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ABSTRACT

Over the past two decades, laser beam melting has emerged as the leading metal additive manufacturing process
to produce small and medium-sized structures. Due to the complex physical phenomena involved in the laser-
material interaction, instabilities in the melt pool morphology affect the final quality of the structure and remain
difficult to predict by simulation. Several monitoring approaches, based on the radiation of the melt process or
on a secondary illumination source, have been developed to measure its length, width and height. Nevertheless,
the final morphology of the part is influenced by the volumetric forces as well as by the capillary forces applied
to the melt. Thus, the shape of the melt surface is of primary interest to control the stability of the melt. Due
to its intrinsic heterogeneity, its motion on the powder bed and its own dynamics, the measurement of the melt
pool surface shape requires a full-field ”one-shot” acquisition with a short exposure time of a few microseconds.
In this paper, we propose multi-wavelength digital holography for the in-situ investigation of the melt pool.
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1. INTRODUCTION

Through the last two decades Laser Beam Melting (LBM) emerged as the major metal additive manufacturing
process to produce small to medium size structures. Metal additive manufacturing processes, mainly used
in the aerospace, energy, automotive and medical sectors, are divided into two main families: powder bed
processes (LBM/SLM, EBM and Metal Binder Jetting) and concentrated energy deposition processes (WAAM,
EBAM and CLAD/LENS). The proximity of the LBM process to laser joining processes such as welding will
allow readers in the field to find certain similar defects such as pores. Everton et al.1 listed defects that may
occur during the process: pores (gas), balling , inflated powder, and cracks. Sames et al.2 identify the same
defects and delve deeper, compared to Everton et al, in the relationships between process inputs and defects.
Grasso and Colosimo3 proposed to classify defects into 6 categories: porosity, balling , geometric defects, surface
defects, residual stresses/cracks/debonding, and microstructure inhomogeneity. Due to the complex physical
phenomena involved in the laser-matter interaction, melt pool morphology instabilities affect the final quality
of the structure and remain challenging to foresee by simulation. Several monitoring approaches, based on the
melt pool process radiation or with a secondary illumination source, have been developed to measure its length,
width and height.4–15 Nonetheless, the final track morphology is influenced by volumetric forces as well as
capillary forces applied to the melt pool. So, the melt pool surface shape is of primary interest in order to
monitor the melt pool stability. Because of its intrinsic heterogeneity, its movement over the powder bed and its
own dynamic, the melt pool surface shape measurement requires a single-shot full-field acquisition with a short
exposure time of few micro-seconds. Among optical approaches for surface shape measurements, two-wavelength
digital holography has demonstrated to be a relevant tool for desensitized testing. Examples are found with steep
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optical surfaces (aspheric mirrors and lenses),16 large deformation of structures17 or also surface shape profiling.18

Such an approach can also be used for surface roughness measurements when the roughness is large compared to
the wavelength.19 A wide range of applications of multi-wavelength holography was also demonstrated, such as
endoscopic imaging,20,21 calibration of mechanical structures,22 erosion measurements,23 or also in-line industrial
inspection.24 When dealing with off-axis digital holography and spatial multiplexing of two-wavelength digital
holograms, the method becomes real-time, in the sense that the surface shape can be measured at each instant
at which the holograms are recorded. In this paper, we propose multi-wavelength digital holography for in-situ
investigation of the melt pool. It has the advantage of being contact-less, non-intrusive, and yields full-field
surface shape data without any requirement for scanning.

2. BASIC FUNDAMENTALS OF TWO-WAVELENGTH DIGITAL HOLOGRAPHY

Two-wavelength digital holography has many advantages over single wavelength holography. With a unique
wavelength, the measured surface height of any non polished object is ambiguous if larger than the wavelength.
Since the object surface also includes roughness, then the surface shape cannot be reconstructed because the
phase extracted from the digital holograms results from a speckle pattern. The ambiguity and randomness of this
phase can be mitigated with the use of another/several wavelengths leading to what is known as the synthetic
wavelength. It follows that the unambiguous range becomes increased from microns to millimeter or larger.
Considering two wavelengths λ1 and λ2, the synthetic wavelength is given by Λ = λ1λ2/|λ1− λ2|.25 The surface
height of the object, h(x, y), is calculated with the following equation (here is considered that illumination and
observation of the surface are at normal incidence):

h(x, y) =
Λ

4π
[ϕ2(x, y)− ϕ1(x, y)], (1)

with ϕ1, ϕ2 the optical phases extracted from the two holograms at the two wavelengths.

