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Abstract

Directed energy deposition (DED) laser additive manufacturing (AM) is a promising
technique for building complex components and performing repair applications.
However, large defects can form through coalescence of argon bubbles from the
feedstock powder, potentially reducing end-component mechanical performance.
Here, we used correlative high-speed synchrotron X-ray and infrared imaging,
coupled with multiphysics modelling to develop a strategy to control defect
formation. We demonstrate that the bubble dynamics can be controlled by
appropriately modulating the laser power, temporarily disrupting the Marangoni flow,
enabling bubble release. The bubble control mechanisms discovered here provide a

way to achieve defect-lean AM.

Keywords: Additive manufacturing; Porosity; Laser deposition; X-ray synchrotron

radiation; Modelling.
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1. Introduction

Directed energy deposition (DED) is a promising additive manufacturing
(AM) technology enabling layer-by-layer fabrication of complex components,
attracting significant interest from aerospace, automotive and other industries [1-4].
However, DED-AM components may contain defects, e.g. porosity and cracks [5-8],
which deteriorate their mechanical performance and limit their applications [9,10].

Therefore, it is critical to develop novel strategies to minimise porosity.

Several pore formation mechanisms occur during AM including hydrogen
porosity [11], pores originating from powder feedstocks [5], keyhole collapse [12—14]
and particle impact [15]. High-speed synchrotron X-ray imaging is an ideal in situ
tool to reveal and quantify bubble behaviour and melt flow during AM processes
[5,13,16-23]. In laser powder bed fusion (LPBF), keyhole morphology and dynamics
were revealed with high-energy X-rays, demonstrating their dependency on laser
power, power density and scan velocity [18]. However, the bubble formation and

elimination mechanisms in the DED process still need further investigation.

One of the main sources of porosity in DED originates from trapped argon
bubbles in the gas atomised powder feedstock, which are then transferred into the
melt, coalesce, and form large pores [5]. These large bubbles are retained in the melt
pool by the very high shear from the Marangoni surface flow. Pores in DED have also

been observed to form by either unstable keyhole dynamics or entrainment of
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shielding gas behind powder particles entering the molten pool [17]. However, this
study used a laser with a small beam diameter operated in keyhole mode [17] while
most industrial DED machines operate in conduction mode, hence keyhole pores are
not expected. These prior in situ studies [5,17] did not propose strategies to control or

minimise porosity.

Strategies for laser beam power oscillation have been applied to alter the
microstructure, improving grain refinement in Ti6Al4V via inducing a columnar-to-
equiaxed transition, enhancing its strength and elongation [24]. Another strategy
tested for welding was applying a pulsed magnetic field to increase precipitate density
and tensile strength in aluminium alloys [25]. In LPBF, pulsing the laser power was
found to cause keyhole collapse resulting in occasional pore formation [26], and
enhance strength in CrCoNi alloy [27]. However, the impact of different laser

modulation strategies in DED is still uncertain.

In this work, we hypothesise that disrupting the Marangoni surface flow might
allow coalescing bubbles to escape. By reducing the laser heat flux for a short time,
the surface thermal gradient will be reduced, reducing Marangoni flow, allowing
buoyancy to remove bubbles before they become large. Here we test different laser
modulation strategies, including sinusoidal and pulsed waves at different frequencies,
to control and minimise bubbles. We quantify the underlying mechanisms and

efficacy using correlative in situ high-speed synchrotron X-ray and infrared (IR)
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imaging, coupled with multiphysics modelling to validate the underlying phenomena.
We determine the laser power modulation waveform (sinusoidal or pulsed wave),
frequency and duration time required to prevent large bubble formation, resulting in
pore-lean AM builds, confirming the underlying mechanisms via high fidelity

multiphysics modelling.

2. Methods
2.1. Materials

The gas-atomised powder is high gamma prime nickel-based superalloy
RR1000 which was provided by Rolls-Royce plc. The powder particle distribution is
53-106 pm with a D50 size of ~73 um. In some experiments 4 wt.% tungsten (W)
flow-tracer particles are mixed with these powders to track the flow patterns. The

corresponding powder size distribution and morphology are shown in Fig. S1.
2.2. High-speed synchrotron X-ray imaging

