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Abstract

The low energy efficiency of the laser metal additive manufacturing (AM) process is a potential
sustainability concern for large-scale industrial production. Explicit investigation of the energy
efficiency for laser melting requires the direct characterization of melt pool dimension and vapor
depression, which is very difficult due to the opaque nature of the molten metal. Here we report
the direct observation and quantification of effects of the TiC nanoparticles on the vapor
depression and melt pool formation during laser powder bed fusion (LPBF) of Al6061 by in-situ
high-speed high-energy x-ray imaging. Based on the quantification results, we calculated the laser
melting energy efficiency (defined here as the ratio of the energy needed to melt the material to
the energy delivered by the laser beam) with and without TiC nanoparticles during LPBF of

Al6061. The results show that adding TiC nanoparticles into A16061 leads to a significant increase
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of laser melting energy efficiency (114% increase on average, 521% increase under 312 W laser
power, 0.4 m/s scan speed). Systematic property measurement, simulation, and x-ray imaging
studies enable us, for the first time, to identify that three mechanisms work together to enhance the
laser melting energy efficiency: (1) adding TiC nanoparticles increases the absorptivity; (2) adding
TiC nanoparticles decreases the thermal conductivity, and (3) adding TiC nanoparticles enables
the initiation of vapor depression and multiple reflection at lower laser power (i.e., lowers the laser
power threshold for keyholing). The method and mechanisms of using TiC nanoparticles to
increase the laser melting energy efficiency during LPBF of Al6061 we reported here may guide
the development of feedstock materials for more energy efficient laser metal AM.
Keywords: Additive manufacturing, laser powder bed fusion, energy efficiency, keyhole, melt
pool, x-ray imaging, metal matrix nanocomposites
1. Introduction

Metal additive manufacturing (AM or 3D printing) is revolutionizing the manufacturing
industry due to its advantages of manufacturing parts with complex geometries, reducing the need
for tooling and part assembly, and shortening lead time [1-5]. However, the relatively low laser
melting energy efficiency (here, is defined as the ratio of the energy needed to melt the material to
the energy delivered by the laser beam, which is different from absorptivity, as detailed in
Appendix A) during laser metal AM (especially for metals with high reflectivity and high thermal
conductivity) is a potential sustainability concern for large-scale industrial production [6-9].
During laser metal AM, a large amount of laser energy was wasted, either via the reflection which
may potentially damage the optical component [10,11], or via heat dissipation to coarsen

microstructure in the heat-affected zone and degrade the mechanical properties [12,13]. Therefore,
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more efficient use of laser energy cannot only benefit productivity, but also improve the equipment
lifetime and product quality.

However, explicit study of the laser melting energy efficiency requires actual vapor depression
(or called keyhole) and melt pool dimension [14,15], which are very difficult to be obtained by
postmortem analysis due to the repeated overlapping of the scan tracks in the laser AM process
[16,17]. It is also very difficult to directly visualize the vapor depression and melt pool formation
due to the opaque nature of the molten metal. Conventional monitoring techniques, such as the
visible light imaging [18,19] and thermography [20] can only capture information from the melt
pool surface. Recently, x-ray imaging was applied to capture the vapor depression and melt pool
dimension during laser melting [14,21,22]. Inline coherent imaging provides another way to
capture the vapor depression depth during the laser melting process [23,24]. Although significant
progress has been made in in-situ monitoring, reliable way to improve the laser melting energy
efficiency beyond tuning laser processing parameters and the deep understanding of how to
improve the laser melting energy efficiency during laser metal AM process have not been reported.

Previous studies have reported that adding nanoparticles can alter the properties (e.g., surface
tension [25,26], viscosity [27,28], absorptivity [29-31], thermal conductivity [32], specific heat
[33]) of metal matrix, which may potentially affect the melt pool volume and laser melting energy
efficiency. However, most of the previous works studying the nanoparticle effects on laser melting
(either by simulation or theoretical analysis) did not consider the changes of all these properties,
due to the lack of measurement data [34-36]. So far, the quantitative understanding of which
property change caused by the nanoparticles is the dominant factor in affecting both the melt pool
volume and laser melting energy efficiency is lacking. During laser metal AM, vapor depression

plays an important role in determining the laser absorption [37-39], which may significantly affect
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the melt pool dimension. However, the effect of nanoparticles on the vapor depression formation
has not been studied due to the difficulties in direct observation of the vapor depression during the
laser metal AM process. Previous studies have demonstrated that adding nanoparticles in metal
can increase the powder absorptivity (i.e., the absorptivity of the powder layer in LPBF) [30,40—
43] and material absorptivity (i.e., the absorptivity of the flat surface) [10]. However, which
absorptivity increase number should be used when studying nanoparticle effects on LPBF process
is still unclear.

Here we report the direct observation and quantification of the effects of TiC nanoparticles
on the vapor depression and melt pool formation during LPBF of Al6061 by in-situ high-speed
high-energy x-ray imaging, and achieved a significant increase of laser melting energy efficiency
(114% increase on average, 521% increase under 312 W laser power, 0.4 m/s scan speed) by TiC
nanoparticles. Systematic property measurement, simulation, and x-ray imaging studies enable us,
for the first time, to identify that three mechanisms work together to cause the laser melting energy
efficiency enhancement: (1) adding TiC nanoparticles increases the absorptivity; (2) adding TiC
nanoparticles decreases the thermal conductivity, (3) adding TiC nanoparticles enables the
initiation of vapor depression and multiple reflection at lower laser power. Our method and
mechanisms of using nanoparticles to increase the laser melting energy efficiency may guide the
development of feedstock materials for more energy efficient laser metal AM.

