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N number of specimen points
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P number of independent variables

P parameter in Nukiyama-Tanasawa model

X scale parameter in Rosin-Rammler model

Xg geometric mean size in log-normal model
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ABSTRACT

The characteristics of the powder used in powder-bed-based additive manufacturing
play a significant role in determining both the process conditions and the quality of the parts
manufactured. Therefore, it is essential to assess powder characteristics, particularly particle
morphology, size distribution (PSD) and rheology. This study aims to characterize the size
distribution and morphology of metal powders commonly used in additive manufacturing, such
as AlSi10Mg, Inconel-718, Ti6Al4V, titanium, stainless steel and ultrasonic atomized powder
AlSi12. The study applies various PSD models to fit the measured volume- and number-based
size distributions and conducts a statistical analysis to identify the best-fitting models.
Additionally, the study utilizes shape analysis of SEM images based on elliptic Fourier series
to quantitatively characterize particle morphology. The study reveals that AISi10Mg powder
exhibits the widest size distribution, while Inconel-718 and stainless steel powders have the
narrowest distributions. The ultrasonic atomized AISi12 powder produced at an angle of 2.5°
has the widest particle size dispersion in terms of volume while AlSi12 powder produced at an
angle 5° number, according to the data. The narrowest volume- and number-based particle size
distributions, however, are shown by AlSil12 powder produced at angle -2.5°and AlSi12 powder
produced at angle 0°, respectively. Metal particles, except for AlSi1l0OMg, are almost spherical,
with elongation ratios ranging from 0.90 to 1. AISI12 exhibit the highest level of sphericity,
while AISi10Mg particles have a rougher surface structure. The Nukiyama-Tanasawa and log-
normal distributions fit the experimental PSDs better than the normal and Rosin-Rammler
models. Powder rheology tests using FT4 rheometer indicate that AISi10Mg has the lowest BEF
value, resulting in good flowability, Inconel-718 powder forms a denser bed, and titanium has
the highest cohesion value and the lowest flow function value, making it the most flowable
among all the powders tested. Additionally, we examined the correlations between the powder's
rheological properties, measured by a Hall flowmeter, tapped density tester, and FT4 powder
rheometer, and the PSD and shape indices using Spearman's coefficient test. The results of this
study can assist in selecting the appropriate metal powder for specific additive manufacturing

applications.
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Chapter 1 - INTRODUCTION

1.1 Introduction

A molten metal stream is broken up into very small droplets during the atomization
process, which then solidifies into tiny particles. During World War 11, the method was widely
employed. By using the above procedure, high-quality powders of aluminium, brass, iron,
stainless steel, tool steel, and super alloys are created [1]. Due to the advent of metal additive
manufacturing (AM) technology, the need for high-quality metal powder has recently increased
significantly[1]. Rapid prototyping and series production using metal AM technologies are
becoming more and more common in a variety of industrial fields. The market of metal powder
is likely to expand substantially in the upcoming years due to the existing markets in powder
metallurgy (P/M) and plasma/thermal spraying as well as the advent of new applications like

additive manufacturing.

Most of the applicable additive manufacturing (AM) techniques use mostly powder or
wire as a feedstock, which is then selectively melted by a focused heat source and solidified in
subsequent cooling to make a product [2], [3]. Making commercial and research-and-
development materials for industry involves processing metal powder. Examples of techniques
used to create metal powder include gas atomization, plasma atomization, centrifugal
atomization, and ultrasonic atomization [4]. Gas atomization process involves disintegrating
the flowing stream of molten metal using high-velocity gas. Ar, N2, and He gas jets are the
gases used. The powder is atomized and then collected in a water bath. When particular powder
characteristics, such as spherical shape or particles with little to no oxide (surface) content, are
desired, fluidized bed cooling is used. This method is more expensive than water atomization.
Water atomization is the process in which the molten metal stream is disintegrated by high
pressure water jets in this process. Water is utilized because of its superior quenching power
and increased viscosity. The method is affordable and suitable for both small- and large-scale
production. This method cannot atomize metals and alloys that donnot interact chemically with
water. With the centrifugal atomization technique, molten metal drops from the consumable
electrode's molten end are broken off by centrifugal force. Production of titanium-like reactive
metal powders uses this method. This procedure uses a non-consumable tungsten electrode to
heat and melts the metal bar's one end while spinning it longitudinally at high speeds [1].

The ultrasonic atomization technique is one way to create high-quality metallic powders. Such

powders are used as a starting material for additive manufacturing, powder metallurgy
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(sintering), and specialty metallic coatings. Previously, heavy elements and noble metals
including platinum, molybdenum, gold, uranium, palladium, and tantalum and its alloys were
created using various gas atomization techniques; nevertheless, the quality of the powder
generated did not meet all criteria necessary for additive manufacturing, primarily the porosity
of the final products [5].

Each of the techniques described produces metal powders with a range of morphology
size. Almost all processes result in spherical. The investigation of AM material focuses on its
bulk properties, which include tap density, apparent density, compressibility, flow properties,
and, as well as, chemical composition. High-quality metal powders are frequently used to create
materials for structural and practical purposes. Casting processes and conventional forging are
more expensive than the production of metal powder and additive manufacturing [1]. AM needs
metal powders to be spherical and have a narrow size distribution in order to deliver repeatable
and reliable outcomes. The technologies allow for the creation of powder shapes that are
spherical or nearly spherical. Additionally, the results are acquired immediately after powder
synthesis, whereas the other methods call for additional processing to produce the best powder
form [6].

1.2 Aims and Objectives

The aims of the research is to
e Characterize metal powder (AlSi10Mg, Stainless Steel, Ti, Ti6Al4V, Inconel) used in
additive manufacturing.
e Produce metal powder (AlSil12) using ultrasonic atomization.
e Compare commercially produced powder and ultrasonic atomized powder.
e Select particle size distribution models (Normal, Log-Normal, Rosin Rammler,
Nukiyama).

e Study rheology of metal powders.
1.3 Literature Review

Powder-based additive manufacturing (AM) is a state-of-the-art technology that enables
the production of custom-designed parts. The process involves the layer-by-layer construction
of parts by supplying powder to a build chamber, spreading the powder on top of the powder
bed using a roller or blade to form the powder layer, and selectively fusing particles using heat
or a binder. Metal AM is gaining increasing interest from academia and industries such as

aerospace, military, biomedical, and traditional manufacturing [7]-[9]. The rise in demand for
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metal AM has led to a surge in studies exploring the complex relationships between the
properties of the powder used in 3D printing and the final quality of the manufactured parts
[10], [11]. Powder flow and packing characteristics play a crucial role in the process efficiency
and final product quality [12]-[14]. Therefore, the quantitative characterization of powder
properties is essential for optimizing powder compositions and AM process parameters,
reducing the need for multiple, time-consuming, and expensive printing runs[15].

A study was reported in 2021 by Zrodowski.L et al.[5], in which they used a new
technique, named ultrasonic atomization for powder production. One of the least investigated
processes for atomizing melts is ultrasonic atomization. The internal stresses of melted metal
are broken by the acoustic wave rather than by a fast-moving gas or centrifugal force. A
ultrasonic tool named as “sonotrode” can be used to inject vibrations directly. This technique
is extensively used in the production of aluminum alloy, steel and magnesium alloys, zinc and
solders, etc. In his work he characterized well known metal alloys and bulk metallic glasses.
Mostly powder particles are spherical in shape of different sizes. Such geometry, which
provides adequate tap density and flowability, is essential for both the AM powder bed and the
coating.