The in situ high-speed synchrotron X-ray imaging experiments were
conducted in an ID19 beamline at the European Synchrotron Radiation Facility
(ESRF). The correlative X-ray imaging and infrared imaging were conducted in
beamline 112 at Diamond Light Source (DLS). The high-speed X-ray imaging
experiments at ESRF were performed with a CMOS camera (type: SAZ, Photron,
Japan) lens-coupled to a LuAG:Ce single-crystal scintillator at a frame rate of 20 kHz,

a spatial resolution of ~4 pum/pixel. The longer, but lower speed, X-ray imaging
4
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experiments at DLS were performed using a MIRO310M detector with optical
module 3 and a LuAg:Ce scintillator at a frame rate of 1 kHz, a spatial resolution of

~6.67 pum/pixel.
2.3. Blown Powder Additive Manufacturing Process Replicator 11 system

The Blown Powder Additive Manufacturing Process Replicator II (BAMPR
IT) is designed to simulate the directed energy deposition additive manufacturing
process and integrate with the beamline for in situ synchrotron X-ray experiments.
BAMPR 1I is equipped with a 500 W TruFiber laser to achieve both continuous and
modulated modes. We mainly apply two typical laser modulations including
sinusoidal waveform (SW) and pulsed waveform (PW) modes in this work. The
OPTOGAMA beam reducer is aligned well with the laser beam to achieve a
selectable beam diameter of 100-700 um. The 4-hole nozzle coaxial head is aligned
with the laser beam and beam reducer, and powder originates from the powder feeder
and through the pipeline with argon gas, and spreads out from the nozzle. The 3-axis
moving stage can move in 3 directions with a speed range of 0.5 - 50 mm s™'. The
substrate is clamped with the sample stage, so the laser can melt the powder over the
substrate. The oxygen level in the environmental chamber is controlled to be below
100 ppm during the additive manufacturing process. To compare between modulated
mode and continuous mode, the mean laser powers calculated in each period were

kept the same.
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2.4. Thermal imaging

The thermal imaging was performed simultaneously with X-ray imaging to
achieve correlative observation. The thermal imaging camera is FLIR X6900sc (FLIR
Systems, Inc., USA). The camera is set up with a macro lens with a pixel size of 32.7
um. The frame rate in this work is 1 kHz. The IR camera was calibrated at the FLIR
camera company using numerous blackbody reference sources under controlled
conditions. The blackbody reference sources were set to different known
temperatures, and the camera was sequentially aligned with each reference source.
The signal value at each temperature is captured by calibration software, and the
corresponding signal and temperature values are used to construct a calibration curve.
The data is subsequently uploaded to the camera, calibrating it to ensure compliance
with accuracy specifications. The temperature is corrected with an emissivity value of
0.25 based on the measured experimental data [28]. This thermal image of the pool

surface was taken at 40° from horizontal.
2.5. Material characterisation

Electron backscatter diffraction (EBSD, AZtec Oxford Instruments) analysis
was conducted to analyse the grain size and morphology of the DED-AM builds. The
electron beam is 20 kV and the step size is 5 um. The computational tomography
(CT) was conducted to analyse the porosity of the AM builds with a Nikon XT H 225

micro-CT with an effective voxel size of ~4.5 um and a beam voltage of 149 kV, and
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the CT datasets were reconstructed with the CT Pro 3D software. The ex situ X-ray
radiographs of the AM builds were performed using a GE Phoenix vitome|x 160 lab

XMT machine with an average pixel size of ~6.5 um.
2.6. Image processing

The acquired radiographs were conducted with flat correction by raw images
divided by the average of 100 images. The trajectories of bubbles and W particles
(flow) were tracked by the Image] Plugin TrackMate [29]. To present the thermal
imaging information as a function of time and frequency, wavelet analysis was
conducted to transform the time-series data to the wavelet scalogram with a

continuous wavelet transform function in MATLAB.
2.7. Multi-physics modelling

High-fidelity multi-physics modelling based on computational fluid dynamics
(CFD) was used to elucidate the temperature and Marangoni flow fields under laser
power modulation. The method includes molten fluid flow, phase change,
liquid/solid/gas interface tracking, heat transfer, surface tension (with the Marangoni

effect) and laser ray tracing.

The modelling analysis was based on the computational fluid dynamics (CFD)
methodology [30,31]. The fluid flow equations of mass, momentum and temperature

were solved in a fully coupled way, which are given as

Z—Ft’+(u-l7)p=—pl7-u
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where p is the density, u is the velocity, T is the temperature, p is the pressure and ¢,
is the constant-pressure heat capacity. O, represents the Newtonian viscous force and

