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In situ characterization for additive manufacturing: applications of
synchrotron-based ultrafast X-ray imaging and diffraction techniques
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Abstract: Synchrotron radiation technology serves as a “super microscope” for unveiling multi-scale
physical metallurgy behaviors during additive manufacturing (AM) , providing groundbreaking research
tools to decode the “black box” challenges inherent in AM processes. This paper review systematically
summarizes recent advances in synchrotron radiation applications for AM: in imaging, ultrafast X-ray
imaging with high spatiotemporal resolution enables in sizu observation of melt pool dynamics, defect
formation mechanisms, and solidification behavior, revealing key phenomena such as keyhole fluctuation-
induced porosity and Marangoni force-driven defect suppression; in diffraction, ultrafast X-ray diffraction
quantitatively resolves phase transformation kinetics and residual stress evolution during rapid solidification.
Furthermore, this work explores emerging trends in integrating synchrotron technology with deep learning
and multiphysics simulations, while envisioning its potential for AM process optimization, intelligent defect
detection, and novel material development. It is pointed out that such technology establishes a theoretical

foundation and technical pathway for transitioning AM from empirical trial-and-error to mechanism-driven
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methodologies.
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Fig.1 Application of synchrotron radiation in situ characterization

techniques in additive manufacturing research
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Fig.2 Synchrotron-based in situ characterization platforms for additive manufacturing

(a)laser powder bed fusion (LPBF) system at SLS"%); (b)electron beam melting (EBM) system at DESY!";

(c)direct energy deposition (DED) system at BSRF*
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Table 1  In situ synchrotron characterization techniques and their applications in additive manufacturing

Synchrotron radiation technique Detection mode

Process insights in additive manufacturing

Ultrafast X-ray imaging Absorption contrast imaging
Phase contrast imaging
Ultrafast X-ray diffraction Transmission mode

Reflection mode

Micron-scale crack propagation, pore evolution, efc.
Solid-liquid interface morphology of molten pool, subsurface pore migration, etc.
Dynamic recrystallization, metastable phase transformation, etc.

Residual stress, texture evolution, etc.
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Table 2 Application of synchrotron in sizu imaging characterization in process analysis of additive manufacturing

Scientific issue Research object ADynaAmical process characterized by synchrotron Light Material system Ref.
imaging source
Molten pool Molten pool morphology ~ Dynamic evolution of melt pool geometry with DLS Ti6242,CP-Ti,SS316L. [ 24-25]
dynamics and varying energy input. Transient morphology
morphology fluctuation and its correlation with melt pool APS AlSil0Mg, Ti6Al4V [26-27]
evolution instability and keyhole oscillation
Molten pool ~ Marangoni  Surface-tension-gradient-driven recirculation APS AlSil0Mg, Al-6061 [28]
flow effect structures and validation of the thermo-{luid DLS Tnvar 36 [29]
coupling model ESRE  Ti6Al4V [30]
Powder Effects of powder composition, size distribution, DLS Steel, TiI6AI4V, [31-33]
feedstock and morphology on melt pool wettability and Inconel 718
spreading dynamics APS Al6061 [34]
External Influence of ultrasonic or magnetic fields on melt ~ DLS High ¥’ nickel-based [35]
energy field flow and solidification interface behavior superalloys
APS AlSi10Mg [36]
Spattering behavior ~ Spatter generation Powder ejection trajectories induced by metal APS AlSilOMg, Ti6Al4V, [37-38]
and control mechanism vapor jet and shielding gas interaction Inconel 718, 3161
ESRF  8A61 [39]
Spatter suppression Influence of process parameters and atmosphere DLS SS316L,13-93 bioglass [40]
strategy on spatter mitigation 316L [41]
APS Ti6Al4V [42]
SSRL Ti6Al4V [43]
Defect formation Keyhole morphology Quantitative relationship between keyhole depth APS TAT7,pure Al, [44-47]
and mitigation fluctuation and pore entrapment frequency Ti6Al4V
DLS Inconel 625 [48]
316L [23]
Pore formation and Tracking the origin of pores (entrapped gas ESRF  Cantor alloy [49]
evolution pores, dissolved gas precipitation) APS AlSil0Mg, Ti6Al4V [50]
DLS Invar 36 [51]
Crack initiation and Micro-crack initiation and propagation induced by ~ DLS Invar 36 [29]
propagation thermal stress concentration APS NiMoAl alloy [52]
DESY  AA6061 [53]
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Fig.3  In-situ imaging characterization of additive manufacturing melt flow by synchrotron radiation

(a)molten pool flow in conduction mode; (b)molten pool flow in spoon mode *; (¢)flow trajectory in molten pool of low sulfur steel™*!;

(d)flow trajectory in molten pool of high sulfur steel”®!; (e)separation of the molten pool "’
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Fig.4 Synchrotron in situ imaging characterization of influence of process parameters and external energy fields on
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(a)effect of laser power and scanning speed on keyhole morphology

J; (b)schematic of pore formation and elimination mechanisms

in the melt pool™’; (¢), (d)melting characteristics of raw and oxidized powder™®"/; (e)pore movement and

porosity-induced cracks"™**; (f)crack evolution process
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Table 3 Application of synchrotron in situ diffraction characterization in process analysis of additive manufacturing

Dynamical

process

characterized by Light

Scientific issue Research object ) ) Material system Ref.
synchrotron diffraction source
Phase transformation and Phase transformation Correlation between phase transformation DESY v-TiAl, X40CrMoV5-1 [56-57]
microstructure control kinetics kinetics and process parameters
Quantitative analysis of cooling rate effects on APS Ti-6A1-4V [44]
phase sequence
Microstructure In-situ tracking of dissolution and precipitation SSRF 3161.,H13,P20,18Ni300 [58]
evolution kinetics of metastable phases (e.g., austenite SI.SR.APS Martensitic tool steel [59]
in hypoeutectoid steels ) ESRF Ti-185 [60]
Study of thermal cycling effects on grain size Apg 3161, TiC [61]
evolution SBRAS  Ti-6AI-4V [62]
SSRL Ti-6Al-4V [63]
BSRF TiAl, Ti,AINb [64]
Crystal solidification ~ Preferred-growth behavior of crystals during BSRF DD5 [65]
behavior solidification
Stress evolution and Formation and Quantification of thermal-stress accumulation ~ PETRA [l  Inconel 625 [66]
deformation control evolution of internal  and relaxation during layer-by-layer
stress deposition SLS Ti-6A1-4V [67]
Establishment of scanning strategy-stress SSRL Ti-6A1-4V [68]
distribution relationships SPring-8  Hastelloy X [69]
Internal stress High-spatial-resolution mapping of three- DESY Inconel 718 [70]
characterization and  dimensional stress fields in complex DLS Ti-6A1-4V [33]
measurement components
Crystal  texture  and Crystal orientation Texture formation process dominated by SSRL Ti-6Al-4V [64]
anisotropy evolution epitaxial growth mechanisms SL.SR.APS Martensitic tool steel [51]
DESY Inconel 625 [66]
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Fig.7  Synchrotron in situ diffraction characterization of phase transformation behavior during additive manufacturing
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(a)dynamic phase transformation process of TiAl/Ti,AINb dual alloy transition zone in additive manufacturing'*';

(b)real-time lattice rotation behavior during epitaxial growth process of DD5 single crysta
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Fig.8 Synchrotron radiation in sizu diffraction characterization of internal stress and texture evolution during additive manufacturing

(a)changes in diffraction intensity, lattice distortion, and thermodynamic field during additive manufacturing of Ti6A14V %9/,

(b)Inconel 625 texture evolution during additive manufacturing
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