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Abstract

The Directed Energy Deposition Additive Manufacturing (DED-AM) of SS316L was studied
using in situ and operando synchrotron X-ray imaging to quantitively understand the effect of
processing parameters on the melt-pool morphology and surface quality. It was found that
surface roughness of DED-AM builds can result from melt pool surface perturbations caused
by changes in the melt flow and build stage motion perturbations. Process maps are
developed that quantitatively correlate build quality to process parameters including powder
feed rate, laser power and traverse speed. How the AM process parameters control build
efficacy is clarified, and the processing conditions required to dampen surface perturbations
leading to roughness were determined.

Keywords: Directed Energy Deposition; in situ Synchrotron X-ray imaging; Laser Additive
Manufacturing

1. Introduction

Directed Energy Deposition (DED-AM)[1] is one of the most promising methods in Laser

Additive Manufacturing (LAM). It has the capability to produce large near-net-shape



components[2] and is commonly used to repair[3] or add additional material to existing
components[4]. However, the lack of fundamental understanding of the underlying process—
structure—property relationships can hinder the utilisation of DED-AM for aerospace
production. Potentially detrimental features such as lack of fusion, balling and high surface
roughness can be present in current DED-AM products[5].

A posteriori characterisation of microstructure and mechanical properties of DED builds is
normally used to understand the relationship of process conditions and final build quality[6].
However, a fundamental understanding of how transient mechanisms during the AM process
(including melt the pool dynamics and defect formation) influence the final product is missing.
High-flux, high energy third-generation synchrotron radiation sources[7] allow fast (millisecond
to microsecond) X-ray imaging of the laser-matter interactions, which enables the investigation
of phenomena occurring on the time and length scales associated with DED-AMI8]. In situ and
operando high-speed X-ray investigations have enabled researchers to characterise the time-
transient phenomena in the Laser Powder Bed Fusion (LPBF) process[9]. However, due to
the larger length scales of the deposits, limited attention has been given for DED-AM process.
Wolff et al.[10] mimicked some aspects of a DED-AM process by adopting a vibration-assisted
device to deliver gravitational powder flow to a finely focused laser. Chen et al.[8,11] developed
a DED-AM process replicator that faithfully replicates a commercial DED-AM system whilst
operating at a synchrotron, which is used in this study.

The aim of this work is to directly capture the laser-matter interaction during DED-AM builds
of SS316 using in situ and operando synchrotron X-ray radiography. These results reveal the
physical phenomena controlling the DED-AM of SS316, and quantify their impact on melt pool
morphology, build efficiency and surface roughness. The results presented in this work enable
an enhanced understanding of DED-AM processes and facilitate improved manufacturing
practice.

2. Experimental methods



A Blown Powder Additive Manufacturing Process Replicator (BAMPR) was developed to
faithfully replicate a commercial DED-AM system whilst operating at a synchrotron[8]. The X-
ray images were captured to quantify the time-resolved multi-layer melt track morphology
evolution of SS316L tracks on SS304 substrates for a wide range of processing parameters
(laser power 100-200W, powder feed rate 1-3 g/min, substrate traverse speed 0.833-3.34

mm/s), during DED-AM builds [for details of the methodology see Supplementary information].

3. Results & Discussion

3.1 In situ melt pool & melt track morphology

a Substrate traverse —a———
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Laser beam particles

Melt pool N, e

Figure 1. In situ and operando X-ray imaging of DED-AM. Laser power 200 W, scan speed 1.67 mm s™', powder feed rate 2 g/min,

captured at 200 fps. Laser beam diameter is 200 um. (a) Still radiographs from the time-series during DED-AM (See
Supplementary Video) showing the change in pool shape in subsequent layers during DED-AM of a SS316 multi-layer build.

Scale bar = 500 um. (b) Composite radiograph assembled from the time series of layer 7, track length 50 mm. Scale bar = 3 mm.

The complete imaging of 10 layers of deposition is shown in Supplementary Video 1; selected
radiographs from near the centre of each track during this build are shown in Figure 1 for
layers 1, 3, 5, and 7. Note, the melt tracks were deposited with the substrate plate traversing
in an alternating bi-directional strategy, but the images are mirrored for better comparison.
Inspecting the radiographs in Figure 1(a) (and Supplementary Video), the laser beam can be
seen to melt the substrate plate surface in layer 1, forming a melt pool into which the blown

powder jet melts, forming an additive melt track.



