ferent views of two slices of the fracture surface and the projection of
voids on the (XY) plane [61]

martensite mainly grew in-plane, along the tensile axis,
emphasizing the importance of local 3D observation and
characterization of FCG. The results further confirm that
the use of synchrotron X-ray imaging enables a more phys-
ically realistic understanding and characterization of the
FCG behavior in LENS fabricated Ti6Al4V.

Larrosa et al. [64] analyzed the effect of AM build ori-
entation on porosity and the associated mechanical behav-
ior of SLM manufactured AISi10Mg samples by means
of correlative XCT and other traditional characterization
methods (optical microscopy, electron backscatter dif-
fraction, SEM and TEM). They found that the fatigue life
was mainly dominated by the existence of pancake-like
defects perpendicular to the loading direction, and build
samples transverse to the highest fatigue loads might help
to enhance the fatigue properties. This research sheds
light on the role of defects on the experimental fatigue
behavior in the SLM parts to some extent. Based on a self-
developed in situ fatigue testing rig fully compatible with
the BL13W1 at Shanghai Synchrotron Radiation Facility
(SSRF), Wu et al. [65] adopted the Feret diameter and
extreme values statistics to characterize the defect size,
morphology, population, location and their influence on
fatigue life (Fig. 19). The results showed that the fatigue
cracks mostly originate on the surface or near the surface
of the sample, showing a typical semi-elliptical crack,
and the unfused defects had a relatively greater influence
on the fatigue life. Compared with the study of Ti6Al4V
fatigue behavior by Sandgren et al. [63], they explored the
types and growth characteristics of cracks in a more com-
prehensive way. In addition, the defects less than 50 pm
and sphericity of 0.4 ~0.65 were proved to be dominant
for the fatigue behavior of SLM Ti6Al4V. It is also found
that the larger the characteristic size of the defect, the
lower the fatigue life. The above conclusions drawn from
in situ fatigue test on synchrotron X-ray imaging beamline
can provide a theoretical basis and support to predict the
fatigue performance of SLM Ti6Al4V.

In a word, the combination of XCT and in situ loading
provides comprehensive features (volume, size, distribu-
tion, morphology, topology et al.) of porosity defects and
their impacts on the mechanical properties of AM parts, as
well as the underlying influence mechanism. Those inves-
tigations enable us to gain a better understanding of the
relationship among the processing parameters, porosity
defects and mechanical properties.

3 Online Characterization of AM
by Synchrotron X-Ray Imaging

As we all know, the traditional characterization of AM parts
is usually performed by postmortem methods. However, this
non-in situ detection method will prevent us from studying
the microstructure change and defect formation mechanism
in the sample during AM. In recent years, synchrotron X-ray
in situ characterization technology has been proved to be one
of the most effective methods for tracking the defect forma-
tion or crack evolution during AM [66]. The third-generation
synchrotron radiation source with strong penetration, high
space—time resolution and high flux can image parts quickly
(millisecond to microsecond). It has natural advantages for
studying the evolution of molten pool size and shape, defect
formation mechanism and non-equilibrium solidification
behavior [67].

AM parts are produced by repeating process via a layer-
by-layer manner. When the laser irradiates on the powder,
it will inevitably interact with the powder particles, molten
pool and metal vapor. This process involves multiple ways
of heat transfer, and the hydrodynamic behavior inside the
molten pool. Some scholars had better observed the dynamic
behavior of the molten pool through synchrotron X-ray
imaging, and explored the consolidation mechanism of the
powder. Leung et al. [68] used high-speed synchrotron X-ray
imaging to reveal the physical phenomena in the process of
melt trajectory deposition of the first- and second-layer melt
tracks during SLM. They found that there were two main
formation mechanisms of the molten pool: one is that the
newly formed molten pool promoted the growth of molten
pool by wetting with molten beads because the laser beam
heated the molten pool while reducing its surface tension;
the other is that the laser-induced gas or steam jet pulled
the powder particles into the melt trajectory and caused the
melt trajectory to grow (Fig. 20). The former was the main
mechanism. In addition, the time-resolved quantification of
pore and spatter motion also provided key information about
its velocity and direction, which was the unique advantage
of ultrafast synchrotron X-ray imaging. This is an important
step in revealing the causes of pore formation and explor-
ing the interaction between laser and matter. Later, Chen
et al. [69] further captured the morphological evolution of
each melt track in the five-layer melt trajectory by ultrafast
synchrotron X-ray imaging, with the metal vapor jet ejecting
droplets and powder spatter vertically from the denudation
zone, and small holes were formed in the deposition layer.
The phenomenon of keyhole correlation in multilayer struc-
ture was similar in all layers. The author’s results clarify the
mechanism of weld pool growth, which establish the basis
for the combination of follow-up and modeling to improve
the quality of LPBF parts.
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Fig. 18 Snapshots from 3D microtomography reconstructions: a—g crack propagation corresponding to the seven tomography scans; h crack

elevation at various locations [63]