One research work was done in which two batches of AISI 316L steel powder, one of
which was acquired using ultrasonic atomization (UA) and the other through plasma arc gas
atomization, were used to create the AM samples that are the subject of this work plasma arc
gas atomization(PAGA) [16]. The following inferences could be made in light of the research
findings: In the case of UA powder, 92.3% of the total volume of material may be classified
between 20 and 63 micrometers, which is a significantly higher percentage than for the PAGA
process (usually between 70 to 75 percent for steels). When compared to PAGA, the UA
material requires an energy density that is about 15% greater.

Another research was made by Mahdi H et al.[17] In his work, he studied the influence
of particle size distribution on metal powder’s flowability, which is essential to numerous
additive manufacturing (AM) operations. The production of good standards metal powders,
which are spherical in shapes with varied PSDs is made possible by the plasma atomization
technology. Six plasma-atomized specimens of Ti-6Al-4V have been characterized with
different PSDs [17]. The advantages and disadvantages of different powder techniques are

shown in Table 1.
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Table 1. 1 Advantages and disadvantages of metal powder produced by different methods

Manufacturing Material Particle Size Range Advantages Disadvantages
Process
Gas Ti Alloy 0-250um Suitable fora  Wide particle size Distribution
Atomization variety of alloy
[18] metals with
reactive
qualities that
come in ingots
with a wide
range of
particle sizes
and spherical
particles.

Water Ti Alloy 25-125 pm The particles The feedstock must be
Atomization are spherical in the form of wire or
[19] powder, costly
Ultrasonic Reactive and 20-120 um High quality of The feedstock must be
Atomization Non- Powder output in the form of wire or
[5] reactive Easy Swap to powder, costly,Time

metal Alloy next material

The flowability of powder is determined by various factors, including size, morphology,
surface properties, chemical composition and material characteristics of the constituent
particles, size distribution and stress state of powder, and ambient temperature and humidity
[20]. The packing density of the powder layer in powder-based AM depends on the recoating
process and the powder characteristics [21]. The size and shape of metal particles significantly
impact their flow and compaction behaviour. Studies have shown that a broader PSD can lead
to an increase in packing density, but it also results in reduced flowability [22]-[24]. Moreover,
Seyda et al. [25] examined the properties of AM-printed parts using three Ti6Al4V powders
with different PSD from various manufacturing processes. They confirmed that simple size
distribution characteristics such as median, 10% and 90% particle sizes are insufficient to
characterize the relationships between PSD and part properties. It is required to consider the
full description of PSD.

Many mathematical models have been proposed to describe the size distribution of
particles. The ideal model should accurately reflect the data and be easy to understand and
apply to current data. While adding more fitting parameters can improve the model's fit, this
can also make the model more complicated and challenging to use with fewer measured points
[26]. Bayat et al.[27] conducted a study on 36 PSD models to determine which model best fit
experimental soil sample data and, in another study, Colorado-Arango et al.[28] compared six

14



different PSD models to fit measured data of metallurgical coke grinding products. In the case
of metal powder used in AM, some authors use log-normal [29], [30] and Rosin-Rammler [31],
[32] distributions to fit measured PSDs. Nevertheless, limited research is available on the
comparative analysis of different PSD models for metal powders used in AM. It is essential to
determine the most appropriate PSD model, validated by the measured size distribution of metal
powder, for effective design and scaling up of powder-based additive manufacturing processes.

The flow behaviour of powder in AM is significantly influenced by its particle
morphology [33], [34]. Spherical particles with smooth surfaces are generally considered to
have the best flowability [35], whereas non-spherical particles result in lower random packing
density [36]. Due to their production method, AM metal particles often deviate from a spherical
shape. In this process, pressurized gas or water is used to atomize the molten metal into particles
upon cooling. The coalescence of droplets during this process can cause the formation of
elongated particles and satellite features on the surface of the primary particle [37].

The correlation between particle morphology and flowability was studied by
characterizing the average shape of particles on macro-, meso-, and micro-scales [38]. Shape
descriptors were formulated to quantify the form, roundness, and surface texture of the
particles. For example, Zhang et al.[39] used eight descriptors to describe the form and
roundness of nickel-based superalloy powder. Different approaches were applied to
characterize particle surface texture, such as fractal analysis. The shape descriptors based on
the elliptic Fourier analysis of particle outlines have also been used in powder technology [40]—
[42]. The approach has the advantages of providing various scale shape descriptors and working
with particles of any complex outline [43]. However, to the best of our knowledge, this

approach has not been applied to the shape characterization of particles used in AM.
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Chapter 2 - Materials and Methods

Figure 2.1 shows the process flow for the methods used in the current investigation to examine

the size distribution of metal powders, morphology, and rheometer tests for both commercially

and ultrasonically atomized powders.

Volume-based PSD measurements
by Laser Diffraction

v

Particle morphology by electron
microscopy

y

Flowability

Fitting PSD Models Normal, Log-
Normal, Rosin Rammler,
Nukiyama Tanasawa

Number-based PSD
measurements by image analysis
using SEM Photos

y

v

FT-4 Rheometer
(Stability & Flow rate,
Compressibility,
Permeability, Aeration,
Shear Cell)

Statistical Analysis of PSD Models
Adjusted R?, Akaike Information
Criterion, RMSE

Fitting PSD Models Normal, Log-
Normal, Rosin Rammler,
Nukiyama Tanasawa

Statistical Analysis of PSD Models
Adjusted R?, Akaike Information
Criterion, RMSE

Figure 2.1 Flow chart of study methodology
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2.1 Materials

In this research, the size distribution and morphology of five metal powders and AlSI12
powder produced by ultrasonic atomization used in additive manufacturing were studied. The
metal powder Inconel-718 and Ti6Al4V were purchased from Sino-Euro Materials
Technologies of Xi’an Co.,Ltd., AISi10Mg from Volgograd Aluminium Company - Powder
Metallurgy LLC, titanium from SpetsMetallMaster LLC and stainless steel from POLEMA
JSC.

2.2 Production of AlSil12 using Ultrasonic Atomization Process

The method for producing metal powders by ultrasonic atomization includes placing a
heavy metal raw material near an electric arc, heating the raw material with the electric arc,
and creating a molten metal pool on a sonotrode, the molten metal pool having a temperature
equal to or greater than the heavy metal raw material's melting temperature, but less than the
heavy metal raw material's vaporization temperature. The metal droplets freely cool down
within a preset distance by radiation and transform into a heavy metal powder, collecting the
heavy metal powder, at the end 75% of the heavy metal raw material is collected in the form of

the heavy metal powder. The flow process is shown in figure 2. 2.