2. Methods and materials
2.1. Materials

The Al6061 + 4.4 volume percentage of 83 nm TiC nanoparticles system, hereafter referred to
as Al6061+4.4vol.%TiC, was used as a model system for this study [22,26,44]. The Al6061

powders (17-60 um, D50: 34 um) were purchased from Valimet (Stockton, CA, USA). The TiC
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nanoparticles (83 nm) were purchased from SSnano (Houston, TX, USA). The Al6061 substrate
was cut from commercial Al6061 plate (T6511) purchased from Mcmaster-Carr (Elmhurst, 1L,
USA). The Al6061+TiC powders were prepared by planetary ball milling (PQ-N04, Across
International LLC, Livingston, NJ, USA) of the Al6061 powders with TiC nanoparticles. The
Al6061+TiC substrate was prepared by LPBF of Al6061+TiC powders. A self-designed LPBF
system was used for printing the Al6061+4.4vol.%TiC samples, which includes a continuous-
wave ytterbium fiber laser (IPG YLR-500-AC, IPG Photonics, Oxford, MA, USA), a galvo
scanner (hurrySCAN 30, SCANLAB GmbH., Puchheim, Germany), and a stainless steel vacuum
chamber. The laser power used is 500 W. The scan speed is 0.2 m/s. The hatch spacing is 80 um.
The layer thickness is 50 um. The laser beam diameter (1/€?) is 239 + 4 um, which was measured
by the knife edge method [45].
2.2. High-speed x-ray imaging

High-speed high-resolution x-ray imaging was performed at 32-ID beamline of the Advance
Photon Source, Argonne National Laboratory. During the experiment, a continuous-wave laser
beam irradiated the powder or substate surface to perform the laser melting experiment. The laser
beam diameter (D4c) is 94 = 1 um. The laser power of 208 W, 260 W, 312 W, 364 W, 416 W,
468 W and 520 W, and the scan speed of 0.4 m/s, 0.6 m/s and 0.8 m/s were used in the laser melting
experiment. During laser melting, the x-ray penetrated through the laser melting region
horizontally. The penetrated x-ray carrying the information of vapor depression and melt pool
dimension was captured by a downstream high-speed camera at a frame rate of 50 kHz. The
resolution of captured x-ray image is 1.93 um per pixel. For the laser-powder bed melting
experiment, the powder layer thickness is 100-120 um. The laser melting energy efficiency change

caused by the layer thickness variation of 20 pm is less than 8%, which is neglectable compared
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with the average 114% increase in laser melting energy efficiency caused by nanoparticles. The
substrate dimensions for both Al6061 and Al6061+4.4vo0l.%TiC are 40 mm long x 3 mm high x
0.7 mm thick (x-ray penetration direction). 0.7 mm substrate thickness is used because it is the
best substrate condition for achieving (1) sufficient x-ray transparency, (2) fully containing the
melt pool width, and (3) neglectable effects of thermal boundary condition on melt pool formation.
The thickness for all the substrates is well controlled within 0.7 £ 0.01 mm range to ensure the
consistent thermal boundary conditions for all the tests.
2.3. Quantification of vapor depression and melt pool dimension

The vapor depression dimensions (width and depth), melt pool width, and melt pool depth were
quantified based on the x-ray images. Our x-ray imaging experiment always captured the middle
length (1.5 mm) of the laser scan vector (2.5 mm) in laser melting experiments to avoid any
acceleration or deceleration effects from scan mirrors at the starting or ending position of the scan
path. Under certain processing parameters, the melt pool length is larger than the horizontal length
of the x-ray imaging field of view and cannot be directly measured from a single x-ray image. For
this case, the melt pool length was obtained by dividing it into two parts: (1) L, the length of melt
pool portion displayed in the current field of view; (2) L,, the length of the rest of melt pool beyond
the field of view. To acquire L, and L,, two x-ray imaging frames are needed, as detailed in
Appendix B. The melt pool width was quantified by measuring the solidified track width using
optical microscope (Keyence VHX-5000 digital microscope, Keyence, Osaka, Japan). The average
value and standard deviation were calculated and reported for all the dimension quantifications.
2.4. Computational thermo-fluid dynamics simulation

To find out the effects of thermophysical properties on the vapor depression and melt pool

dimension, computational thermo-fluid dynamics simulation was performed by FLOW-3D
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software (FLOW-3D 12.0, Flow Sciences, Santa Fe, NM, USA). Throughout the simulation, the
flow is assumed to be laminar and Newtonian. The governing equations are the continuity equation,

momentum conservation equation and energy conservation equation, as follows [46]:

V(pv)=0 (1)

0
5PNV PV Q@ V)=V WIV)-Vp +pg (2)
a%(p R)+V (p ¥ h)=g+V-(k VT) 3)

where p is the density, V is the velocity vector, ¢ is the time, u is the viscosity, p is the pressure, g
is the gravitational acceleration vector, k£ is the thermal conductivity, ¢ is the heat source, 4 is

enthalpy, which is calculated as [46]:

p,CT, T=<T;
h= h(Tv) +hsl ;-_? ’ Ts <T< Tl (4)
h(T)+p,C(T - T)), T>T,

where p_is the density in solid state, C; is the specific heat in solid state, 7'is the temperature, Ay
is the latent heat of melting, p, is the density in liquid state, C; is the specific heat in liquid state,

T, is the solidus temperature, and 7; is the liquidus temperature.
The multiple reflection model based on the ray-tracing technique is implemented in the

simulation. For each incidence, absorption is calculated by the equation:

1 (lJr(l-ecose)2 32-2ec050+200529> )

=1-= +

2\ 1+(1+ecosh)’  €*+2ecosf+2cos26
where @ is the incident angle; and ¢ 1s a constant. The ¢ for A16061 was calibrated by x-ray imaging
data (Iength and depth of melt pool, depth of vapor depression).

The driving forces including recoil pressure, thermocapillary force, gravity force and buoyancy

force are considered in the model. The recoil pressure is considered by the following equation:

7
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P,.=0. 54Poexp[ X, (T ]1,[)] (6)

where P, is the ambient pressure, 4 is the latent heat of vaporization, Kj is the Boltzmann constant,
T is the surface temperature, and 77, is the boiling temperature.