According to the difference of laser energy density, three
modes of molten pool formation were summarized by Gong
et al. [70-72], one is the unfused mode formed when the
energy density was low, the second is the conduction mode
when the energy density was moderate, and the third is the
keyhole mode when the energy density exceeded a certain
critical value. In the actual production process, the key-
hole mode was more efficient in transferring laser energy
to the powder layer, but if the process parameters were not
controlled correctly, the quality of the forming parts would
decline due to too many pores, thus reducing its mechanical
properties. Therefore, it is particularly important to effec-
tively control the generation and formation mechanism of
pores in the keyhole mode.

Zhao et al. [73] was the first to monitor the LPBF pro-
cess of Ti6Al4V in situ based on high-speed synchrotron
X-ray imaging, as shown in Fig. 21. They not only demon-
strated many scientifically and technologically significant
phenomena, including melt pool dynamics, powder ejec-
tion, rapid solidification, and phase transformation, but
also revealed the whole process of keyhole formation in
Ti6Al4V. The results showed that the closing time of the
keyhole was less than 50 ps. The reason for the formation
of the keyhole was described in detail: the absorption of
laser energy led to the strong evaporation of the surround-
ing metal, and the recoil pressure gradient was produced
by the rapid movement of metal vapor, which made the
melt spray. When the laser was turned off, the local nega-
tive pressure environment caused the liquid metal to flow
to the center of the melting pool. Due to the large depth
of the cavity, the liquid metal at the top maintained high
horizontal mobility, while the horizontal movement at the
bottom was too slow, resulting in the formation of key-
hole. On the basis of previous research, Cunningham et al.
[74] also determined the threshold from conduction mode

@ Springer

to keyhole mode in 2019, and finally deduced four trans-
formation steps of the keyhole: vaporization, depression
of the liquid surface, instability, and then deep keyhole
formation. Then they observed the keyhole and found that
the boundary of the porosity region was sharp and smooth,
and the critical keyhole instability generated sound waves
in the molten pool, providing an additional and important
driving force for the pores near the tip of the keyhole to
be far away from it and became a defect [75]. In addition,
the relationship between keyhole depth, front wall angle
and laser power density was also discussed.

Later, Guo et al. [76] also pointed out that under constant
line energy density (IDE), the melting zone could change
from non-molten pool zone to conductive zone, transi-
tion zone and keyhole zone in turn. The three dimensions
of the molten pool had increased. Importantly, the author
found that at a constant IDE level, when the laser power and
laser scanning speed increased at the same time, the energy
absorption tended to increase, which was an important fac-
tor leading to the change of the molten pool. In the same
vein, Martin et al. [77, 78] observed the vapor inhibition and
surface instability of A16061 and Ti6Al4V during LPBF by
high-speed transmission X-ray imaging, and described the
reflection of laser in the vapor depression and the effect of
ablation material on the instability, as well as the mecha-
nism of pore formation by surface drive and keyhole drive.
This paved the way for their later multi-physical simulation
research. For the elimination of the keyhole, the authors
thought that changing the laser power at the threshold of
keyhole formation could reduce the formation of keyhole.
After that they designed a power distribution strategy and
successfully eliminated the keyhole when the molten pool
orbit was formed. Hojjatzadeh et al. [79] also found that
the high thermal capillary force produced by the high-tem-
perature gradient in the laser interaction area could quickly
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(a)

(b)

Fig. 19. Three-dimensional reconstruction results of the crack and the fracture morphology of in situ fatigue specimen. a 3D XCT of fracture
schematic; b 3D rendering of defects and crack propagation after 1850 cycle; ¢ the fatigue fracture morphology of the specimen at the maximum
stress of 1175 MPa; d the result of 3D drawing is projected along the direction of principal stress, with yellow representing the crack, blue repre-

senting the defect, and red representing the crack surface defect [65]

eliminate the pores in the molten pool during the LPBF pro-
cess, so as to realize the AM of metal without pores.