1.5upply of raw
Shield Gas material (wire) Fower

Supply

v

Z.Heating the raw
material by an
electrical arc to -

generate molten metal
pool

3. Excitation of capillary
wawves by providing
ultrasonicvibrations to
generate droplets

}

4. Transporting and
coolingdroplets

5. Collecting powder
inthe container

Figure 2.2 Production of metal powder using ultrasonic atomization
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Wire o

'8‘22',}) ]
/7 Sonotrode

Figure 2.1 Ultrasonic atomizer

Torch
Wire
[ Molten Metal
Figure 2.2 Melting of wire on sonotrode
Table 2.1 Parameter for producing AlSil2 powder
Material Electrical Ultrasonic Ultrasonic Main Argon  Feed
current, A vibration vibration circuit flow, Rate
amplitude, frequency, pump I/min

% kHz flow, %
AlSi12 140 A 80 35 55 10 10-
15%

If the flow of argon is less than 10 I/min, we cannot start the ignition process. So it should be
10 I/min or more. Feed rate for the machine is 10 to 15%, whereas it might reach 30% for the

other machine. Table 2.1 displays the production parameters for AlSil12.

18



2.3 Measurement Techniques

The metal particles were examined using a high-resolution scanning electron
microscope (SEM, JSM-IT200 (LA), JEOL Ltd.), which was operated at a beam energy of 5
kV. To prepare a sample for analysis, a copper film was used to cover the sampling stage instead
of the commonly used carbon tape. This was done to provide a distinct background in the
pictures, making it easier to distinguish particles. The powder was evenly distributed in small
amounts to prevent the overlap of particles in images. A thin 5 nm gold coating was deposited
on particles before imaging.

The laser diffraction technique was employed to measure the volume-based size
distributions of metal particles using a Mastersizer-3000 particle size analyzer equipped with
an Aero S dried powder disperser (Malvern Panalytical, Malvern). The measurements were
performed using the dry method, where the powder was dispersed in the measuring cell with
compressed air at a pressure of 1 to 1.5 bar. To account for differences in the flowability of the
samples, the powder feed rate was adjusted from 25% to 100%. The refractive index of the
metal powders, AISi10Mg, Inconel-718, stainless steel, titanium, AlSi12 and Ti6Al4V, was set
t0 1.78, 1.96, 2.76, 2.15, 1.78 and 2.51, respectively. The absorption index was set at 6.5, 2.07,
1.06, 1.41,6.5, and 1.413, respectively.

The outline, area, and Ferret diameter of metal particles were detected on SEM
photographs using image analysis in the open-source ImageJ software [44]. The number-based
PSD was estimated based on the Ferret diameter for AISilOMg and the equivalent circle
diameter for all other powders.

2.4  Shape Analysis

In this study, we utilized the elliptic Fourier analysis of particle outlines to derive the
shape indices. The particle outlines were detected in SEM photographs of metal particles using
ImageJ software. The outline of each particle was traversed and sampled at equal intervals

along the outline length. The coordinates of outline points, denoted as P, ;, P, ;, were saved at

y,i
every incremental step angle 6; = 2mi/N, where N represents the number of divisions of the
particle outline. The closed outline (x(6), y(8)) was approximated using elliptic Fourier series

expressed as follows [45]-[47]:
ay ;- cos(jO;) + by ;- sin(j6;),

M
3

& (1)
2

X(Qi) = dxo
y(6;) = ay, ay ;- cos(jo;) + by ; - sin(jO,),
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where a, ;, b, j, a, ;, and b,, ; are the Fourier cosine/sine coefficients for the functions x and

y, respectively, and M denotes the number of harmonics in the Fourier series.

The coefficients were calculated as follows:

2 2mij 2% 2mij
= P RS = P S
ax,j = N x,i CosS N , Cly,j = N y,i COoS N )

2 [2mij 2  p2mij
byj = Nz P, ; sin (T)' by ;= Nz Py, sm< N )
i=1 i=1

The particle shape indices at both the macro- and micro-scales were evaluated using

()

Fourier series coefficients. The macro-scale index, denoted as the elongation ratio K, was
defined as a ratio of minor r,,; ¢ to major r,,;; radii of the approximated ellipse :
Tels
K=—= 3
Tell @)

The radii of the approximated ellipse were calculated using the second Fourier

coefficients a, 4, by 1, ay,1, and b, ; as follows:

Terg = (B-C—A-D) /NC*+D* ,1ys=(B-C—A-D) /\JA* + B?,
A = ay, cos(B) + ay 1 sin(R); B = by, cos(B) + by sin(R),
C =ayqcos(f) — ayqsin(f); D = by, cos(B) — by sin(B), 4)
1 1 Z(ale - ay’l + ble - by,l)
B = —Etan 2 b2 2 _ 2
ay,1 + y1 ~ Ax1 ~ Dxa

The micro-scale shape index, referred to as the surface roughness C,, ., was defined

based on the coefficient of variation of the distance from the centroid of particle outline:

\/%Z(R (6) — 71 (6))° (5)

e

VTS

Here, R (6;) and r,;(8;) denote the radii of the outline point and equivalent ellipse at an angle
0;, respectively,and r. is the radius of the circle that has the same perimeter as the

approximated ellipse. They were calculated as

R(6;) = /Pf,i + P;.i' Te1(60)) = Topy rel,s/\/rezl,l - (rezl,l - rezz,s) cos?(6;),
2

T
27 2 T
T, = el’lj 1- ll - ezl’sl sin?(6;) do
T Jy Tel,l

(6)
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2.5 Flowability measurement using FT-4 measurement:

The rheological properties of powders is meant to be
evaluated more precisely using an FT4 powder rheometer since it
is more sensitive than the relatively crude funnel-based

procedures. There are several testing modes available to assess the

3
a
{
I

behavior of the powder under various circumstances, and each
mode offers some new information about the rheology of the
powder. The documentation and publications of the manufacturer
can be consulted for a thorough description of the testing modes
that are offered as well as a comprehensive list of the software
outputs for FT4 powder rheometers. Five testing modes, including
dynamic flow, aeration, permeability, compressibility, and shear
testing modes, were chosen for this investigation. These testing
modes are briefly presented in the paragraphs that follow.

Procedure for testing flow rate and stability: The stability

and flow rate test is often a series of adjustments and tests cycles

designed to determine whether the flow will cause the powder to Figure 2.3 Ft-4 Rheometer

alter.

¢ In the stability and flow rate test, the powder forms of Basic flow energy(BFE), specific
energy(SE), and Conditioned Bulk Density(CBD) were looked at. When the blades are
moving downward, BFE is qualitatively measured. As the blade rotates upward, the SE
determines the flowability of the powder during low-shear blending. The powder was
poured into the testing apparatus and gently shifted to release and aerate into a uniformly
packed power bed, free of extra air, in order to determine the CBD.

e The air in the powder significantly affects the flow characteristics. The purpose of the
aeration test is to determine how differently the powder samples move before and after air
is added. This test gives a measure of the adhesion strength to describe the powder's
blending, aerodynamics, and fluid motion.

e Compressibility testing measures how much a sample's volume changes under various
conditions of normal stress, and the results of this experiment show how well the sample
performed overall. The findings demonstrate that the powder is compressed under a typical
stress, and the volume change brought on by storage, transit, direct pressure, and rolling is

measured.
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e The gas permeability test depends on the compressibility test, which involves filling the
powder with a specific amount of air and measuring the pressure drop of the gas that passes
through the powder as the normal stress changes. The powder's air permeability decreases

with pressure drop and increases with pressure drop, respectively.

e A vented piston compacted the powder until the desired consolidation stress was reached
and measured in order to determine the cohesive index. We use a 25 mm x 10 mL vessel

to conduct the test.