The material properties (including density, specific heat, thermal conductivity, surface tension,
viscosity, and absorptivity) used in the simulation are shown in Section 3.3. Other properties
(solidus temperature, liquidus temperature, boiling temperature, latent heat of melting, latent heat
of vaporization, and surface tension coefficient) can be found in reference [26]. The simulation
domain is 3 mm (length) % 0.7 mm (thickness) x 0.5 mm (height). The initial temperature is 298
K.

2.5. Measurement of density

The density of Al6061 and Al6061+4.4vol.%TiC was measured by the Archimedes method.

The measurements were performed at room temperature. The alcohol used in the measurement is

99% purity ethanol. The density of the sample was calculated based on the following equation:

W

TN ———(py P )T P (7

p=

where p is the density of the sample, W, is the weight of the sample in air, Wy is the weight of

sample in the ethanol, p, is the density of ethanol at the testing environment (789 kg/m? at 20 °C),
and p, is the density of air (1.2 kg/m?). For both samples, the density was measured five times.

The average value and standard deviation were reported.
2.6. Measurements of thermal diffusivity and specific heat

The thermal diffusivity and specific heat of Al6061 and Al6061+4.4vol.%TiC were measured
by the laser flash method using NETZSCH LFA 467 equipment (Erich NETZSCH GmbH & Co,

Selb, Germany). During the measurement, a light pulse was used to heat the front surface of the
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square plate sample (12.7 mm (length) x 12.7 mm (width) x 1.8 mm (thickness)). The temperature
increase of the rear surface as a function of time was recorded. The thermal diffusivity was

calculated by the following equation:

2

b
a=0.1388 — (8)
los

where a is the thermal diffusivity, b is the sample thickness, and ¢, 5 is the time required for the
rear surface to reach half the maximum temperature.

In the laser flash experiment, the specific heat is inversely proportional to the maximum
temperature of the rear surface. Therefore, the specific heat was determined by a comparison
experiment. First, the maximum temperature of the rear surface for the reference sample (POCO
graphite) was captured. Then the maximum temperature of the test sample (Al6061 or
Al6061+4.4v0l.%TiC) was measured under the same experimental conditions (sample dimension,
graphite coating, laser power, and laser duration time) as the reference sample. The specific heat
of the sample was determined by:

_mycp AT,

9
cp, S mSA TS ( )

where m;, is the mass of the reference sample, ¢, , is the specific heat of the reference sample, AT,
is the temperature increase of the rear surface for the reference sample during the experiment, m,
is the mass of the test sample, and AT is the temperature increase of the rear surface for the test
sample during the experiment.

For both Al6061 and Al6061+4.4vol.%TiC, the thermal diffusivity and specific heat were

measured five times. The average value and standard deviation were reported.

2.7. Measurement of reflectivity
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The reflectivity of the A16061 and Al6061+4.4vol.%TiC bare plates at the wavelength range of
600-2000 nm was measured by the Perkin Elmer Lambda 19 UV/Vis/NIR spectrometer
(PerkinElmer, Waltham, MA, USA). The step size is 2 nm. Before measurement, the A16061 and
Al6061+4.4vo0l.%TiC plates (32 mm length x 32 mm width x 5 mm thickness) were carefully
grinded by silicon carbide sandpaper and polished down to 50 nm using water-based diamond
suspension, followed by ultrasonic cleaning. For both materials, the reflectivity was measured
three times to ensure the results are repeatable.

3. Results
3.1. Effects of nanoparticles on vapor depression and melt pool dimension

To quantify the laser melting energy efficiency, direct characterization of vapor depression and
melt pool dimension was needed to calculate the melt pool volume and, thereby, laser melting
energy efficiency. To characterize the vapor depression and melt pool dimension, we performed
in-situ high-speed x-ray imaging experiments for A16061 and A16061+4.4vol.%TiC under various
laser processing parameters (laser power of 312 W, 364 W, 416 W, 468 W and 520 W, scan speed
of 0.4 m/s, 0.6 m/s and 0.8 m/s). The x-ray imaging and quantified results (Fig. 1, 2) show that for
both Al6061 and Al6061+4.4vol.%TiC, increasing laser power altered the melting mode from
conduction mode (i.e., without vapor depression) to keyhole mode (i.e., with vapor depression)
and further increased the vapor depression (mainly depth) and melt pool dimension as the laser
power increased. Comparing Al6061+4.4vol.%TiC with Al6061, adding TiC nanoparticles
reduced the laser power required to generate the vapor depression. Under 0.4 m/s scan speed, the
laser power required to generate the vapor depression for Al6061 is 416 W, while that for
Al6061+4.4vo0l.%TiC is less than 312 W. The same trend was also observed at 0.6 m/s (520 W for

Al6061 and 364 W for Al6061+4.4vol.%TiC to generate the vapor depression) and 0.8 m/s scan