Darcy’s force in the mushy zone, given by
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where K is the permeability coefficient related to the grain scale, f; is the liquid
fraction determined by the temperature, v is the kinematic viscosity and u is the
dynamic viscosity. g is the gravitational acceleration. F, . represents the interfacial

surface tension force with the Marangoni effect, formulated as
Fysyrs = oxén+ (Vo — (Vo - n)n)é ®)

where o=0(7) is the temperature-dependent surface tension coefficient, x is the local
surface curvature and n is the unit vector normal to the surface. 6 is a surface
identifier which is non-zero only on the surface. QO represents the heat transport,

including heat conduction by Fourier’s law, viscous work, latent heat for phase
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change and radiation, given as

a‘ti]’ui DpAh

- 1lp. OTijYi _ Dpah 4 _m4
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(6)

where A# is the latent heat. ¢ (0 < ¢ < 1) is a colour function to identify the surface.
Radiation is included on the heated metal surface identified by the gradient of |V¢]|,
with ogp the Stefan-Boltzmann constant and & the emissivity. The laser power is given
to the melt pool surface by the ray tracing method and the absorbed heat is given on
the surface as a source term. The laser power is given by the Gaussian profile and its
power is modulated according to the control scheme. The physical properties such as

viscosity and thermal conductivity are retricved from the reference [30,31].

The free surface was captured by the combined Level-Set/Volume-Of-Fluid
(CLSVOF) method to assure shape accuracy and volume conservation. The level-set

function (signed distance function from the surface) is governed by
oF dN
E+(u- V)F = WF'E

()

where dN /dt is the surface growth speed due to metal deposition and is estimated
from the powder feeding rate. The colour function ¢ is a heaviside function of F and
the density at the melt pool surface, for example, is given by p = (1 — @)ps; + @p,
where p; and pg are the liquid and gas density, respectively. The bubbles inside the

melt pool are not directly tracked for the cases in which the main objective is to show
9
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the temperature and Marangoni flow field variation due to the laser modulation, and
tracked both in a directly resolved way or as point-particles for the cases to investigate

the bubble motions.

The numerical scheme was based on a CIP (Constrained Interpolation Profile)
method, in which a third-order polynomial fitting is used for flow variables and their
derivatives to assure the accuracy. Further details of the numerical method can be
found in [30,31]. Here, the grid resolution is set as 32 um, which is the same as in the
previous analysis [5]. This resolution is for simulating the longer time behaviour and
sensitivity studies illustrated that this resolution can reproduce the temperature and
Marangoni flow structures in the melt pool for the present experimental setup. For the

resolved bubble tracking cases, a finer grid resolution of 16 pm is used.

3. Results and discussion
3.1. Pore formation mechanisms during DED using a continuous wave laser

During DED, the bubble behaviour includes bubble formation, circulation,
coalescence, motion, entrainment, escape and entrapment. These phenomena were
captured using synchrotron high-speed X-ray imaging in a second generation in situ
DED rig equipped with a modulated laser system (BAMPR-II [5], see Fig. S2) at the
European Synchrotron (ESRF France) and Diamond Light Source (UK) (see

Methods). Fig. 1a shows how small argon gas pores entrapped in the powder

10
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feedstock are released into the melt pool when the powder particles enter the melt
pool (blue dashed circles). These small argon bubbles, recirculate outward at the front
and rear of the melt pool, driven by the Marangoni flow. Some of the small argon
bubbles coalesce to form large bubbles (see Fig. 1b and Movie S1), while some are
entrapped by the solidification front and others escape from the pool’s surface. The
large bubbles remain entrained in the molten pool and continue growing (Fig. 1c),
forced down by the high Marangoni surface shear flow (see Fig. 1d,e). The growth of
these large bubbles via coalescence of small ones was quantitatively analysed (see
Fig. 1f). The bubbles show a periodic growth trend, reaching a critical size of approx.
80 pm (under the conditions studied) after which they escape from the melt pool
surface. Occasionally, some of these large pores are entrapped by the solidification

front, especially, at the end of track when the laser is powered off.

11
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Fig. 1 Bubble behaviour during DED in continuous wave (CW) mode. (a)-i An argon pore in a
powder forming a small bubble in the melt (blue dashed circle) at ¢t = #y; (a)-ii the formed bubble
recirculation and W tracer (black) motion are indicated by yellow and white dashed arrows,
respectively, at ¢ = #, + 0.95 ms. (b) Radiographs showing the bubble coalescence (yellow dashed
circles) and growth at (b)-i # = #,+ 138.45 and (b)-ii 7+ 166.6 ms; and W tracer motion (white dashed
arrow). (c¢) Bubble entrainment and entrapment (orange dashed circles) at (¢)-i # = #,+ 185.2 and (¢)-ii
to+ 198.35 ms. (d) and (e), corresponding schematic figures of (a) and (b). (f) Large bubble diameter as
a function of time, and diameter error bars are calculated as +2 pixels, equivalent to segmentation
uncertainty. (Substrate traverse speed 1 mm s™', laser power 150 W, layer 1. See the corresponding

video of (a to ¢) in Movie S1. Scale bars: 300 pm).