2.6  Particle Size Distribution Models

In the present work, we evaluated the normal, log-normal, and Rosen-Rammler models,
commonly used to describe the powder size distribution, as well as the Nukiyama-Tanasawa
model to fit the measured PSDs of metal powder. Nukiyama and Tanasawa[48] developed an
empirical equation to fit the size distribution of droplets generated by atomizing liquids with
twin-fluid nozzles.

The cumulative undersize distribution, D, according to the normal PSD model, is given
by [49]

1 X—X
D(x =—(1+erf< m)) 7
(x) 2 V2 o (7)
where x is the particle size and erf (z) is the error function of z = ’i/_ix;" The error function is

defined as

2 (* _2
erf(z) = \/_E J; exp(z™%) dz. (8)

The normal PSD model has two parameters: the arithmetic mean size, x,,,, which represents the
central tendency of the distribution, and the standard deviation, o, which relates to the width of

the distribution. Equation (7) can be transformed into a linear form:

Y =aX + b, (9)

where X = erf~1(2D — 1), erf~1(z;) is the inverse error functionof z;, = 2D —1,and Y =
x. The model parameters x,,, and ¢ can be calculated from the line intercept b and the line slope
a as follows: x,, = band o = a/+/2 -

The cumulative undersize distribution function for the log-normal particle size

distribution (PSD) model is given by the following equation [50, pp. 57-58]:
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D( )—1(14_ f(ﬂ)) 10
X =5 er \/Elnag (20)

The log-normal model is characterized by its geometric mean size x, and geometric standard
deviation a5, which are estimated by linear fitting of the measured undersize distributions. The
fitting process involves transforming the measured data into a linear form, with the abscissa
givenas X = erf~1(2D — 1) and the ordinate as Y = In x. The model parameters can then be
calculated from the slope (@ = V2 In a4) and intercept (b = In a) of the fitted line.

The Rosin-Rammler PSD model is expressed in cumulative form as follows [51]:

D(x) =1—exp {— (5)11}, (12)

e

where x, represents the scale parameter of the distribution and n (n > 0) denotes the spread parameter
which controls the width of the distribution, with higher values of n indicating a narrower distribution.

The Rosin-Rammler PSD model can be transformed into a linear form by Eqg. (9) with X = Inx and
Y =In [ln (ﬁ)] This transformation provides the slope a = n and the intercept b = —nlInx, of the

best-fit line, which can then be used to estimate the model parameters x, and n.
The cumulative undersize distribution according to the Nukiyama-Tanasawa PSD

model is given as [52]:
+1 +1
D(x)=1-T (pT,b X DC) /T (pT) (12)
where T'(z,) denotes the gamma function of z, = (p + 1)/c and I'(z,, z3) represents the

incomplete gamma function of z, and z; = b x D€. The gamma and incomplete gamma

functions are defined as [53]:

I'(zy) = fooo t?2 et dt, I'(z,,23) = fzo: t72l et dt. (13)

The values of the adjustable parameters b and p are estimated through the nonlinear fitting of

measured size distributions, and the value of parameter c is fixed at c = 1.
2.7  Statistical Analysis

The effectiveness of the PSD models was evaluated using three statistical indices:
adjusted R?, Akaike's information criterion corrected, and Root Mean Square Error (RMSE)
[54]. The adjusted R? was used to estimate the difference between the measured and predicted

by model PSD values. The Akaike information criterion (AIC) was employed to compare the
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fitting quality of different models. The residual errors were evaluated with the help of the root
mean of squared error.
The adjusted R? is calculated as

o2 e A-RK

adjusted N——k—l' (14)

where N denotes the number of PSD data points and k stands for the number of parameters.

The Akaike information criterion is expressed as follows:

AIC=N-1 (SSE) + 2k

where SSE is the sum of squares due to error, SSE = Y.¥(D;*? — D{*H)?2, D7 and D§™
denote the experimental and predicted by model cumulative undersize distributions,
respectively.

The AIC corrected index is used if there are fewer than 40 data set points. 1]

2k(k + 1)
AlCcorrectea = AIC + N—k—-1 (16)
The root mean square error is expressed as
RMSE = ,/SSE/N. (17)

2.8  Measurement of bulk density and tapped density

The methodology was developed for measurements of apparent bulk density using the
Hall flowmeter. Firstly, measure the weight of empty cup of hall flow meter. Then, fill the
funnel with powder, then let it exit through the density cup orifice. In the end, level the surface
of density cup and measure the cup weight. The methodology was developed for measurements
of tapped density using tapped density meter. Weigh an appropriate quantity of the powder
sample utilizing an analytical balance. Place the sample in the sample holder of the tap density
meter and note its height so that it aligns with the holder's top. Start the tap density measurement
by turning on the tap density meter. Record the volume readings after each tap until they
stabilize. Adjust the tapping number to 1000. After tapping the powder, press calculate in the
machine to get tapped density. Finally, clean the sample holder and the tap density meter in
preparation for the following measurement. These bulk and tapped density are useful for

calculating the Hausner’s ratio and Carr’s index for flowability measurements.
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Chapter 3- Results and Discussions

3.1 Morphology of metal powders

3.1.1 SEM images of commercially produced powders
Five different metal powders are shown in the SEM image of commercially produced

metal powders in Fig. 3.1, with the AISi10Mg particles appearing non-spherical while the other

four are nearly spherical.

30 pm

(e)

Figure 3.1 SEM images of metal powder: (a) AlSi1l0Mg, (b) Ti6AIl4V, (c) Inconel-718, (d) Ti
(e) stainless steel.
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3.1.2 SEM images of ultrasonic atomized produced powder

SEM images of AlSi12 ultrasonic atomized produced at different angles (0,2.5, -2.5,5,
-5) of manipulator are shown in figure 3.2. All powders are spherical in shape. AlSil12

(ultrasonic atomized) have more spherical particles than AlISi10Mg (gas atomized).

L9°09@06§6 '
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Figure 3.2 SEM images of metal powder: (a) AlSi12(0°), (b) AlSi12(2.5°), (c) AlSi12(-2.5°),
(d) AISi12(5°) and (e) AISi12(-5°).
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Table 3.1 The mode, median and span of volume-based size distributions of metal particles.

Metal particles Mode Median, pm Span
AlSi10Mg 37.70 36.20 0.98
Inconel-718 33.20 31.44 0.41

Stainless steel 33.20 31.52 0.72
Titanium 29.25 26.50 0.82
Ti6AI4V 33.20 30.73 0.88

3.2 Particle size distribution analysis of metal powders
3.2.1 Particle size distribution analysis of commercially produced

powders.