10
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speed (416 W for Al6061+4.4vol.%TiC to generate the vapor depression, while for Al6061, no
vapor depression formed even with the highest laser power of 520 W). When the vapor depression
was generated, under the same laser processing parameter (416 W, 0.4 m/s), adding nanoparticles
significantly increased the vapor depression depth (190 + 26 um for Al6061, 324 £ 10 um for
Al6061+4.4v0l.%TiC), the melt pool length (821 = 7 um for Al6061, 1781 + 11 um for
Al6061+4.4vo0l.%TiC) and melt pool depth (228 + 1 pum for Al6061, 390 = 4 pum for
Al6061+4.4v0l.%TiC). For melt pool width, under most of the laser processing parameters we
studied, adding nanoparticles increased the melt pool width, except for laser parameters with
higher energy input (laser power of 468 W, 520 W, scan speed of 0.4 m/s), where we observed

that adding TiC nanoparticles decreased the melt pool width.
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Fig. 1. X-ray images showing the effects of nanoparticles on the vapor depression and melt pool
formation during LPBF process. Under the same processing parameter, adding nanoparticles
increased the vapor depression depth and melt pool dimension. Blue dashed lines indicate the
vapor depression boundary. Yellow dashed lines indicate the melt pool boundary. The laser power
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245 Fig. 2. Quantification of effects of nanoparticles on vapor depression and melt pool dimension
246  during LPBF process. (a) Schematic showing the vapor depression and melt pool dimensions.
247  The red color represents the vapor depression. The yellow color represents the melt pool. (b) The
248  vapor depression depth, melt pool length, and melt pool depth obtained based on the x-ray image.
249  (c¢) The melt pool width obtained based on the optical image of solidified scan track. (d)
250  Quantification results of the effects of nanoparticles on vapor depression depth, melt pool depth,
251  melt pool length, and melt pool width during LPBF process. The error bars represent the standard
252 deviation.
253
254 3.2 Effects of nanoparticles on laser melting energy efficiency
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Based on the vapor depression dimension and melt pool dimension, we calculated the melt pool
volume and laser melting energy efficiency. The melt pool volume was calculated by subtracting
the vapor depression volume (indicated by the red color in Fig. 2a) from the total melt pool volume
(indicated by the yellow color in Fig. 2a) [14]. During the calculation, the vapor depression and

melt pool were assumed in cone shape. Therefore, the vapor depression volume was calculated by:

vy = = (10)

where V, is the vapor depression volume, S, is the vapor depression opening area at top surface,
h,, is the vapor depression depth, and d is the vapor depression width, as illustrated in Fig. 3a.

The total melt pool volume (including the vapor depression) was calculated by:

V.= Sl 11

where V,, is the total melt pool volume, #,, is the melt pool depth (Fig. 3a), S,, is the area of the

melt pool top surface, which was calculated by (assuming the top surface of melt pool is elliptical):

Twl

= — 12
Sn="3 (12)

where w is the melt pool width (Fig. 3b), and L is the melt pool length (Fig. 3a). Therefore, the
real melt pool volume (V) was calculated by subtracting the vapor depression volume from the
total melt pool volume:

ey _ mwLh, ndzhv 13

The quantified results (Fig. 3c-e) show that adding nanoparticles significantly increased the melt
pool volume. Under certain conditions of A16061+4.4vol.%TiC with vapor depression but A16061

without vapor depression, we saw one order of magnitude increase of melt pool volume (e.g.,

13
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under 364 W laser power and 0.4 m/s scan speed, the melt pool volume of Al6061 is 1.3 x 10712
m?, while the melt pool volume of Al6061+4.4vol.%TiC is 3.8 x 107! m?).

Based on the melt pool volume, the laser melting energy efficiency was calculated as:

En

== 14
n £ (14)

where 7 is the laser melting energy efficiency, E;, is the energy delivered by the laser beam, which
can be calculated as E;,= Pt = PL/v, where P is the laser power, ¢ is the laser exposure time, L is
the melt pool length, and v is the laser scan speed [14]. E,, is the energy required to melt the
material, which includes the energy required to heat the material from the room temperature to the
solidus temperature and the energy required to convert the material from the solid state to the liquid

state (i.e., latent heat of melting), calculated using the following equation:

T
Em=pr cpdT-i—pV(l-a)) Ly (15)
Ty

where p is density of Al6061 or Al6061+TiC, V is the volume of the melt pool calculated

according to Equation (10-13). ¢, is the specific heat of Al6061 or Al6061+TiC, which were

measured and will be detailed in Section 3.3. w is the weight fraction of TiC (for A16061, w = 0;
for A16061+4.4vol.%TiC, w = 7.9%), L,; is the latent heat of melting for Al6061 (3.4x10° J/kg),
T, is the room temperature (298 K), and T} is the solidus temperature of A16061 (873 K).

The calculated results of laser melting energy efficiency show that adding TiC nanoparticles
(A16061+4.4vol.%TiC) increased the laser melting energy efficiency under all the laser processing
conditions we investigated (Fig. 3f-h). Compared with Al6061, the average increase of laser
melting energy efficiency caused by the TiC nanoparticles is 114% (from 4.9% to 10.5%) for all
the laser parameters we studied. Under 312 W laser power and 0.4 m/s scan speed, adding TiC

nanoparticles increases the laser melting energy efficiency by 521% (from 1.6% to 10.3%). This
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297  suggested that adding nanoparticles can significantly improve the laser melting energy efficiency

298  during LPBF process.
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299

300  Fig. 3. Effects of nanoparticles on melt pool volume and laser melting energy efficiency. (a)
301  Side view of melt pool showing the required dimensions (melt pool length L, vapor depression
302 width d, vapor depression depth h,, melt pool depth h,,) for calculating the melt pool volume. (b)
303 Top view of melt pool showing the melt pool width (w) for calculating the melt pool volume. (c-e)
304  Effects of nanoparticles on the melt pool volume under laser scan speed of 0.4 m/s (c), 0.6 m/s (d),
305 and 0.8 m/s (e). (f-h) Effects of nanoparticles on the laser melting energy efficiency under laser

306  scan speed of 0.4 m/s (f), 0.6 m/s (g), and 0.8 m/s (h). The error bars represent the standard
307  deviation.
308

309  3.3. Effects of nanoparticles on properties
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The nanoparticle-induced increase of laser melting energy efficiency may be attributed to the
nanoparticle-induced change of material properties (e.g., specific heat, thermal conductivity,
surface tension, viscosity, absorptivity), which may affect the heat transfer and melt pool
dimension during laser metal AM process. However, due to the lack of systematic measurement,
the quantitatively understanding of the effects of these property changes caused by nanoparticles
on the melt pool volume and laser melting energy efficiency is unclear. In this study, we performed
systematic measurements of the properties including density, specific heat, thermal conductivity,
surface tension, viscosity, and absorptivity for Al6061 and Al6061+4.4vol.%TiC.