The dynamics of flow in the molten pool is complex, incorporating several phenomena
including buoyancy, surface tension (including induced Marangoni flow), the quenching effect
of powder particles hitting the melt pool surface and melting, and the traverse of the substrate.
As a result of all these varying forces, the molten pool surface oscillates during the build
process. The jogging motion of the stage exacerbates the oscillation and generates the final
surface finish (Supplementary Figure 2). During the first build layer, a relatively smooth surface
finish is formed and some un-melted powder particles can be seen on the newly formed melt
track. In later layers, the laser beam re-melts the previous layer preferentially, depending on
the prior layer’s height, changing the pool size and hence the amount of powder incorporated.
A composite image of the entire build of Layer 7’s melt track is shown in Figure 1(b). These
results demonstrate the melt pool shape is strongly dependent upon the conditions of the
surface it is built upon, not just the processing parameters.

3.2 Surface quality

High dimensional accuracy and surface quality are often requirements of DED applications,
and excessive surface roughness will necessitate significant post-machining. It is therefore
important to understand the relationship between the different DED process parameters and
changes in surface topology. Using in situ observation we can capture the dynamics of how
surface roughness develops. Figure 2(a) & (b) shows how the process parameters of laser
power, powder feed rate and traverse speed influence surface topology (see Supplementary
info for the R, measurement method and other details). All conditions show a minimum fine
scale roughness, or a R, of ca. 100 um. Higher laser powder, traverse speed and lower
powder feed rate lead to lower R, The synchrotron images show that this fine roughness
arises from the presence of partially melted embedded particles, generating a roughness on
the order of the particle size. However, if the processing conditions are non-ideal, strong melt
pool flows (either buoyancy or Marangoni flow), irregular wetting, or turbulence in the powder
conveyance, can create much greater surface roughness approaching the scale of the melt

pool, or a R, of greater than 150 um for the worst case.
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Figure 2. Surface topology measurements. (a) Post-mortem assembly of the X-ray radiographs reveals surface topology varies
over different DED parameters. Scale bar = 5000 um. (b) Surface roughness (R,) measurements as a function of the DED

process parameters after layer 10. Error bars indicate SD.

The height and cross-sectional profile of the deposited track are strongly dependent on the
powder mass flow rate as it affects the thermal gradient in the melt pool. Figure 3 shows the

melt pool volume, morphology and profile (depth and length) as a function of the processing



parameters of: powder feed rate, laser power and traverse speed. The measurement details
can be found in Supplementary Information. Radiographs of typical pool profiles are also inset
to show the overall profile. The melt-pool volume, depth and length all increase with increasing
powder feed rate at a laser power of 200 W, illustrating that sufficient power density enables
all the powder deposited into the melt pool to be melted. With decreasing areal laser power
density or increasing traverse speed, the melt pool volume decreases, as expected. Increasing
traverse speed also decreases the amount of powder depositing into the melt pool, further
decreasing the melt pool volume. Increasing traverse speed increases pool length, as

expected since more surface is heated in the traverse direction per unit time.
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Figure 3. Melt pool volume, morphology and profile variation as a function of: (a) powder feed rate, (b) laser power, and (c)
traverse speed. Representative radiographs of DED AM of SS316. Error bars indicate SD. Scale bar = 500 um. Laser power is
200W for (a) and (c). Powder feed rate is 5 g/min for (b) and (c). Traverse speed is 1.67 mm/s for (a) and (b). The radiograph is

processed by background subtraction in [11].

4. Conclusions



In situ and operando synchrotron X-rays imaging was used to gain an improved fundamental
understanding of build efficacy and roughness during the Directed Energy Deposition Additive
Manufacturing (DED-AM) of SS316. Fine surface roughness of DED-AM builds is a result of
partially melted particles embedded into the semi-solid rear of the melt pool, whilst at the larger
scale surface perturbations can become amplified layer to layer, especially if the powder feed
rate is higher than can easily be captured and melted by the pool. An accurate definition of
the melt pool morphology across building parameters was quantified using in situ imaging.
The analysis of the radiographs revealed the relationship between powder feed rate, laser

power and traverse speed and the quality of the build.
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