Figure 3.3 (b) shows the volume-based frequency distribution of metal powders as
determined by laser diffraction, and Figure 3.3 (a) displays the cumulative distribution (b).
Table 3.1 provides a summary of the properties of the size distributions, including the mode,
median, and span. The median (D50) is computed as the point that divides the distribution into
two halves, with 50% of the particles being smaller and 50% being larger. The mode of the
distribution is defined as the highest point in the frequency distribution function. The ratio of
(D90 - D10) to D50, where D10 and D90 are the 10th and 90th percentiles of the cumulative
undersize distribution, respectively, determines the span of the distribution.

100 —+— AlSilOMg

—— Inconel-718
—4— Stainless Steel
—— Ti
TiGAl4V

S0

290
() 4

distribution, [ :'.-.’I

—— AISilOMg 2
101 —&— Inconel-7T18 =
—4— Stainless Steel ,

20 .
—— Ti

Cumnlative

—e— TiGAI4V

2] 10 (M) =l L0 2-” |I‘| E]'I[] :\=.“ “I]”

Jardinla o1 ) . r . .
Particle size, o i ])£l1'1 ]{-[(- S176, 0 _;J]]J_

(a) (b)

Figure 3.3 Measured volume-based (a) cumulative and (b) frequency size distributions of
metal powder
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distribution, .

Chimnlative

The number-based frequency distribution of metal powders is illustrated in Fig. 3.4 (a)
and the cumulative distribution is shown in Fig. 3.4 (b). The mode, median and span of size

distributions based on number are summarized in Table 3.2.

1010 A

= ——  AlSil10Mg
; N —a— Inconel-7T18
a0~ H 10,0 —4+— Stainless Steel
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) 4 _—
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——
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Particle s Particle size, @

(a) (b)
Figure 3.4 Measured number-based (a) cumulative and (b) frequency size distributions of
metal powder.

0 20 1

Lo [pan i

Table 3.2 The mode, median, and span of number-based size distributions of metal particles

Metal particles Mode Median, pm Span
AlSil0Mg 17.50 15.53 1.30
Inconel-718 16.00 15.07 0.59

Stainless steel 17.00 16.90 0.57
Titanium 8.00 8.93 0.87
Ti6AI4V 17.5 13.99 1.24

AlSi10Mg has the widest particle size dispersion in terms of volume and number, according to
the data shown in Fig. 3.4 and Table 3.2. It also has the biggest median size based on volume
and the second biggest median size based on number. The narrowest volume- and number-based
particle size distributions, however, are shown by stainless steel and Inconel-718, respectively.

The median sizes are also the smallest for titanium powder.

3.2.2 Particle Size Distribution analysis of ultrasonic atomized produced
powder

Figure 3.5 (b) shows the volume-based frequency distribution of metal powders AlSi12
as determined by laser diffraction, and Figure 3 (a) displays the cumulative distribution (b).
Table 3.3 provides an overview of the mean, median, and range of size distributions based on
volume. Table 3.3 provides a summary of the properties of the size distributions, including the

mode, median, and span.
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(a) (b)
Figure 3.5 Measured volume-based ultrasonic atomized powder AlSi12 at a different angle
of the manipulator (a) cumulative and (b) frequency size distributions of metal powder

Table 3.3 The mode, median and span of volume-based size distributions of metal particles.

Metal particles Mode Median, pm Span
AlSi12(0°) 48.70 45.28 0.40
AlSi12(2.5°) 48.70 45.05 0.54
AlSi12(-2.5°) 48.70 45.59 0.38
AlSi12(5°) 48.70 43.04 0.43
AlSi12(-5°) 48.70 45.06 0.42

The number-based frequency distribution of metal powders is illustrated in Fig. 3.6 (b)
and the cumulative distribution is shown in Fig. 3.6 (a). The mode, median, and span of size

distributions based on number are summarized in Table 3.4.

100 1 —— AlSi12(0°)
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—— AlSi12(0%)
| —— asirzz.5%)
—— AISi12(-2.5°)
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(a) (b)
Figure 3.6 Measured number-based ultrasonic atomized powder AlISil12 at a different angle of
the manipulator (a) cumulative and (b) frequency size distributions of metal powder
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Table 3.4 The mode, median and span of number-based size distributions of metal particles.

Metal particles Mode Median, pm Span
AlSi12(0°) 55.00 46.70 0.72
AlSi12(2.5°) 55.00 46.96 0.75
AlSi12(-2.5°) 55.00 46.36 0.73
AlSi12(5°) 55.00 40.20 0.92
AlSi12(-5°) 55.00 43.50 0.79

The ultrasonic atomized AISi12 powder produced at an angle of 2.5° has the widest
particle size dispersion in terms of volume while AlSi12 powder produced at an angle 5° in term
of number, according to the data shown in Fig. 3.5 and Table 3.3. The narrowest volume- and
number-based particle size distributions, however, are shown by AlSil2 powder produced at

angle -2.5°and AlSi12 powder produced at angle 0°, respectively.

3.3 Shape Analysis

3.3.1 Shape analysis of commercially produced powders

Figure 3.7 illustrates the distributions of the elongation ratio and surface roughness of
commercially metal particles that were measured by image analysis. Table 3.5 summarizes the
characteristics of the shape index distributions, such as mode, median, and interquartile range.
The interquartile range (IQR) indicates the spread of shape indices and is calculated as the
difference between the 90th and 10th percentiles of the distribution.

Most metal particles, with the exception of AISil0Mg, have an elongation ratio (ER)
ranging from 0.90 to 1, indicating a spherical shape and a median ER greater than 0.96. Inconel-
718 particles show the highest level of sphericity, with a median ER of 0.99 and a narrow ER
distribution. Alumina alloy particles exhibit the broadest range of ER, indicating the presence
of particles with varying shapes. This observation is supported by the analysis of SEM
photographs in Figure 1(a), which confirms the existence of agglomerated particles with
elliptical and bulky shapes. In addition, the AISil0Mg particles demonstrate the roughest
surface structure, as evidenced by the high median value of the C,,s index. In contrast, Ti

particles have the smoothest surface, with the lowest median surface roughness.
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Figure 3.7 Measured (a) elongation ratio and (b) surface roughness distributions of metal

particles.

Table 3.5 The mode, median and IQR of shape index distributions of metal particles

Elongation ratio

Surface roughness

Metal Mode Median IQR Mode Median IQR
powder

AlSi10Mg 0.925 0.848 0.175 0.0800 0.0771 0.0738
Inconel-718 0.965 0.990 0.0413 0.0500 0.0475 0.0378
Stainless 0.975 0.966 0.0480 0.0400 0.0419 0.0456
steel

Titanium 0.965 0.965 0.0605 0.0250 0.0264 0.0407
Ti6Al4V 0.965 0.962 0.0568 0.0500 0.0297 0.0366

3.3.2 Shape analysis of ultrasonic atomized produced powders

Figure 3.8 illustrates the distributions of the elongation ratio and surface roughness of
metal particles (AlSil2) that were measured by image analysis. Table 3.6 summarizes the
characteristics of the shape index distributions, such as mode, median, and interquartile range.
The interquartile range (IQR) indicates the spread of shape indices and is calculated as the

difference between the 90th and 10th percentiles of the distribution.

Most metal particles of AlSi12, have an elongation ratio (ER) ranging from 0.90 to 1.
AISi12 particles produced at angle -5 show the highest level of sphericity, with a median ER
of 0.99 and a narrow ER distribution. This observation is supported by the analysis of SEM
photographs in Figure 3.2.
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Figure 3.8 Measured (a) elongation ratio and (b) surface roughness distributions of metal
particles.