3. SET-UP FOR OPTICAL DIAGNOSTIC OF THE MELTING POOL

The proposed method is based on off-axis digital holography and spatial multiplexing of two-wavelength digital
holograms. The optical arrangement to measure ϕ1 and ϕ2 is depicted in Fig. 1(a). It permits to the method to
be ”real-time” in the sense that the surface shape of the area under inspection can be measured for each recorded
hologram.26 With a high-speed camera and appropriate laser sources, the exposure time can be reduced to a few
microseconds and real-time control can be achieved. The device is equipped with two linearly polarized lasers
(20 mW He-Ne laser at 632.8 nm and 50 mW CRL-DL635-050-SO-Optical-Isolator diode laser at 635.1 nm).
Thus, the synthetic wavelength is equal to 174.73 µm. Each laser beam is expanded through beam expanders
(BE1, BE2), before separation with polarizing beam splitters (PBS1, PBS2) in order to generate the reference
beams and the probe beams. Along the reference paths,27 the light impacts the sensor with a slight tilt angle
to provide off-axis recording of the holograms. The two reference beams are combined onto a single reference
beam using splitter cube C2. Along the probe path, both illumination wavelengths impact the surface at normal
incidence. The beams are shaped with BE3 and focusing lens L1 to produce a spot between 0.5 mm and 1 mm
in diameter.

The digital holographic system is coupled to a laser fabrication machine (LBM) depicted in Fig. 1(b). The
fusion laser is a continuous monomode laser with power adjustable from 50 W to 500 W (SPI laser SM-S00472-8)
emitting at 1064 nm and equipped at the end of the fiber with a QBH connector associated with a collimator.
The beam expanded BE4 and focusing lens L2 makes it possible to obtain, after reflection on the dichroic plate
D2 (cut-off wavelength 980 nm), in the fusion zone, a spot of variable diameter (minimum diameter of 70 µm). In
practice, the diameter varies between 100 µm and 200 µm. It should be noted that the estimation of the diameter
carried out after shooting on an anodized plate was not very accurate. This laser is equipped with a 632.8 nm
coaxial laser source for alignment which allows checking the position of the fusion laser and more particularly
to check the superposition with the control beams on the powder bed (not shown in Fig. 1). Note that dichroic
plate D1 cuts the thermal radiation from the fusion area by only passing wavelengths around 630-640 nm. This
permits to avoid saturation of the sensor with the near infrared light back propagated from the surface to the
imaging system.



Figure 1. (a) Two-wavelength holographic set-up for LBM monitoring, (b) laser fabrication machine (BE: beam expanders,
PBS: polarizing beam splitters, M: mirrors, C: beam splitter cubes, D1: dichroic plates, W: protection window, L: lenses).

From the surface plane to the sensor plane, the light reflected from the surface propagates through a quarter
wave plate in order to rotate the polarization for transmission into PBS3. Then, an imaging system in f1 − f2
telecentric configuration is used so as to produce an image focused at the sensor plane (image-plane digital
holography28). A circular pupil is inserted in the imaging system in order to control the spatial bandwidth of
the digital holograms. In addition, the pupil sets the spatial resolution in the image plane. At the sensor plane,
a Photron Fastcam MC2 is used to record sequences of digital two-wavelength holograms.

Figure 2(a) depicts the basic scheme of image-plane digital holography for the LBM surface measurements.
Figure 2(b) illustrates the spectral distribution in the Fourier domain of the digital hologram in spatially multi-
plexed off-axis two-wavelength holography. The useful +1 order has a spectral spatial bandwidth with diameter
2Ru ≈ 50 mm−1, and the extraction of the order is performed by the binary spectral filter having the same
bandwidth. It follows that the spatial resolution in the image plane is ≈ 20 µm and almost ≈ 6.6 µm at the
melt pool plane (optical magnification ≈ × 3).

4. EXPERIMENTAL RESULTS

In this section, some preliminary experimental results for in-situ diagnostics of the melt are provided. Figure 3
shows double aluminum beads on an aluminum substrate. Figure 4 shows the topography of the melt on a 316L
metal foil with a feed rate of 100 mm/s.



Figure 2. (a) Imaging of the melt pool through the off-axis digital holographic system, (b) Spectral distribution in the
Fourier domain of the off-axis digital holograms.

Figure 3. Topography of double aluminum beads on an aluminum substrate.