Fig. 1 demonstrates that the strong Marangoni shear flow enables the smaller
argon bubbles to coalesce and grow to a large and potentially detrimental size, if

entrapped by the solidification front. We hypothesise that the Marangoni flow can be

12
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disrupted by an appropriate duration and type of laser power modulation, allowing the
bubbles to escape. To test this hypothesis, we investigated a range of frequency
modulations ranging from 5 to 500 Hz, for both sinusoidal waveform (SW) and

pulsed waveform (PW).
3.2. Controlling bubbles using sinusoidal waveform (SW) modulated laser power

The bubble behaviour with laser modulation in sinusoidal mode has three
main stages (see Fig. 2, Movie S2, mean power 150 W, SW 20 Hz): L. laser power
ramping up to maximum - bubble entrainment from powder and recirculation
allowing coalescence and large bubble growth; II. laser power ramping down -
decreasing Marangoni flow, reducing small bubble flow and hence coalescence; III.
minimum laser power - minimising Marangoni flow, leading to buoyancy-driven
bubble escape. Fig. 2a,d shows stage I, where bubbles transfer from the melting
feedstock powder into the molten pool. These bubbles circulate in the front and back
of the melt pool and are driven by the strong Marangoni flow at peak laser power (250
W). In stage II.(Fig. 2b,e), the laser power decreases to a mean of 150 W, reducing the
surface temperature gradient and hence Marangoni flow, reducing the flow velocity
and hence coalescence of the small bubbles. In stage III (Fig. 2c¢,f), the laser power
decreases further to the minimum (50 W) and the large bubble’s buoyancy overcomes
the weak Marangoni shear, and escapes out of the top of the melt pool. When in 20 Hz

SW mode, there is insufficient time for significant bubble coalescence, hence no

13
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bubble becomes larger than 29 + 1 um, and these bubbles are three times smaller than
those formed under continuous wave (CW) mode where dozens of the small bubbles
coalesce forming bubbles with a maximum size of 80 + 3 um (Fig. 2h, see Movie S3).
As hypothesised, varying the laser power varies the Marangoni flow, both enabling

pore release and limiting coalescence.

A range of SW frequency (5 to 500 Hz) DED builds were observed with
synchrotron imaging and the maximum pore size quantified and compared to CW
builds in Fig. 2g,h. The change in maximum bubble diameter versus duration time for
the large bubble growth each cycle is plotted in Fig. 2g. For 20 Hz, the maximum
bubble size remains relatively constant due to little bubble coalescence. At 5 Hz (Fig.
2h, Movie S3), the period of high laser power is ca. 100 ms, providing sufficient time
for bubbles to coalesce, and as the peak power (250 W) is higher than the maximum
for the CW mode (150 W), the peak pool size is larger, enabling a larger critical pore
size (93 £ 6 um). Our hypothesis breaks down if the frequency of modulation is too
slow, as could be estimated from Fig. 1f where the duration time to reach the critical

maximum size for CW can be seen to be less than 150 ms.

At the other extreme, 500 Hz SW, many pores recirculate without escaping,
and some pore coalescence occurs, as shown in Fig. 2g,h (and Movie S4) with the
maximum size reaching 43 + 2 um. Here, we hypothesise, that the time at which the

laser power is at a minimum is so short (less than 1 ms) that the Marangoni flow does

14
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not have time to reduce sufficiently in intensity, and the surface shear keeps
coalescing pores from escaping, although at one half the maximum pore diameter of
CW. Extreme high frequency SW (>1 kHz) effectively becomes CW mode laser
operation, in terms of the surface temperature gradient and hence pool flow. In
summary, for this mean laser power of 150 W, Fig. 2g shows that the optimum
sinusoidal laser frequency modulation to prevent large pore coalescence is between 20

to 500 Hz (see Movies S2 and S4-6).

The influence of mean laser power (100-200 W) was also explored (Fig. S3) at
a fixed pulse frequency of 20 Hz. Neither the maximum bubble diameter nor duration
time changed as the mean laser power inereased from 100 to 150 W (ca. 30 um pore
diameter and 20 ms duration). However, at 200 W mean power, significant bubble
coalescence occurs, with the largest bubble diameter reaching 110 um, and the
duration 121 ms, significantly longer than for lower laser powers. At 200 W mean
power, the instantaneous power ranges from 100-300 W; for this range of laser power,
the pool always remains relatively large even during low power, reducing bubble
escape. Therefore, the optimal mean laser power at 20 Hz would be below 150 W to

achieve the minimal porosity.