Table 3.6 The mode, median and IQR of shape index distributions of metal particles

Elongation ratio Surface roughness
Metal powder Mode Median IQR Mode Median IQR
AlSi12(0°) 0.979 0.985 0.037 0.0313 0.0450 0.0363
AlSi12(2.5°) 0.976 0.985 0.053 0.0260 0.0300 0.0460
AlSi12(-2.5°) 0.980 0.985 0.038 0.0291 0.0301 0.0332
AlSi12(5°) 0.976 0.975 0.037 0.0349 0.0400 0.0389
AlSi12(-5°) 0.984 0.990 0.024 0.0349 0.0400 0.0389

3.4  Particle size distribution fitting models and statistical analysis
3.4.1 Particle size distribution fitting Models for commercially

produced powder

Figure 3.9 shows the fitting of the volume-based size distributions of metal particles
(commercially produced) to normal, log-normal, Rosin-Rammler, and Nukiyama-Tanasawa
PSD models. Table 3.7 provides a summary of the parameters that suit each metal powder and
model type the best. It can be seen that compared to the normal and Rosin-Rammler distribution
models, the Nukiyama-Tanasawa and log-normal distributions show a better fit to the

experimental data.

Figure 3.10 shows how PSD models were used to match the measured number-based
size distributions of metal powders. Table 3.8 compiles the matching best-fitted model
parameters. The Nukiyama-Tanasawa model is best suited to describe the PSDs of Ti6Al4V,
Inconel-718, and stainless steel powders, according to the visual observations, whereas the log-
normal model is a good match for the number-based PSD of AISi1l0Mg and Ti powders. To

confirm this conclusion, the adjusted coefficients of determination, root mean square errors, and
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corrected AIC metrics are compared for PSD models.

Figure 3.9 Fitting of volume-based PSDs with normal, log-normal, Rosin-Rammler and
Nukiyama-Tanasawa distributions: (a) AlISi1lOMg, (b) Inconel-718, (c) stainless steel, (d) Ti,
(e) Ti6AI4V.

Table 3.7 Parameters of best-fitted volume-based PSD models.

Metal Normal Log-normal Rosin-Rammler Nukiyama
powder Xm z Xg Gg Xe N B P
AlSilOMg  41.02 12.53 35.59 141 44.77 4.03 0.20 647
Ti 29.26 7.81 26.43 1.33 32.26 4.71 039 9.78
SS 34.53 8.61 31.41 1.30 38.11 5.09 0.39 11.73

Ti6AI4V 33.84 9.49 32.28 1.35 37.20 444 030 8.67
Inconel 34.80 5.05 31.80 1.17 35.74 9.28 1.30 40.14
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Figure 3.10 Fitting of number-based PSDs with normal, log-normal, Rosin-Rammler and
Nukiyama Tanasawa distributions: (a) AlSi1l0Mg, (b) Inconel-718, (c) stainless steel, (d) Ti,
(e) Ti6AI4V.

Table 3. 8 Parameters of best-fitted number-based PSD models.

Metal Normal Log-normal Rosin-Rammler Nukiyama
powder Xm > Xg oy Xe N b p
AlSilOMg  14.14 12.90 15.58 1.56 20.84 2.35 029 381
Ti 9.56 3.87 9.00 1.40 10.93 301 099 828
SS 14.62 1.86 13.11 1.14 17.95 5.21 1.34 21.76

Ti6Al4V 15.24 9.46 13.38 1.61 37.20 444 033 3.9
Inconel 14.56 2.97 12.47 1.14 16.17 5.76 1.26 18.00

3.4.2 Particle size distribution fitting models for ultrasonic atomized
produced powder

Figure 3.11 shows how different PSD models were able to accurately fit the reported
volume-based size distributions of metal particles(AlSi12). These models include normal, log-
normal, Rosin-Rammler, and Nukiyama-Tanasawa. Table 3.9 provides a summary of the
parameters that fit each metal powder and model type the best. It is clear that the normal and
Rosin-Rammler distribution models do not suit the actual data as well as the Nukiyama-
Tanasawa and log-normal distributions do.

Figure 3.12 shows how PSD models were used to match the measured number-based
size distributions of metal powders. Table 3.10 compiles the matching best-fitted model
parameters. The Rosin Rammler model is best suited to describe the PSDs of AlSi12 at all angle

of manipulator.
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Figure 3.11 Fitting of volume-based PSDs with normal, log-normal, Rosin-Rammler and
Nukiyama Tanasawa distributions: (a) AlSi12(0), (b) AlSi12(2.5), (c) AlSi12(-2.5), (d)

AISi12(5), (€) AlSi12(-5)

Table 3.9 Parameters of best-fitted volume-based PSD models.

Metal Normal Log-normal Rosin-Rammler Nukiyama

powder Xm z Xg Gg Xe N B P
AlSi12(0°) 46.55 7.24 43.91 1.18 50.92 8.93 0.74  31.90
AlSi12(2.5°) 47.79  8.63 44,71 1.20 53.05 7.20 0.56 24.69
AlSi12(-2.5°) 43.48 7.00 46.29 1.16 56.22 7.87 1.05 47.15
AlSi12(5°) 45.27  7.93 45.91 1.20 49.73 7.44 0.64 27.05
AlSi12(-5°) 41.16 6.16 44.82 1.16 51.36 8.64 0.89 39.55
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Figure 3.12 Fitting of number-based PSDs with normal, log-normal, Rosin-Rammler and
Nukiyama Tanasawa distributions: (a) AlSi12(0), (b) AlSi12(2.5), (c) AlSi12(-2.5), (d)
AlSi12(5), (e) AlSi12(-5)

Table 3.10 Parameters of best-fitted number-based PSD models

Metal Normal Log-normal Rosin-Rammler Nukiyama
powder
Xm )y Xg Oy Xe N b p
AlSi12(0°) 45.10 13.31 43.74 1.41 50.65 3.60 0.37 15.89
AlSi12(2.5°) 45.50 14.61 44.23 1.46 51.02 3.39 0.29 12.23
AlSi12(-2.5°) 4554 12.02 44.78 1.48 49.09 4.56 0.30 12.79
AlSi12(5°) 39.36 14.95 37.72 1.47 44.50 2.88 0.19 6.66
AlSi12(-5°) 43.07 13.71 41.59 1.43 47.71 3.61 0.24 9.24

3.4.3 Statistical analysis of PSD models for commercially produced powder

Figures 3.13(a) and 3.13(b) respectively display the corrected coefficients of

determination for PSD models fitted to volume- and number-based cumulative size distributions

of metal particles (commercially). The findings showed that for the volume-based size

distributions of all metal powders, the adjusted coefficients of determination of the PSD models,

which represent the quality of fit while taking into account the number of degrees of freedom

utilized, rise in the following sequences: Nukiyama-Tanasawa, Rosin-Rammler, and Normal.

This pattern was also seen for the size distributions of Ti, titanium alloys, and aluminum alloys

depending on numbers. The order was instead log-normal, normal, Rosin-Rammler Nukiyama-

Tanasawa for the number-based size distributions of stainless steel and Inconel powders.