In addition to the keyholes formed at the bottom of
the molten pool due to recoil pressure, the pores in other
locations cannot be ignored. Bobel et al. [80] directly
observed the fusion process of AISI 4140 laser powder bed
by ultrafast synchrotron X-ray imaging technology. They

considered that the porosity in the accumulation layer
mainly came from the trapped gas in the original powder,
which was independent of the setting of process param-
eters (Fig. 22). Through the study of the directional energy
deposition process of powder, Wolff et al. [§1] found that
the flow velocity and distribution of a single particle led
to different mechanisms of powder melting, molten pool
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incorporation and solidification, as well as different pore
formation and movement.

During laser-based machining and manufacturing pro-
cesses, the spatter phenomenon will inevitably occur. This
kind of spatter means that the molten material is ejected
from the melt pool and deposited in the area near the molten
pool, which not only affects the surface roughness of AM
parts, but also reduces their quality. Some scholars had made
a lot of efforts to reduce the spatter phenomenon of powder
beds. Khairallah et al. [82] tried to explain the cause of the
spatter. They believed that the surface tension opposite to the
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compression effect of the recoil force caused the depression
and material spatter. In order to better explain the mech-
anism of spatter formation, Leung et al. [83] studied the
laser-matter interaction of SS316L and 13-93 bioactive
glass in the AM process based on ultrafast synchrotron X-ray
imaging in 2018. They found that droplet spatter was often
formed due to the flow driven by Marangoni in the AM pro-
cess, which increased the transmission of pores, which fur-
ther confirms the results revealed by Khairallah et al. [82]. In
addition, they also claimed that low viscosity melts such as
SS316L were more likely to splash and infiltrate through the
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Fig.21 Dynamic X-ray images of laser powder bed fusion processes of Ti6Al4V. The laser powers are 520 W. The laser beam size is ~220 um
(1/e2). The powder particle size is in the range of 545 pm, and the powder layer thickness is~ 100 pm. The numbers indicate the time nodes.
The laser is turned ON at t=0, and continues to heat the sample till #=1000 us. The raw data were taken with a frame rate of 50 kHz. The expo-
sure time for each individual image is 350 ns. All the scale bars are 200 um [73]

Fig.22 X-ray images of the melt pool, keyhole and porosity in a 4140
baseplate. a Fill; b high-energy (HE); ¢ keyhole [80]

molten pool to form molten trajectories. On the other hand,
the melt with high viscosity would impede the formation of
spatter by inhibiting the drive of Marangoni.

Different from the spatter reasons found by the above
authors, Guo et al. [84] found that the powder spatter
around the laser beam was driven by steam jets. If the
particles in the area behind the laser beam were entrapped
by the argon flow, the particles in front of the laser beam
would also be affected by the argon flow (Fig. 23). Simi-
larly, Matthews et al. [85] used high-speed imaging to

study the denudation of metal powders observed near the
laser scan path. They found that the depletion of metal
powder particles observed in the zone close to the solidi-
fied track was due to a competition between outward metal
vapor flux far from the laser spot and the entrainment of
powder particles in a shear flow of gas driven by a metal
vapor jet at the melt track. This is an important step to
predict and minimize the void defects in AM metal com-
ponents. Anwar et al. [86] observed the transient dynamics
of powder spatter during LPBF by in situ high-speed and
high-energy X-ray imaging, and quantified the velocity,
acceleration and driving force of powder motion induced
by metal vapor injection and argon flow. They found that
spatter particles were predominantly observed along the
scan direction, with minor orthogonal distributions. As
the speed of the gas increased, the transport of heavier,
bigger splashes increased, resulting in a more even distri-
bution downstream of the gas flow. This lays a good foun-
dation for them to use the discrete phase model (DPM) to
study the motion trajectory of spatter particles [87]. Later,
Zhao et al. [88] used MHz single-pulse synchrotron X-ray
imaging to study the sputtering behavior of Ti6Al4V with
micrometer spatial resolution and subnanosecond tempo-
ral resolution. Finally, their research revealed a new laser
sputtering mechanism: the bulk explosion of a tongue-like
protuberance on the front keyhole wall led to ligamenta-
tion of molten metal at the keyhole rims and subsequent
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Fig. 23 Dynamic X-ray images showing powder motion at different moments and under different environmental pressures [84]

sputtering. Their study opens a door for the manufacture
of spatter and defect-free metal parts via precise control
of keyhole dynamics.