The density was measured by the Archimedes method. The measured density of Al6061
(commercial T6) is 2705 = 3 kg m™. The measured density of as-printed A16061+4.4vol.%TiC is
2801 £ 4 kg/m? (Fig. 4a). The increase of density was attributed to the higher density of TiC (4930
kg/m®) than Al6061. According to the mixture rule, the density of fully dense
Al6061+4.4v0l.%TiC can be calculated as:

PP UL ) Py f (16)
where p _is the density of Al6061+4.4vol.%TiC, p,, is the density of Al6061, fis the volume

fraction of TiC nanoparticles, and p, - is the density of TiC. The calculated density of fully dense

Al6061+4.4vol.%TiC is 2802 kg m™. Therefore, the densification level of our as-printed
Al6061+4.4vo0l.%TiC is 99.96%.

The specific heat and thermal diffusivity of A16061 and A16061+4.4vol.%TiC (at 298 K, 373 K,
473 K, 573 K, 673 K and 773 K) were measured by the laser flash analysis (Fig. 4b, c¢). The
measured specific heat of AlI6061 and A16061+4.4vol.%TiC is very close (less than 10% difference
for all temperatures), which can be attributed to the similar specific heat value of A16061 and TiC

[26,47]. The measured thermal diffusivity of Al6061+4.4vol.%TiC is 25% smaller (on average)
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than that of the Al6061. Based on the density, specific heat and thermal diffusivity, the thermal
conductivity of Al6061 and Al6061+4.4vol.%TiC was calculated using the equation [48]:

k= apc, (17)
where k is the thermal conductivity, a is the thermal diffusivity, p is the density, ¢, is the specific
heat. The results show that the thermal conductivity of A16061+4.4vol.%TiC is 24% (on average)
lower than that of A16061 (Fig. 4d). This can be attributed to: (1) the thermal conductivity of TiC
is lower than that of Al6061 [49]; (2) the thermal resistance exists at the interface between the
Al6061 and TiC nanoparticles [50].

The surface tension and viscosity were measured by the oscillating droplet method, as detailed
in reference [26]. To minimize the effects of oxygen content variation on the testing results for
different samples [51,52], we evacuated the chamber (less than 10 Pa for each iteration) and
refilled with Argon gas (1.01 x 10° Pa for each iteration) three times to create a consistent clean
environment for the oscillating droplet experiment for all the samples. The measured surface
tension (Fig. 4e) of Al6061+4.4vol.%TiC (0.81 + 0.06 N-m™) is 19% higher than that of the
Al6061 (0.68 + 0.03 N-m™"). The measured viscosity (Fig. 4¢) of Al6061+4.4vol.%TiC (79.4 +
12.7 mPa-s) is 15 times higher than that of the A16061 (4.9 + 1.2 mPa-s).

To obtain the absorptivity, we first measured the reflectivity of Al6061 and
Al6061+4.4vo0l.%TiC bare plates at wavelength of 600-2000 nm by the Perkin Elmer Lambda 19
UV/Vis/NIR spectrometer (see details in Method). Since the absorption lengths of Al and TiC at
1070 nm wavelength are much smaller (8.2 nm and 23.3 nm, respectively) [26] than the bare plate
thickness, the absorptivity of Al6061 and Al6061+4.4vol.%TiC was then calculated by:

A=1-R (18)
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where A4 is the absorptivity, R is the reflectivity. The results (Fig. 4f) show that adding
nanoparticles causes a 35% increase of the absorptivity from 0.051 for Al6061 to 0.069 for
Al6061+4.4v0l.%TiC at 1070 nm wavelength. Adding TiC nanoparticles increases the
absorptivity because TiC has higher absorptivity than Al at 1070 nm wavelength [53,54]. Here we
measured the bare plate absorptivity instead of powder absorptivity because bare plate absorptivity
can better characterize the absorptivity of material itself with almost no geometric effects. We also
estimated the material absorptivity of Al6061 and Al6061+4.4vol.%TiC based on the refractive
index and Fresnel equations, as detailed in Appendix C. The estimated results are very close to the

measured results, which further confirms the nanoparticle-induced increase of the material

absorptivity.
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Fig. 4. Effects of nanoparticles on physical properties. (a) Density of Al6061 and
Al6061+4.4vol. %TiC. The density was measured by the Archimedes method. (b-d) Specific heat
(b), thermal diffusivity (c) and thermal conductivity (d) of AI6061 and AlI6061+4.4vol.%TiC. The
specific heat and thermal diffusivity were measured by the laser flash method. The thermal
conductivity was calculated based on the specific heat, thermal diffusivity and density. (e) Surface
tension and viscosity of A16061 and Al6061+4.4vol. %TiC. The surface tension and viscosity were
measured by the oscillating droplet method. (f) The absorptivity of Al6061 and
Al6061+4.4vol. %TiC. The error bars represent the standard deviation.
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4. Discussion
4.1. Effects of nanoparticle-induced property change on laser melting energy efficiency

The measured properties of Al6061 and Al6061+4.4vol.%TiC were input into simulation to
study the effects of each property change caused by nanoparticles on the melt pool formation and
laser melting energy efficiency. Totally six simulations were performed under the same laser
processing condition (laser power of 416 W, laser scan speed of 0.4 m/s). The first simulation was
the reference simulation using all the properties from Al6061 (Fig. 5a). The other five simulations
(Fig. 5b-f) were performed with each simulation using one property (specific heat, thermal
conductivity, surface tension, viscosity, absorptivity, or respectively) from Al6061+4.4vol.%TiC,
while other properties were from Al6061. The results (Fig. 5g, h) show that nanoparticle-induced
change of specific heat, thermal conductivity, surface tension, viscosity, and absorptivity results
in a melt pool volume change of 6%, 71%, -11%, -7%, and 146%, respectively (negative means
decrease). This suggested that the nanoparticle-induced change of the absorptivity and thermal
conductivity are the two main reasons for the increase of the melt pool dimension observed in our
experiment.