R2adj
o
3

AlSi10Mg Ti SS Ti6Al4V  Inconel AlSi10Mg Ti SS Ti6AI4V  Inconel

mNormal mLog BRR @ONukiyama mNormal mLog ®mRR @ Nukiyama
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(a) (b)

Figure 3.13 Adjusted R? coefficients of determination for (a) volume- and (b) number-based
PSD models.

Figure 3.14 displays the root mean square errors for PSD models of metal particles. The
Nukiyama-Tanasawa distribution model regularly displays the lowest RMSE value among
models for volume-based size distributions, demonstrating that it can more precisely fit
measured size distributions than the log-normal, normal, and Rosin-Rammler models. For
number-based size distributions, the Nukiyama-Tanasawa model is the best match for the
remaining powders, while the log-normal model exhibits the lowest RMSE values for the
AlSi10Mg and Ti powders.
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Figure 3.14 Root mean square errors for (a) volume- and (b) number-based size distribution
models.

Figure 3.15 displays the updated metrics for the Akaike Information Criterion for four
models of the size distributions of metal particles. The volume-based distributions model
proposed by Nukiyama-Tanasawa has the lowest corrected AIC value, which indicates that it is
the most effective model among those examined in this study, according to the results. For
number-based distributions, the Nukiyama-Tanasawa model for the remaining powders has the
lowest corrected AIC value, while the log-normal model has the lowest corrected AIC value for
AlSil0Mg and Ti.
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Figure 3.15 AIC and AlCcorrected for (a) volume- and (b) number-based size distribution
models.

3.4.4 Statistical analysis of PSD models for ultrasonic atomized produced

powder

Figures 3.16(a) and (b) respectively display the corrected coefficients of determination
for PSD models fitted to volume- and number-based cumulative size distributions of metal
particles (AlSil12). The findings showed that for the volume-based size distributions of all metal
powders, the adjusted coefficients of determination of the PSD models, which represent the
quality of fit Nukiyama-Tanasawa model. For the number based, Rosin Rammler showed the

best fit model for powder AlSil12 produced at angle 2.5°,-2.5°,5°,-5° expect at angle 0°.
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Figure 3.16 Adjusted coefficients R2of determination for (a) volume- and (b) number-based
PSD models.

Figure 3.17 displays the root mean square errors for PSD models of metal particles. The
Nukiyama-Tanasawa distribution model regularly displays the lowest RMSE value among
models for volume-based size distributions, demonstrating that it can more precisely fit

measured size distributions than the log-normal, normal, and Rosin-Rammler models. For the

38



number based, Rosin Rammler showed the best fit model for powder AlSil12 produced at angle
2.5°,-2.5°,5°-5° expect at angle 0°.
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Figure 3. 17 Root mean square errors for (a) volume- and (b) number-based size distribution
models.

Figure 3.18 displays the updated metrics for the Akaike Information Criterion for four
models of the size distributions of metal particles. The volume-based distributions model
proposed by Nukiyama-Tanasawa has the lowest corrected AIC value, which indicates that it is
the most effective model among those examined in this study, according to the results. For the
number based, Rosin Rammler showed the lowest value for powder AlSi12 produced at angle
2.5°,-2.5°5°-5° expect at angle 0°.
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Figure 3.18 AIC and AlCcorrected for (a) volume- and (b) number-based size distribution
models.

3.5 Hausner Ratio and Carr Index for flowability
3.5.1 Hausner Ratio and Carr Index for Commercially produced powder

and ultrasonic atomized powder AlSil12

To measure flowability of metal powder, tapped density and bulk density is measured
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using Hall flow meter and tapped density meter. Based on tapped density and bulk density,

we calculate Hausner ratio and Carr index
ptapped (18)

Ppulk
Ptapped — Ppbulk

Hausner ratio =

Carr index =
ptapped (19)

Table 3.10 shows the Hausner’s ratio and Carr’s index for all the commercially
produced powder. Based on Hausner’s ratio and Carr’s index AISI12 and Inconel-718 show
excellent flowability and AlISI10Mg, Ti and Ti6Al4V shows good flowabilty. Stainless steel
is less flowable among all the powders.

Table 3.11 Hausner Ratio and Carr Index for flowability of metal powders

Bulk . Hausner Carr L.
Density Tap Density Ratio (HR) Index(Cl) Description of flow
AlSi12 1415 1.455 1.028 2.749 Exce"e”FtI/O ?//very Free
AlSil0Mg 1.371 1.578 1.151 13.118 Good / Free Flow
Inconnel- 4788 5 1082 1.086 7891 Excellent / Very Free
718 Flow
Stg{gt'jss 4.442 5.628 1.267 21.073 Passable
Titainum 2.574 2.864 1.113 10.126 Good / Free Flow
Ti6Al4V 2.542 2.837 1.116 10.398 Good / Free Flow

3.6  Additive manufacturing suitability factor for LBFP Process

3.6.1 Additive manufacturing suitability factor of commercially produced

powder and ultrasonic atomized powder AlSi12

AM Suitability factor is calculated as [55].

(1/pe + CI + PD + SE + AE + BFE + ()
7

where p. is the conditioned bulk density; CI, the compressibility index; PD, the pressure drop;

Rheological Score/AMS =

SE, the specific energy; AE, the aeration energy; BFE, the basic flow energy, and c, the
cohesion coefficient. The following data was obtained from the rheometer's various tests
(shear cell test, permeability, compressibility, aeration, stability, and flow rate).

Table 3.12 represents the summary of rheological properties of six powders after
normalizing. The rheological properties are presented in the table 3.12. AlSi12 has a lower BEF
value than other metal powders, which results in greater flowability and a reduced energy

requirement for the blade. Because stainless steel has a higher BEF value, a lot of energy is
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needed for the blade to go through the bed powder. AISi10Mg has a somewhat higher specific
energy and the mechanical interlocking and friction are moderately high. A more effective
packing state of the metal powder is also demonstrated by the inconel, which exhibit a greater
conditioned bulk density, a lower compressibility index, and titanium shows the higher pressure
drop. The greatest value of aeration energy was found for the inconel. The aeration energy
measures the energy required to overcome mechanically interlocking and cohesion forces. The
powder which has high cohesion value and low flow function value is more flowable. Among
all the powders titanium has high cohesion value and low flow function value, so it is more
flowable.

The smaller the AMS, the more suitable the powder is for the AM process. Among all
the powder Inconel has low score value.