5. CONCLUSION

This paper proposes two-wavelength digital holography for real-time, in-situ an full-field measurement of the
melt pool in metal additive manufacturing process. The holographic system is coupled to the LBM machine
and high speed camera permits to record spatially multiplexed two-color holograms at both the temporal and
spatial scales of the running process. The surface topography at the melt pool plane depends on the synthetic
wavelength generated by the two wavelengths. Experimental results are provided: double aluminum beads on an
aluminum substrate and topography of the melt on a 316L metal foil with a feed rate of 100 mm/s. To the best
of our knowledge, these are the first results of in-situ full-field melt pool and track surface shape measurements
in LBM process.
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Figure 4. Topography of the melt on a 316L metal foil with a feed rate of 100 mm/s.

REFERENCES

[1] Everton, S. K., Hirsch, M., Stravroulakis, P., Leach, R. K., and Clare, A. T., “Review of in-situ process
monitoring and in-situ metrology for metal additive manufacturing,” Materials & Design 95, 431–445 (2016).

[2] Sames, W. J., List, F. A., Pannala, S., Dehoff, R. R., and Babu, S. S., “The metallurgy and processing
science of metal additive manufacturing,” International Materials Reviews 61(5), 315–360 (2016).

[3] Grasso, M. and Colosimo, B. M., “Process defects and in situ monitoring methods in metal powder bed
fusion: a review,” Measurement Science and Technology 28(4), 044005 (2017).

[4] Doubenskaia, M., “Comprehensive Optical Monitoring of Selective Laser Melting,” Journal of Laser Mi-
cro/Nanoengineering 7(3), 236–243 (2012).

[5] van Gestel, C., Study of physical phenomena of selective laser melting towards increased productivity, PhD
thesis (2015).

[6] Calta, N. P., Guss, G., Wu, S. S., Ly, S., Deane, D., Crumb, M. F., and Matthews, M., “High speed
hyperspectral thermal imaging of the melt pool dynamics during metal additive manufacturing,” in [CLEO:
Applications and Technology ], ATh4B–2 (2017).

[7] Craeghs, T., Clijsters, S., Yasa, E., Bechmann, F., Berumen, S., and Kruth, J.-P., “Determination of
geometrical factors in Layerwise Laser Melting using optical process monitoring,” Optics and Lasers in
Engineering 49(12), 1440–1446 (2011).

[8] Thombansen, U. and Abels, P., “Observation of melting conditions in selective laser melting of metals
(SLM),” 97410S (2016).

[9] Rombouts, M., Kruth, J., Froyen, L., and Mercelis, P., “Fundamentals of Selective Laser Melting of alloyed
steel powders,” CIRP Annals 55(1), 187–192 (2006).

[10] Clijsters, S., Craeghs, T., Buls, S., Kempen, K., and Kruth, J.-P., “In situ quality control of the selective
laser melting process using a high-speed, real-time melt pool monitoring system,” The International Journal
of Advanced Manufacturing Technology 75(5-8), 1089–1101 (2014).

[11] Kanko, J. A., Sibley, A. P., and Fraser, J. M., “In situ morphology-based defect detection of selective laser
melting through inline coherent imaging,” Journal of Materials Processing Technology 231, 488–500 (2016).

[12] Gunenthiram, V., Peyre, P., Schneider, M., Dal, M., Coste, F., and Fabbro, R., “Analysis of laser–melt
pool–powder bed interaction during the selective laser melting of a stainless steel,” Journal of Laser Appli-
cations 29(2), 022303 (2017).



[13] Zhao, C., Fezzaa, K., Cunningham, R. W., Wen, H., De Carlo, F., Chen, L., Rollett, A. D., and Sun, T.,
“Real-time monitoring of laser powder bed fusion process using high-speed X-ray imaging and diffraction,”
Scientific Reports 7(1) (2017).

[14] DePond, P. J., Guss, G., Ly, S., Calta, N. P., Deane, D., Khairallah, S., and Matthews, M. J., “In situ
measurements of layer roughness during laser powder bed fusion additive manufacturing using low coherence
scanning interferometry,” Materials & Design 154, 347–359 (2018).

[15] Fleming, T. G., Nestor, S. G., Allen, T. R., Boukhaled, M. A., Smith, N. J., and Fraser, J. M., “Tracking
and controlling the morphology evolution of 3D powder-bed fusion in situ using inline coherent imaging,”
Additive Manufacturing 32, 100978 (2020).

[16] Wyant, J. C., Oreb, B. F., and Hariharan, P., “Testing aspherics using two-wavelength holography: use of
digital electronic techniques,” Applied Optics 23(22), 4020–4023 (1984).

[17] Ninane, N. and Georges, M. P., “Holographic interferometry using two-wavelength holography for the mea-
surement of large deformations,” Applied Optics 34(11), 1923–1928 (1995).
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