The decrease of the melt pool width after adding nanoparticles under the laser powers of 468 W
and 520 W, scan speed of 0.4 m/s (mentioned in Section 3.1) may be because adding nanoparticles
increases the viscosity [26], which impairs the thermocapillary flow and reduces the lateral spread
of the liquid metal. Under certain condition with high energy input, the deep vapor depression
causes more energy to be absorbed beneath the surface [14,55,56]. Therefore, the effect of
nanoparticle-induced increase of absorptivity on the surface (tends to increase melt pool width) is
diminished. The melt pool widening effect caused by the nanoparticle-induced increase of

absorptivity and decrease of thermal conductivity was overcame by the narrowing effect caused
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397 by the nanoparticle-induced increase of viscosity. This explained why under certain parameters

398  (with higher energy input), we observed that adding nanoparticles decreased the melt pool width.
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400  Fig. 5. Simulation results showing effects of property change caused by nanoparticles on melt
401  pool volume and laser melting energy efficiency. (a) Simulation of laser melting of AI6061. (b-f)
402  Simulation of laser melting process using the nanoparticle-modified property of specific heat (b),
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thermal conductivity (c), surface tension (d), viscosity (e), and absorptivity (f). Other properties
are from Al6061. The melt pool is indicated by the red color. (g) Effects of each property change
on the melt pool volume. (h) Effects of each property change on the percentage change of melt
pool volume compared with A16061. (i) Effects of each property change on the laser melting energy
efficiency. (j) Effects of each property change on the percentage change of laser melting energy
efficiency compared with Al6061. The quantification of (g-j) was based on the vapor depression
and melt pool dimension in simulation results.

Based on the vapor depression and melt pool dimension in simulation results, we calculated the
effect of each property change on the laser melting energy efficiency. Consistent with the trend
observed in the melt pool volume, we observed that nanoparticle-induced change of specific heat,
thermal conductivity, surface tension, viscosity, absorptivity results in laser melting energy
efficiency changes of 6%, 48%, -10%, -14%, 84%, respectively (Fig. 51, j). This suggests that,
among all the properties we measured, the nanoparticle-induced change of the absorptivity and
thermal conductivity are the two main ones accounting for the improvement of the laser melting
energy efficiency.

4.2. Effects of nanoparticle-induced reduction of vapor depression threshold on laser melting
energy efficiency

Another mechanism we found for the nanoparticle-induced laser melting energy efficiency
improvement is that adding nanoparticles reduces the laser power needed to generate the vapor
depression. Since the laser power threshold for Al6061+4.4vol.%TiC to generate the vapor
depression under 0.4 m/s scan speed was not captured within the utilized laser power range of 312
W to 520 W (Fig. 1), we performed further in-situ x-ray imaging experiments with laser power of
208 and 260 W. The results show that the minimum laser power needed for A16061+4.4vol.%TiC

to generate the vapor depression under 0.4 m/s scan speed is 260 W (Fig. 6a, b), compared with

416 W for Al6061 (Fig. 1). The same phenomenon that compared with Al6061, less laser power
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was needed for Al6061+4.4vol.%TiC to generate the vapor depression was also observed under
0.6 m/s and 0.8 m/s scan speed (as detailed in Section 3.1 and Fig. 6d).

The nanoparticle induced vapor depression initiation under lower laser power results in a
significant enhancement of the absorption for Al6061+4.4vol.%TiC under certain parameters
(when A16061 without vapor depression, A16061+4.4vol.%TiC with vapor depression), due to the
multiple reflection inside the vapor depression [37-39]. Therefore, under these parameters, there
is a substantial increase of the melt pool volume and laser melting energy efficiency. The average
laser melting energy efficiency increase (caused by the nanoparticles) is 268% under the condition
of Al6061+4.4vol.%TiC with vapor depression but Al6061 without vapor depression, compared

to 59% under the condition of both Al6061 and Al6061+4.4vol.%TiC with vapor depression or

both without vapor depression (Fig. 6¢).
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Fig. 6. Nanoparticle-enabled vapor depression initiation at lower laser power. (a, b) X-ray
images showing the laser power threshold for Al6061+4.4vol. %TiC to generate the vapor
depression under laser scan speed of 0.4 m/s. In a, no vapor depression was generated at 208 W
laser power. In b, vapor depression was generated at 260 W laser power. Blue dashed line
indicates the vapor depression boundary. Yellow dashed lines indicate the melt pool boundary. (c)
The laser melting energy efficiency increase induced by the nanoparticles under different laser
processing parameters. Red columns represent the condition of AI6061+4.4vol.%TiC with vapor
depression but Al6061 without vapor depression. Blue columns represent the condition of both
Al6061 and Al6061+4.4vol.%TiC with vapor depression or both without vapor depression. (d)

The laser power threshold for A16061 and A16061+4.4vol.%TiC to generate the vapor depression.

Under 0.8 m/s scan speed, even though we used highest laser power of our laser system (520 W),

no vapor depression was generated for AI6061.
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We propose that the nanoparticle-induced initiation of vapor depression at lower laser power is
caused by the nanoparticle-induced increase of absorptivity and decrease of thermal conductivity.
To study the effects of nanoparticle-induced absorptivity change and thermal conductivity change
on the vapor depression initiation, we quantified the vapor depression depth as a function of time
for three of the simulations mentioned in Section 4.1: (1) simulation using Al6061 properties, (2)
simulation with 24% decrease of thermal conductivity, (3) simulation with 35% increase of
absorptivity. The results show that decreasing the thermal conductivity and increasing the

absorptivity both cause earlier initiation of the vapor depression (Fig. 7a).
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Fig. 7. Effects of nanoparticle-induced decrease of thermal conductivity and increase of
absorptivity on vapor depression initiation. (a), Vapor depression depth as a function of time
obtained from laser melting simulation of A16061, decreasing thermal conductivity by 24%, and
increasing absorptivity by 35%. (b), The vapor depression initiation time obtained from laser
melting simulation of Al6061, decreasing thermal conductivity by 24%, and increasing
absorptivity by 35%.