Other scholars had also made contributions to the study
of other aspects of molten pool formation. Escano et al.
[89] reported the powder diffusion kinetics on the parti-
cle scale in the powder-bed-based additive manufactur-
ing process and quantified the evolution process of slope
velocity, slope roughness and agglomeration dynamics of
the powder front. The effect of particle size on powder
flow dynamics was revealed. This result is very impor-
tant for in-depth understanding of the powder diffusion
behavior of powder bed in the AM process. Parab et al.
[90] quantified the vapor suppression and the fast oscilla-
tion of high-speed rotating powder particles for the first
time by using the fastest X-ray imaging speed of 6.5 MHz.
This is helpful to verify the numerical model, determine
the processing conditions, and study the preparation of
functionally graded and multi-material products. Calta
et al. [91] directly detected the variation of liquid—vapor
interface morphology with ambient pressure and oxygen
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partial pressure during laser melting of SS316L, Ti6Al4V,
Al6061 and Ni400 under the condition of LPBF by in situ
X-ray imaging technique. The change in surface tension
of the liquid metal related to temperature and composition
was found to affect the formation and ultimate morphol-
ogy of defects in parts of the LPBF. Recently, Chen et al.
[92] correlated the manufacturing quality and processing
parameters, including powder feeding speed, laser power
and transverse velocity, when studying directional energy
deposition additives for the manufacture of SS316L, and
determined the process conditions needed to suppress the
surface disturbance that led to roughness.

With the joint application of crystal imaging and 3D finite
element simulation technology based on high-energy syn-
chrotron X-ray source, as well as the development of high-
throughput material preparation technology based on AM
technology, full-cycle in situ observation and quantitative
characterization of AM materials become possible. Synchro-
tron X-ray imaging will play an important role in the optimi-
zation of process parameters and defect tolerance evaluation,
which promotes our deeper understanding of AM.
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4 Residual Stress Measurement of AM Parts
by X-Ray Diffraction

4.1 Sources and Types of Residual Stresses

In the process of SLM forming, a series of complex non-
equilibrium physical and chemical metallurgical processes
occur under the irradiation of heat flux of Gaussian laser
energy distribution, resulting in a complex thermal phase
transition field. Mercelis et al. [93] proposed the critical
temperature gradient mechanism (TGM) and cooling stage
model in 2006, which explained the source of residual stress
in parts macroscopically [94]. In the TGM model, after the
laser was turned on, the heated metal particles melt rapidly,
and the solidification phase tended to expand. As shown in
Fig. 24, with the movement of the laser beam, the previous
region began to cool and contract, resulting in residual ten-
sile stress in this area. As the parts were manufactured layer
by layer, the compressive stress was constantly balanced
with the tensile stress [95].

The residual stress can be divided into three types: grain
scale, micron scale and nanometer scale. It is difficult to cal-
culate residual stress on the nanoscale by modern measuring
methods. Most of the detected residual stresses are on the
grain scale, and its macroscopic characteristics will affect
the physical properties of the parts.

4.2 Measurement of Residual Stress in AM by X-Ray
Diffraction

The measurement of residual stress has been paid more
and more attention by researchers. XRD has been widely

Heating Cooling

(b)

Fig. 24 Residual stress formation model: a heating-phase; b cooling
phase. [95]

recognized as an effective method for residual stress meas-
urement. Simson et al. [96] studied the residual stress of
AISI 3161 AM parts by XRD in 2017 and examined residual
stress at different depths and at two outer surfaces. They
found that the residual stress along the scan direction were
higher than that in the vertical direction at the top surface
of the part. On the contrary, at the lateral surface, the maxi-
mum principal stress was perpendicular to the scan direction
and paralleled to the building direction. This coincided with
the two mechanisms of residual stress generation, namely
the TGM and the cool-down phase. In addition, the results
also indicated that the dependence of the stress values on
the structural density, adherence of non-fused and partly
fused powder particles. Later, Marola et al. [97] studied
Al stress level both on the surface and in the interior of
LPBF AlSi10Mg samples by XRD. It can be concluded
that the stress level perpendicular to the building direction
was higher, which was due to the lower amount of Al grain
boundaries along the building direction. This result is dif-
ferent from the stress maximum position in the Simson’s
study [96]. Besides, it was also found that the value of stress
decreased slightly when increasing the sectioning depth.
Their work provides a clear distinction among the stresses
occurring in LPBF samples of AISi10Mg, which has made
a certain contribution to the follow-up study of stress.