The influence of multi-layer build was then investigated for the same
conditions (SW mode, 20 Hz, 150 W, 1 mm s™") for up to 4 layers (summarised in Fig.

S4). The maximum bubble diameter remains small (<50 um) in all 4 layers. There is a

15
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slight increase in maximum bubble diameter going from layer 1 to 2, thought to be
due to more argon bubbles entering the pool from entrapped pores in the previous

layers.
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Fig. 2 Bubble behaviour and mechanisms during DED with a modulated laser in
sinusoidal waveform (SW) mode. (a) Radiographs showing the bubble formation and
circulation at (a)-i ¢ = ¢, and (a)-ii o+ 3 ms. Bubble motion is indicated by the yellow dashed
arrow. (b) Radiographs showing bubble slow down at (b)-i # =, + 3.1 and (b)-ii 7, + 7.5 ms.

(c) Radiographs showing the bubble recirculation and escape at (c)-i ¢ = ¢, + 8.75 and (c)-ii #,

16
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+ 9.3 ms at 20 Hz. (d to f) Corresponding schematics of (a to c). (g) Largest bubble diameter
and duration time of bubble growth for CW and SW mode at frequencies from 5 to 500 Hz,
and the error bar is standard error of the large bubble diameter and duration time in each
cycle. (h) Largest bubble diameter evolution for SW mode at frequencies of 5, 20, and 500
Hz, and diameter error bars are calculated as +2 pixels, equivalent to segmentation
uncertainty. (The substrate traverse speed 1 mm s™', layer 1, mean and peak laser power is 150
and 250 W in SW mode and mean laser power of 150 W in CW, respectively. See

corresponding videos to (a to ¢), (g) and (h) in Movies S2-6. Radiograph scale bars: 300 um).

3.3. Controlling bubbles using pulsed waveform (PW) modulated laser power

The bubble behaviour with a modulated laser in a PW mode was investigated
(see Fig. 3a-c). In Fig. 3a,d, the transfer of an argon bubble from a feedstock powder
particle into the melt pool is captured. As the melt pool partially remelts the
previously built track, pores in the prior track are released and form recirculating
bubbles (see Fig. 3b). The melt pool expands and contracts as the laser is modulated
from 0 to 300 W to achieve a 150 W mean power with a 50% duty cycle (DC), 20 Hz

PW.

At peak power, the melt pool size grows to its largest extent, with bubbles
recirculating and coalescing in both the front and rear of the melt pool (Fig. 3b,e).
Unlike SW, where the peak power is reached for a short period, PW has 50 ms at
300 W, giving sufficient time for larger bubbles to form. In Fig. 3¢,f, when the laser
power reduces to 0, the melt pool shrinks quickly, entrapping both small and large

bubbles in the build track (see Movie S7). However, at 50-500 Hz the time at full

17
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power is sufficiently short to suppress coalescence, and the bubbles are released as the
power reduces and Marangoni flow is suppressed, as summarised quantitatively in
Fig. 3g,h for PW mode, and shown for 500 Hz in Fig. S5. Therefore, the optimal
frequency range is smaller for PW mode, 50-500 Hz, as compared to 20-500 Hz for

SW mode.

Bubble growth and coalescence at different DCs of 30%, 50% and 75% were
investigated for 20 Hz PW and a mean power of 150 W (Fig. S6 and Movie S7 for
DC of 50%). The mean power of 150 W was maintained by changing the minimum
and maximum powers (Fig. S6c-e). The largest bubble diameter decreases with

increasing duty cycle from 30% to 75% (Fig. S6).

At 30% DC, a high maximum power (500 W) is on for 15 ms, creating a large
pool, enabling lots of bubble coalescence. When the power goes off, the pool size
shrinks quickly, entraining large bubbles in the solid, which are released in the next
high-power cycle. Therefore, having a short duty cycle at high power is not

appropriate for pore-lean production.

At 75% DC, the power is on for 37.5 ms, but at 200 W, with a smaller pool
with slower flows and little bubble coalescence. When the power is off for 12.5 ms,
bubbles have sufficient time with no Marangoni shear to escape; since the power off
time is shorter, the reduction in pool size is small and bubbles are not captured. The

results show that a 75% DC can achieve an optimal bubble minimisation for 20 Hz

18
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frequency and mean power of 150 W, indicating that only a short laser off period can
disrupt the Marangoni flow and reduce the flow velocity, enabling pore escape. This

matches with minimal pore growth being observed at 50 - 500 Hz PW at 50% DC.