We calculated the initiation time of the vapor depression, which is defined as the time it takes
for the vapor depression to reach half of the static vapor depression depth. The vapor depression
initiation times after decreasing the thermal conductivity and increasing of the absorptivity are 320

us and 260 ps, respectively, compared with the initiation time of 1200 ps for Al6061 (Fig. 7b).
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This suggests that adding nanoparticles can facilitate the vapor depression initiation by increasing
the absorptivity and decreasing the thermal conductivity.

Decreasing thermal conductivity can promote the vapor depression initiation because decreasing
thermal conductivity reduces the heat dissipation, resulting in the fast increase of localized
temperature and recoil pressure at melt pool surface to cause earlier initiation of vapor depression.
When the absorptivity increases, it also causes the significant increase of the temperature at melt
pool surface due to the larger amount of laser energy absorbed, which increases the recoil pressure
and facilitates the vapor depression initiation.

4.3. Powder absorptivity or material absorptivity to affect melt pool dimension

Previous studies have demonstrated that adding nanoparticles in metal can increase the powder
absorptivity (i.e., the absorptivity of the powder layer in LPBF) [30,40-43], and material
absorptivity (i.e., the absorptivity of the flat surface) [10]. To find out which absorptivity should
be used when studying nanoparticle effects on LPBF process, we further performed in-situ x-ray
imaging experiments using bare substrates (Fig. 8), and then compare the experimental results
using the bare substrate with those using the powder bed. The results indicate that whether the
powder absorptivity or the material absorptivity should be used depends on whether the laser
interacts with the powder or the liquid metal during the LPBF process.

In the keyhole mode where the laser mostly interacts with the liquid metal [57], the vapor
depression and melt pool dimensions in the laser melting of bare substrate experiment are very
close to those in the powder bed experiment for both Al6061 and Al6061+4.4vol.%TiC: the
difference of the melt pool depth between the powder bed experiment and the bare substrate
experiment is less than 10% for both Al6061 and Al6061+4.4vol.%TiC under all the parameters

in the keyhole mode (Fig. 2d, Fig. 8d). More importantly, the nanoparticle-induced increase of
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vapor depression depth and melt pool dimension was still observed in the laser bare substrate
melting experiment (Fig. 8a-d). This suggests that powders have negligible effects, and the
nanoparticle-induced material absorptivity enhancement should be used when studying
nanoparticle effects on vapor depression and melt pool formation in keyhole mode.

In the conduction mode, laser interacts more with powders [58]. Therefore, the proportion of
energy absorbed by powders in the overall absorption process increases. However, in the melt pool
formation study, the powder absorptivity should only be used when (1) the laser mostly interacts
with powders instead of liquid metal, (2) the laser-heated powders are finally merged into the melt

pool instead of being ejected as spatters.

a 312 W 364 W

Al6061

oy 4.4vol.%TiC  —

£700 30 700
b £ T =" Ae061 C T o Albos1 (1 —o— AIBO61
£ 6001 —o— AI6061+4.4v0l %TiC E 2.5 —o— AIG061+4.4v0L.%TiC € 6001 —o— AIBO61+4.4v0L.%TiC .
5001 e =20 L | =5 —
c [=)) Q J
& 400 " 2. ‘/,/ g0
820 o// 810 -~ g 3001
= g 25001
©200 o 205/ 2 400
8100 = ]
>

04— - - : r
300 350 400 450 500 550
Laser power (W)

300 350 400 450 500 550
Laser power (W)

. - + " T 0.0
300 350 400 450 500 550
Laser power (W)

Fig. 8. Effects of nanoparticles on the vapor depression and melt pool dimension during laser
melting of bare substrate. (a) X-ray images showing the effects of nanoparticle on vapor
depression and melt pool formation during laser melting of bare substrate. Blue dashed lines
indicate the vapor depression boundary. Yellow dashed lines indicate the melt pool boundary. The
laser powers used are 312 W, 364 W, 416 W, 468 W and 520 W. The scan speed used is 0.4 m/s.
(b-d) Quantification results showing effects of nanoparticles on the vapor depression depth (b),
melt pool length (c), and melt pool depth (d). The error bars represent the standard deviation.
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5. Conclusion

This work presents the quantification of the effects of TiC nanoparticles on the laser melting
energy efficiency by direct characterization of vapor depression and melt pool dimension during
LPBF of Al6061. A significant increase of laser melting energy efficiency is achieved by adding
TiC nanoparticles. The mechanisms of laser melting energy efficiency improvement induced by
TiC nanoparticles are identified. The major conclusions are as follows:

(1) We quantified the nanoparticle-induced improvement of laser melting energy efficiency by
direct measurement of vapor depression and melt pool dimensions. The results show that adding
TiC nanoparticles increased the laser melting energy efficiency by 114% on average under all the
parameters we studied, and by 521% under 312 W laser power, 0.4 m/s scan speed during LPBF
of Al6061.

(2) Among all the property changes caused by the TiC nanoparticles we studied, we identified
that nanoparticle-induced increase of absorptivity and decrease of thermal conductivity play
dominant role in increasing melt pool dimension and improving laser melting energy efficiency
during LPBF of Al6061.