The residual stress of AM parts is affected by many dif-
ferent process parameters, such as scanning strategy, scan-
ning speed, holding time and so on. The residual strain on
Ti6Al4V under different processing parameters was meas-
ured by Promoppatum et al. [98] using XRD technique.
They found that when the scanning length of cubic speci-
men was 5 and 1 mm, respectively, and the residual stress
decreased from 185 to 90 MPa. It proved that the surface
temperature could be increased, and the temperature gradi-
ent at the solidification front could be reduced by using a
shorter scanning vector, thus minimizing the residual stress.
This could potentially reduce the need for post-processing as
well as decrease a chance of part’s failure during production.
In addition, Levkulich et al. [99] carried out XRD on the
surface of Ti6Al4V samples manufactured by LPBF. They
observed that LPBF process parameters (scan speed, laser
power, build height, build plan area, and substrate condition)
had a great influence on the development of residual stress
and deformation in the matrix (Fig. 25). The residual stress
on the top surface of LPBF samples could be decreased
by increasing laser power, reducing scanning speed and
decreasing build plan area. Furthermore, their results pro-
vide a valuable foundation for future modeling and simula-
tion of the evolution of residual stress and distortion.

A large number of analyses have proved that the change
of temperature with time has a very important influence on
the residual stress. Synchrotron X-ray diffraction (SXRD) is
a detection method that can monitor the hot working state
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of parts in real time. In recent years, it is not uncommon
to use SXRD to explore the residual stress caused by ther-
mal change in the process of AM. Oliveira et al. [100] used
SXRD to determine the local transformation temperatures
along the thermally affected regions in a laser processed
NiTi thin sheet, as shown in Fig. 26. It was observed that
the temperature gradient of phase transition was related to
local chemical composition changes caused by Ni depletion
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and residual stresses. The new results provide a more fun-
damental understanding of the microstructural observed in
AM parts and its relation to the phase transformation charac-
teristics. Schmeiser et al. [101] studied the strain and stress
formation during the manufacturing of multilayer thin walls
made from SLM IN625. They found that the correlation
between temperature and yield strength led to the maximum
stress at 300 pm from the top layer of IN625 sample. The
study demonstrates the potential of high-energy SXRD for
in situ SLM research.

At present, the research on the residual stress of AM parts
is in a stage of rapid development, and the stress field is
affected not only by microstructure but also by macroscopic
parameters. The above results prove that XRD can better
measure the residual stress in the process of AM. In the
future, a variety of measurement methods can be used to
fully understand the state of residual stress in AM parts,
combined with quantitative theoretical models to improve
the stress distribution and the quality of parts efficiently.

5 Summary and Future Outlook

In this paper, the studies on the application of synchrotron
X-ray imaging and diffraction in AM artifacts are summa-
rized. Since both scientific and technological problems affect
the quality and cost of AM products, including defects in
typical materials (such as Ti6Al4V and AlSi10Mg), surface
roughness, residual stress and so on [102, 103]. By using
synchrotron X-ray characterization methods, not only the
parts with complex geometry can be analyzed with high pre-
cision, but also the main defect information can be detected
by rapid scanning or imaging. A better understanding of the
formation mechanism of defects and the impact of defects
on mechanical performance were achieved, enabling the
quality improvement and better post-processing technolo-
gies development.

Although the synchrotron X-ray has been widely used
in detecting the microstructure, defect formation as well
as their evolution processes, opening the door for gaining
insight into the AM, further development is still necessary to
broaden the application of X-ray in AM process. The devel-
opment directions in the future are as follows. The online
monitoring is still challenge, and the important factors that
affect the quality of parts, such as temperature field, veloc-
ity field, cooling rate, solidification parameters et al., must
be combined with real-time model to reduce defects and
improve quality. In addition, online inspection of the real
laser printing process with multilayer structure combining
ultrafast synchrotron X-ray imaging, high-speed light pho-
tography and infrared thermometer is expected in order to
reveal the microstructure, fluid convection and temperature
field during AM. Also, it is of great significance to verify



Application of Synchrotron X-Ray Imaging and Diffraction in Additive Manufacturing: A Review 47

and amend the computational numerical model of AM by
synchrotron X-ray imaging or diffraction result so as to
accurately simulate the non-equilibrium phenomenon in the
molten pool during AM process.
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