: a Bubble formation and release

| b Bubble coalescence and growth
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Fig. 3 Bubble behaviour and mechanisms during DED with pulsed waveform (PW)
mode laser. (a) Radiographs of bubble formation and release at (a)-i ¢ = #, and (a)-ii #, + 4.2
ms; blue dashed circles indicate pores in powder and previous build; bubble release and
motion - yellow dashed circles and arrows. (b) Radiographs showing bubble coalescence and

growth at (b)-i # = #, + 6.35 and (b)-ii 7 + 21.5 ms. (¢) Radiographs showing bubble
19
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entrapment in the built track at (¢)-i £ = #,+ 23.65 and (¢)-ii £, + 39 ms at 20 Hz, entrapped
pores indicated by orange dashed circles. (d to f) Corresponding schematic figures of (a to c).
(g) The largest bubble diameter and duration time of bubble growth in a CW and PW mode at
5-500 Hz, and the error bar is the standard error of large bubble diameter and duration time in
each cycle. (h) The large bubble diameter evolution with time in a PW mode at 5, 20, and 500
Hz, and diameter error bars are calculated as +2 pixels, equivalent to segmentation
uncertainty. (The substrate traverse speed is 1 mm s™', mean and peak laser power is 150 and
300 W, PW mode and layer 1. See videos corresponding to (a to c), (g) and (h) in Movies S7-

9. Scale bars: 300 um).

Six-layer DED-AM builds were produced ex situ for the different conditions
to compare with the in situ synchrotron results. The porosity in the final builds was
investigated radiographically (Figs. S7-8) and tomographically (Fig. S9). Grain
structure was investigated using EBSD, showing the modulated thermal field in 20 Hz
SW helps refine the grain structure, producing finer and more equiaxed grains as
compared to CW (Fig. S10). Examining the radiographs and tomographs (Figs. S7-9),
large pores (ca. 170 um) are clearly visible in the CW mode sample at the end of a
build track. In 5 Hz SW mode and 5, 20, 500 Hz PW there are a few medium sized
pores (ca. 80 um). However, at 20, 50, 100, 500 Hz SW, and 50 and 100 Hz PW, they
are almost pore-lean and show ~99% and ~50% reduction in the max and mean pore
volume compared to CW, and there are only a few small pores in a few cases (<50
pm). These results are consistent with the in situ X-ray imaging results shown in Figs.
2,3, confirming that our strategy of disrupting the Marangoni flow via modulating

laser power at intermediate frequencies (20-500 Hz) minimises porosity. To further
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confirm this hypothesis, we first track the bubble motion radiographically and then

measure changes in the thermal field using infrared imaging.
3.4. Bubble motion and melt flow patterns

To confirm the mechanisms governing bubble behaviour for different laser
modes, bubble motion was tracked in the radiographs, and tungsten (W) particles
were added to reveal molten pool flow (see Methods). In Fig. 4a, bubble motion in
CW mode includes bubble recirculation in the four Marangoni driven recirculating
flow cells (Fig. 4e, front and back of the pool, and two in and out of the page [5]). In
Fig. 2, when an argon pore in a feedstock particle is released into the pool it may
recirculate several times, sometimes jumping between Marangoni flow cells (Fig. 4a),
ending with either escape at the surface, coalescing into a large bubble, or becoming

entrapped by the solidification front.

Bubble motion traces for CW and the different modes are shown in Fig. 4. In
CW, and 5 Hz SW (Fig. 4a,b), the bubbles predominately recirculate at the front or
back of the meit pool - the strong Marangoni driven flow cells constrain the bubbles
enhancing coalescence and large bubble growth (see Fig. 2 and Movies S1 and S3).
For 20 Hz SW, most bubbles first follow the surface Marangoni shear flow, then
escape through the melt pool surface when the power is reduced (Fig. 4¢), minimising
bubble coalescence (Fig. 2). At the higher frequency of 500 Hz SW, the flow

becomes similar to CW, but with bubbles recirculating in all four cells (rather than
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predominately the front and back ones for CW), coalescing (Fig. 4d).