(3) In addition to the nanoparticle-induced property change, we found another mechanism
causing the laser melting energy efficiency improvement during LPBF of Al6061: adding TiC
nanoparticle enables the initiation of vapor depression at lower laser power (i.e., lowers the laser
power threshold for keyholing), resulting in significant increase of laser melting energy efficiency
through multiple reflection. The average laser melting energy efficiency increase (caused by the
TiC nanoparticles) is 268% under the processing condition that A16061+4.4vol.%TiC has vapor

depression but Al6061 does not have vapor depression, which is much higher than the 59%
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increase under the processing condition of both Al6061 and Al6061+4.4vol.%TiC with vapor
depression or both without vapor depression.

(4) By comparing the laser powder bed experiment with laser bare substrate melting experiment,
we further identified that powders have negligible effects in the keyhole mode. Therefore, the
material absorptivity enhancement (instead of powder absorptivity enhancement) and thermal
conductivity reduction induced by the TiC nanoparticles are the main mechanisms causing the
increase of the vapor depression, melt pool dimensions and laser melting energy efficiency in
keyhole-mode LPBF process.

Our research provides a potential method and mechanisms to increase the laser melting energy
efficiency during laser metal AM process. More work will be done in the future to study the effects
of different nanoparticles (with different thermophysical properties) and nanoparticle volume
fraction on the laser melting efficiency to develop a general guideline for selecting/designing

nanoparticles for different alloy systems to achieve more energy efficient laser metal AM process.
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Appendix A: Laser melting energy efficiency versus absorptivity

The term “laser melting energy efficiency” used in this paper is different from the “absorptivity”
used in previous works. The definition of laser melting energy efficiency is the energy needed to
melt the material to form a melt pool with a certain volume to the energy delivered by the laser

beam. The melt volume formed does not only depend on the absorptivity. The thermal conductivity
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(influencing heat dissipation to the substrate), the heat capacity, the viscosity (influencing the melt
flow induced heat transfer within the melt pool) and surface tension (influencing the vapor
depression development) also affect the melt pool volume. One of the major findings in our work
is that adding nanoparticles can enlarge the melt pool volume under the same processing parameter.
Also, we identify that apart from absorptivity increase, nanoparticle-induced decrease of thermal

conductivity also makes significant contribution to the melt pool volume increase.

Therefore, we developed a new parameter of “laser melting energy efficiency” which directly
connects the melt pool volume with laser energy input (Equation 14-15) by considering all the
thermophysical properties governing the melt pool formation: except the absorptivity, it also
considers thermal conductivity, specific heat, surface tension and viscosity. To further study the
mechanism of nanoparticle-induced melt pool expansion, we systematically measured all the
relevant thermophysical properties (absorptivity, thermal conductivity, specific heat, surface
tension, viscosity) for the sample with and without nanoparticles and quantified their contribution
to the melt pool volume and the laser melting energy efficiency. Compared with previous research
studying nanoparticle-induced absorptivity change, our work using laser melting energy efficiency

is a further study of effects of all the thermophysical property changes on the melt pool formation.

Appendix B: Melt pool length measurement

The melt pool length was measured based on the x-ray image. The horizontal length of the x-
ray image view window is 1482 um (768 pixels x 1.93 um/pixel). For the melt pool length smaller
than the horizontal length of x-ray imaging view window, we measured the melt pool length
directly from the x-ray image (i.e., the number of pixels between the melt pool head and the melt
pool end in the horizontal direction x 1.93 pum/pixel). For the melt pool length larger than the

horizontal length of the field of view, the melt pool length is divided into two parts: (1) the length
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of the melt pool portion displayed in the current field of view L, (2) the length of the rest of the
melt pool beyond the field of view L,. L, is directly obtained from the x-ray image (Fig. B.1a). L,

is calculated by multiplying the melt pool moving speed (assumed the same as laser scan speed)
and the time it takes for the rest of the melt pool moves into the field of view, as illustrated in Fig.
B.1b. The total melt pool length was calculated as L=L,+L,.
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Fig. B.1. Melt pool length measurement. (a), X-ray image illustrating the measurement of Ly (the

melt pool length in current frame). (b), X-ray image illustrating the calculation of L, (the length
of the rest of the melt pool). The total melt pool length is calculated as L=LstL,.

Appendix C. Estimation of absorptivity based on the Fresnel equations

We estimated the material absorptivity of AlI6061 and A16061+TiC based on the refractive index
and Fresnel equations. The absorptivity of Al6061 was calculated according to the Fresnel
equation [59]:

Azl-(VTM+VTE)/2 (Cl)
1\ )
(n " cos 9) Tk

rrmM= 3 (CZ)

(n +cos 9) s

(n-cos O)2+ k2
(n +cos 0)2+ K

FTE= (C.3)
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where A is the absorptivity, 71\ is the reflectivity of the P polarization mode (TM, transverse-
magnetic), rrg 1S the reflectivity of the S polarization mode (TE, transverse-electric), 8 is the
incident angle, n and k are the real part and imaginary part of the complex refractive index,
respectively. For Al, n =1.37, k= 10.3 at 1070 nm wavelength [54].

The absorptivity of Al6061+TiC was calculated based on the mixture rule:

A=A44(AN+Ancf (C4)
where A, is the absorptivity of Al6061+TiC, 4, is the absorptivity of Al6061, fis the volume
fraction of TiC, A ;¢ is the absorptivity of TiC, which was calculated based on the Equation (C.1-
C.3) and refractive index of TiC at 1070 nm wavelength (n=3.96, k=3.68 [60]). The calculated
absorptivity of Al6061+4.4vol.%TiC is 32% higher (on average for all incident angles) than that
of Al6061 (Fig. C.1), which is very close to the measurement results (absorptivity of

Al6061+4.4vol.%TiC is 35% higher than that of A16061) in Section 3.3.

0.30

—AI6061
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0.20 1
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Fig. C.1. Laser absorptivity of Al6061 and Al6061+TiC estimated based on the refractive index
and Fresnel equations.
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