Table 3.12 Summary of rheological properties of metal powder

AlSi10Mg Ti Ti6Al4 SS Inconel AlSil2

BFE (mJ) 249 355 312 686 561 220
SE (mJ/g) 291 2.17 2.05 2.05 1.34 2.4

pc(9/cm3) 1.62 2.71 2.55 4.56 4.92 1.42
Cl(%) 2.03 2.97 1.93 2.07 1.55 2.64
PD(mBar) 3.86 8.77 5.59 5.92 6.13 2.65
AE(mJ) 28.7 21.9 13.9 50.5 52.8 3.78
c(kPa) 0.29 0.37 0.33 0.13 0.18 0.17

Table 3.13 Summary of rheological properties after normalizing

AlSil0Mg Ti Ti6Al4  SS Inconel  AlISi12
BFE (mJ) 0.36 0.52 0.45 1.00 0.82 0.32
SE (mJ/g) 1.00 0.75 0.70 0.70 0.46 0.82
pc(g/cm3) 0.33 0.55 0.52 0.93 1.00 0.29
Cl(%) 0.68 1.00 0.65 0.70 0.52 0.89
PD(mBar) 0.44 1.00 0.64 0.68 0.70 0.30
AE(mJ) 0.54 0.41 0.26 0.96 1.00 0.07
c(kPa) 0.78 1.00 0.89 0.35 0.49 0.46
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Figure 3.19 Spearman correlation coefficients between powder characteristics,
including volume-based PSD parameters

42



BFE (m))

SE (mj/g) 4 ol 1.00 0.85

Density(g/cm3) 0.94 -0.85 1.00

Ci{%) - -0.29

PD(mBar) -

-0.25
AE(m))

c(kPa)

-0.00

FF

Hausner Ratio (HR)

Carr Index(Cl)

--0.25

Elongation ratie (Median)

Surface roughness (Median) - -0.21

—0.50

Nukiyama PSD parameter b

o
o
0

Nukiyama PSD parameter p

—=0.75

BFE (m))

SE (m)/g)

CI(%)
PD(mBar) -

AE(m))

c(kPa)

FF

Carr Index(Cl)

Density(g/cm3)

Hausner Ratio (HR)

Elongation ratio (Median)
Surface roughness (Median) -

Nukiyama PSD parameter b

Nukiyama PSD parameter p

Figure 3.20 Spearman correlation coefficients between powder characteristics,
including number-based PSD parameters

According to Spearman’s correlation analysis, there are strong correlations between
metal powders' shape and PSD model parameters and the parameters related to powder
flowability, as shown in figure. 3.19 and 3.20 for volume- and number-based PSD parameters,
respectively. The elongation ratio is found to be correlated with the PSD parameters and surface
roughness. Furthermore, the Nukiyama model coefficients for volume-based measurements
show correlations with the elongation ratio, Hausner's ratio, Carr index, density, specific
energy, and flow function. Similarly, the Nukiyama model coefficients for number-based

measurements are correlated with the elongation ratio, Hausner's ratio, Carr index, and surface
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roughness.

The FT4 indices that characterize powder flowability strongly correlate with shape
indices and PSD parameters. In contrast, Hausner's ratio and Carr index, commonly used to
measure flowability, only correlate with PSD parameters and not with shape indices. The lack
of influence of particle shape indices on powder flowability could be attributed to the
limitations of the measuring procedures based on the funnel flow method, as they are unable to
detect differences caused by slight variations in particle shape. However, more precise
measurements using various procedures with the FT4 rheometer make it possible to detect the
correlation between FT4 indices and shape indices. The elongation ratio strongly correlates to
SE, conditioned bulk density, BPE, and PD, and the surface ratio to PD and SE.
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Chapter 4- Conclusions

In this study, we aimed to characterize the size distribution and morphology of
commonly used powders in additive manufacturing, including AISilOMg, Inconel-718,
Ti6Al4V, titanium, and stainless steel and ultrasonic atomized powder AlSil2. We applied
several PSD models, namely normal, log-normal, Rosin-Rammler, and Nukiyama-Tanasawa,
to fit the measured volume- and number-based size distributions. To determine the best-fitting
PSD models, we conducted a statistical analysis using adjusted R?, root mean square error, and
corrected Akaike's information criterion. In addition, we employed shape analysis of SEM
images to quantitatively characterize the particle morphology, using the elliptic Fourier series
to derive shape indices and FT-4 rheometer, Hausner;s Ratio and Carr Index to measure the

flowability.

Based on the data and analyses presented, we draw the following conclusions:

1. AISi10Mg powder exhibits the widest size distribution in terms of both volume and number
and has the largest median size based on volume and the second largest median size based
on number. In contrast, Inconel-718 and stainless-steel powders exhibit the narrowest
volume- and number-based PSDs. Additionally, titanium powder has the smallest median
sizes. The ultrasonic atomized AISi12 powder produced at an angle of 2.5° has the widest
particle size dispersion in terms of volume while AlSi12 powder produced at an angle 5° in
term of number, according to the data. The narrowest volume- and number-based particle
size distributions, however, are shown by AlSil2 powder produced at angle -2.5°and
AlSi12 powder produced at angle 0°, respectively.

2. The metal particles, except for AISil0Mg, are nearly spherical, with elongation ratios
ranging from 0.90 to 1 and a median elongation ratio greater than 0.96. In particular,
Inconel-718 particles have the highest level of sphericity, with a median elongation ratio of
0.99 and a narrow distribution. However, alumina alloy particles exhibit a wide range of
elongation ratios, indicating the presence of agglomerated particles with various shapes.
AlSi10Mg particles have the roughest surface structure, while Ti particles have the
smoothest surface. Most metal particles of AlSi12, have an elongation ratio (ER) ranging
from 0.90 to 1. AlSil12 particles produced at angle -5 show the highest level of sphericity,
with a median ER of 0.99 and a narrow ER distribution.

3. The Nukiyama-Tanasawa and log-normal distributions provide a better fit to experimental
data than the normal and Rosin-Rammler distribution models when fitting PSD models to
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4.

volume-based size distributions of metal particles. Additionally, the log-normal model
accurately fits the number-based PSD of AlSi10Mg and Ti powders, while the Nukiyama-
Tanasawa model is better suited for describing the PSDs of Ti6Al4V, Inconel-718, and
stainless steel powders. The Nukiyama-Tanasawa model is well-suited for describing the
size distribution of metal powders that are prepared by the atomization of molten metals.
For ultrasonic atomized powder AlISI12 normal and Rosin-Rammler distribution models
do not suit the actual data as well as the Nukiyama-Tanasawa and log-normal distributions
do.The Rosin Rammler model is best suited to describe the PSDs of AlSi12 at all angle of
manipulator.

Inconel-718 powder has exceptional flowability, AlSi12, AlISi10Mg, Ti, and Ti6Al4V
exhibit good flowability, and stainless steel shows the lowest flowability among the tested
metal powder based on Hausner's ratio and Carr index. Powder rheology tests using FT4
rheometer indicate that AlSil2 has the lowest BEF value, resulting in good flowability,
Inconel-718 powder forms a denser bed, and titanium has the highest cohesion value and

the lowest flow function value, making it the most flowable among all the powders tested.

5. Strong correlations were observed between metal powders' shape and PSD model

parameters and the parameters related to powder flowability based on Spearman's
correlation analysis.
The process of ultrasonic atomization is being studied by researchers to optimize it for

AM applications. This includes refining the size and shape of powder particles, as well as

increasing production rates and decreasing energy consumption. Furthermore, new materials

are being researched for use in ultrasonic atomization, such as high-temperature alloys and

refractory metals, which are ideal for AM applications. The development of metal powders and

ultrasonic atomized powder in AM is anticipated to produce more intricate and functional parts

with enhanced properties, expanding the range of applications in sectors such as aerospace,

automotive, and biomedical.
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