Tungsten tracer streaklines are shown in Fig. 4e for CW, and Fig. S11 for SW
mode. In CW, the two recirculation flow cells at the front and rear of the melt pool are
delineated (Fig. 4e and Fig. S8a), helping to constrain bubbles in the melt pool,
enhancing coalescence. In 5 Hz SW mode, the W tracer tracks become quite complex
due to the shrinking and growing pool size, as well as the changes in flow, as shown
in Fig. S11b. At 20, 50 and 100 Hz SW the front/back recirculating flows remain, but
the in/out of the page recirculation flow increases and then immediately becomes less
strong (Fig. S11c-e), and the flow velocity at SW is also about 1/4 less than that for
CW (Fig. S11h). This disrupted flow allows the bubbles to flow to the surface and
escape. At 500 Hz (Fig. S11f), the stronger front/back recirculation flows are partially

formed, allowing more coalescence.

Pulsed waveform mode bubble motion as a function of frequency (5-500 Hz
PW) was investigated next (Fig. 4f-h). Similar to SW, at 5 Hz PW, many bubbles
move laterally to coalesce and grow into large bubbles, with significant bubble
recirculation and coalescence observed (Movies S3 and S8). At 20 Hz PW, although
reduced, recirculation still occurs (unlike SW mode, compare Fig. 4c¢ to 4g) with
significant bubble coalescence also still occurring. At 50 and 100 Hz PW, there is a
minimum of pore coalescence (Fig. 3g); but at 500 Hz PW, the bubbles start to

recirculate again (Fig. 4h), and like SW and CW modes, coalescence and maximum
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bubble size both increase.
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Fig. 4 Bubble motion and melt flow behaviour during DED in CW, SW and PW modes.
(a) Bubble motion path with time in CW mode and the inset showing its corresponding
radiograph. (b) Bubble motion path with time for 5 Hz SW, (c) at 20 Hz SW and (d) at 500
Hz SW. (e) The W trace path with time indicating melt flow in CW mode. (f) Bubble motion
for 5 Hz PW, (g) at 20 Hz PW and (h) at 500 Hz PW. (The mean laser power is 150 W, the
peak laser power is 250 W in the SW mode and 300 W in the PW mode. The substrate

traverse speed is 1 mm s, layer 1. The dashed lines represent the melt pool boundary. See the
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videos corresponding to (a to h) in Movies S1-4 and S7-9. Radiograph scale bar: 300 um).

3.5. Thermal imaging and multiphysics modelling

Thermal imaging [14,32] and modelling [20,33,34] were performed to further
test our hypothesis that laser modulation will alter the surface temperature gradient,
impacting the Marangoni flow and hence bubble coalescence or escape. The results
are shown for three exemplary cases in Fig. 5, CW, 20 Hz SW and 20 Hz PW at 150
W mean power. (Other frequencies modelled and IR imaged are given in Figs. S12-

21).

Fig. 5a shows the predicted flow pattern for the CW case, and the IR surface
temperature measurement is inset in Fig. Sa, and expanded in Fig. Sb; (note the IR
image is taken at 40° from horizontal and transformed as compared to 0° for the
model, see Methods). The centre of the pool is quite hot, and there is a strong
gradient in temperature to the edge of the pool, quantified in Fig. S¢, showing an
excellent correlation between prediction and IR measurement. This steep thermal
gradient creates a strong surface tension gradient and hence a strong Marangoni force
driven flow, creating the front, rear (and two sides) flow cells delineated by the bubble
and W particle tracings in Fig. 4a,b. Fig. 5a,b show a strong hot spot where the laser
hits with a high gradient to all edges of the pool. The measured values along the red
dashed line (Fig. Sb) are plotted in Fig. Sc, together with the model predicted

temperature profile. Both exhibit a similar peak temperature, although the IR
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measured temperature gradient is slightly greater, which will lead to a slight under
prediction of flow velocities. Both results confirm that a Marangoni force driven flow
creates the high velocity recirculating flow cells at the front and back of the melt pool,

and shear flow entraining the coalescing large bubbles.

The entrainment and bubble coalescence were also modelled (Fig. S21),
illustrating how the strong Marangoni shear flow entrains the argon bubbles from the
feedstock, enables coalescence, and then continues to entrain the resulting large
bubbles in CW mode. Fig. 5d,e shows the model predictions for 20 Hz SW. At 1,
maximum power (250 W), the flow and thermal field is similar to that of the CW case
(compare Fig. Sd with 5a), although the flow is less strong as it has had to build up
from the low flow at minimum power (50 W, Fig. 5e). The reduced flow spreads the
heated metal more slowly, which coupled with a higher peak power (250 W), creates
a higher peak temperature and gradient compared to CW (the model peak temperature
of ~1970 K at 20 Hz SW compared to 1860 K at CW). At #,+ 25 ms, when the power
is at minimum, the thermal gradient is reduced (the model peak temperature of ~1970
K at #p compared to ~1670 K at #) + 25 ms), and hence the Marangoni flow decreases
significantly, as quantified in Fig. 5f, correlating well with the IR measurements (Fig.
5d,e, and quantitatively in Fig. 5f). This predicted and measured reduction in
Marangoni shear flow allows the bubbles to escape from the top surface, producing
pore-lean DED builds, correlating well to the in sifu synchrotron observations

supporting our hypothesis.
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The IR results for all SW and PW modes are given quantitatively for the peak
temperature in Fig. S12 and as time series images in Fig. S13. Examining the model
and IR results for 500 Hz SW laser power modulation in Fig. S18, the change in
thermal profile between the maximum and minimum power levels is small, with the
peak temperature altered by <100 °C compared to 300 °C for 20 Hz SW (Fig. 5d-f).
This illustrates that 500 Hz SW is starting to act like CW, and hence bubbles are not

escaping as easily, correlating directly with the in situ synchrotron observations.

To further confirm high frequencies matching CW, the model was run for 1000
Hz with bubbles, reproducing the same bubble behaviour as CW (Fig. S21d-f). The
time scales in continuous and modulated modes at different frequencies are discussed
in Supplementary Text and Table S1. The results show that the heat oscillation
periods in the medium frequency of 20 to 500 Hz are comparable to the turnaround
time of recirculation cells, and the heat diffusion length is in the similar scale to the
cell diameter, which can affect the similar scale of recirculation cells to generate more

effective bubble minimisation.

Fig. Sg,h shows the model predictions when a 20 Hz PW modulation is
applied. At ¢y, when the power is at maximum, the flow and thermal field is similar to
CW (compare Fig. 5d with 5a). Like SW results, the flow is less strong than CW, as it
has had to build up from almost no flow at minimum power (Fig. 5h). Again, the

higher peak power and reduced flow predicts the peak temperature at the centre to go
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significantly higher than CW, as confirmed by the IR measurements in Fig. 5i. This
increased peak temperature and larger pool allows pore coalescence, making PW less
effective than SW for pore escape, correlating well to the in situ synchrotron

observations (Figs 1, 3, and 4).
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Fig. 5 Multiphysics modelling and corresponding IR imaging results during DED in
CW, SW, and PW modes. (a) Simulation temperature and velocity fields for CW mode and
inset showing the corresponding IR measured temperature field. (b) Enlarged image showing
the temperature field measured by IR imaging. (c¢) Corresponding temperature profiles of IR
imaging and modelling in the CW mode. (d) Simulation temperature and velocity fields for
20 Hz SW, and predictions (inset IR images) at ¢, and (e) at #, + 25 ms. (f) 20 Hz SW IR and
modelling temperature profiles at #, and £, + 25 ms. (g) Simulation temperature and velocity
fields for 20 Hz PW, and inset IR images, at #,, and (h) at #, + 25 ms. (i) Corresponding IR and
modelling temperature profiles for 20 Hz PW at ¢, and #, + 25 ms. (Scale bars 300 um. See

videos corresponding to (a) and (b), (d) and (e), (g) and (h) in Movies S10-11, S12-14 and
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S15-17).
4. Conclusions

In summary, our correlative in situ synchrotron and IR imaging observations,
coupled with high fidelity modelling revealed the large pore formation mechanisms
(coalescence of argon bubbles from the feedstock) during DED. These insights
enabled us to develop a novel method for creating pore-lean AM builds — through
applying low-medium frequency (20-500 Hz) laser modulation. We comprehensively
investigate bubble behaviour in sine wave (SW) and pulsed wave (PW) modulated
laser power modes, with varying frequency and amplitudes, whilst using continuous
wave (CW) mode as the benchmark. We found that the bubble coalescence that
creates large bubbles (>50 um) can be significantly minimised using SW and PW

modes with medium range frequencies from 20 to 500 Hz, particularly in SW mode.

Bubble coalescence is minimised through disruption of the Marangoni force
driven surface shear flow, as the flow keeps the coalescing bubbles from escaping at
the surface. This mechanism is activated by short reductions in laser power, reducing
the surface temperature and hence the thermal gradient, which in turn reduces the
gradient in surface energy, slowing the Marangoni flow and enabling pore release at
the surface. The bubble control mechanisms discovered here provide a way to achieve

defect-lean DED additive manufacturing.
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Graphical Abstract

In situ high-speed X-ray and infrared imaging of Minimised porosity with laser modulation in sinusoidal
additive manufacturing with laser modulation wave (SW) compared to continuous wave (CW)
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