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The ball indentation method could be used to characterise powder packing and flow behaviours, particularly for
the spreading stage of additive manufacturing (AM). However, there is no sufficient understanding of the powder
packing state during the indentation process. In this paper, the X-ray microtomography has been used to charac-
terise the particle morphology and visualize the packing behaviour of two grades of Ti6Al4V powders used in AM
(gas atomized, GA, and hydride-dehydride, HDH), during the process of die filling (loose), consolidation
(compacted) and ball indentation (indented). The packing fraction is found to slightly reduce under the indenter
for GA powder (spherical shape) due to the dilation, while it does not change for HDH powder (irregular shape),
suggesting it could be under a critically packed state. The packing fraction for both powders increases from cen-
tral zone towards the wall due to the lower coefficient of friction for particle-wall than that of particle-particle.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Additive manufacturing is a novel production route to create the
component as a layer-based approach from the computer aided design
(3D CAD) geometries by bonding layers of material using heat source
or chemical binder [1]. It is an innovative production technology with
flexibility and ability to generate a product quickly and less labour
work for a unique and multi-functional shape component which
is recently expanded in a wide range of industries such as aerospace,
medicine and automotive [2]. However, there is still insufficient under-
standing of the effect of powder flow characteristics on the spreading
behaviour within the AM process, which has a major impact on the
quality of final products [3]. The smoothness and uniform packing frac-
tion of the spread layer have great effects on bonding between particles-
particles, layers and mechanical properties of final component [4]. Pow-
der flowability is usually measured by universally well-known methods
such as angle of repose [5], tapped density [6], Hall Flowmeter Funnel
[7], FT4 [8] and shear cell [9]. However, producing a very thin layer of
powders in AM process by using either blade or roller takes place
under low consolidation stress thus it is essential to determine
flowability and packing behaviour of powder as closely as possible to
this condition. A comprehensive study has been carried out on different
flowability techniques for powder both in dynamic and static state
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conditions [9,10]. However, there is no specific method established to
simulate the motion of bulk powder under the spreading process. [11].

A test method was introduced by Hassanpour and Ghadiri (2007) to
characterise flow behaviour of powders, based on indentation of pow-
der bed under low consolidation stresses [12]. In this method, a ball in-
dented to the surface of consolidated powders, where the indenter
maximum applied force and its projected area of imprint can be used
to determine the powder hardness (H) using Eq. (1):

_Fmax
H =5 Eq.(1)

where F,,qy is the maximum applied load and A is projected area of the
impression where can be obtained by Eq. (2):
A= n(dbhc—hf) Eq.(2)
where dj, is the diameter of the ball indenter and h, is plastic deforma-
tion depth.

The indentation hardness gives the resistance of powder to plastic
deformation under the specific force. Consequently, ball indentation
has been successfully applied for assessing powder flowability for fol-
lowing materials: lactose, starch and Avicel [13], glass beads, Respitose
SV003 and Fluid Catalytic Cracking (FCC) catalyst (commonly used in

the petroleum industry) [14] and calcium carbonate (Durcal 15) and
limestone [15]. They showed that the ball indentation results correlate
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very well with common flowability measurement techniques by apply-
ing a “constraint factor” (C), the ratio of indentation hardness (H) to the
yield stress (Y), (H/Y=C), which depends on single particle properties
such as size, shape, roughness and coefficient of friction. However, the
hardness measurements could also be affected by the distribution of
packing fraction of loose and consolidated powder bed at different com-
paction stresses, wall effects and segregation of particles during filling
and consolidation, which are yet to be studies in detail.

X-ray microtomography (XMT) is a non-destructive, relatively fast
and accurate method which can reveal detailed information of the inter-
nal 3D structure of objects. Recently, it has been utilised for dimensional
measurement and porosity analysis of internal structure of complicated
components in AM process [16]. In recent years there have been various
research works analysing the metal powder feedstock using high reso-
lution micro CT from single particle characterisation [17,18] to study
the effect of the grade of metal powder on porosity and quality of final
components [19].

It also could be said that this is main method for high-quality and de-
tailed analysis of single particle physical properties such as sphericity,
surface area, volume and aspect ratio, which all have significant effect
on the quality of powder bed. Shape characterisation of particles has
been historically studied by electron microscopy and more recently
XMT [20,21].

There have been a number of attempts in establishing relationship
between particle size and shape and flow characteristics [22]. Bumiller
et al. [23] used shear cell for assessing the flow properties of glass
sphere, calcium carbonate crystal and plate shape talc powder and sug-
gested that particle shape might have significant effects on powder flow
properties. Podczeck and Mia [24] investigated shear properties of 8 dif-
ferent powders with different size and shape and they concluded the
particle size and shape have great influence on powder flow factor
and internal angle of friction. Yu et al. [25] conducted numerical simula-
tions of the bulk powder flow for powders with various particle size and
shape distributions and stated that both particle size and shape play im-
portant roles in determining the powder flow behaviour. All these re-
searches emphasise on the effect of both particle size and shape on
shear parameters, flowability (spreadability), however systematic and
in-depth studies for irregularly shaped particles utilising three-
dimensional shape analysis (e.g. by XMT) for this purpose are limited.

Chawaniji et al. [26] implemented XMT for the study of packing effi-
ciency of two different milk powders under specific load and attributed
their different behaviour to the particle properties. They found that the
packing efficiency is higher for powder containing surface fat which acts
like lubricant and reduce particle-particle friction and leading to closer
packing.

XMT has been used extensively to study particle behaviour during
die compaction. Particularly McDonald et al. [27], worked intensively
on the effect of different punch shapes (flat, angled and rounded) on
the rearrangement and movement of 0.5 mm glass spheres during com-
paction by using XMT. The study focused on the shape of different
punches on localised density around the indenter and but the effect of
size and shape of particles on the packing density was not the subject
of the study. They followed the work by studying the particle movement
during compaction of blended aluminium and tin powders with size
distribution of 38-45 and 125-140 pm, respectively. They reconstructed
the tomographic images with voxel size of 27 um and but could only
track the local pixels of tin particles at different stage of compaction,
presumably due to the small size of aluminium particles. A dimensional
displacement maps around the compaction punch and the localised
density fraction were reported [28]. The in-situ shear deformation of al-
uminium powder during compaction and the formation of shear crack
have also been demonstrated [29], however, individual particles in the
whole powder bed were not visualized and the quantitative analysis
of radial and axial packing fraction for the entire bed and the wall effects
for specific applications such as ball indentation were not reported.

Powder Technology 385 (2021) 250-263

Numerical modelling of powder packing density and die compaction
during ball indentation has also been studied which provided great in-
sight of the process [30,31]. Although the powder shear zone around
the ball indenter has been numerically studied to find the shear stress
and the effect of constraint factor in confined powder bed, no experi-
mental work has been reported on the three-dimensional visualization
of powder packing behaviour during the ball indentation process.

Therefore, the aim of this research is to carry out, for the first time, a
three-dimensional analysis of the ball indentation process using XMT in
order to develop better understanding of the powder packing behaviour
during the process. The powder flow behaviour during the indentation
process is dependent on conditioning and packing configuration of the
powder bed which can be studied using XMT. In this work XMT is
used to analyse the shape and size of two grades of powders of the
same material but with different physical properties, and to investigate
their packing density variation in different regions of the powder bed as
a result of consolidation and indentation processes.

2. Experimental procedure
2.1. Materials

In this work two grades of Ti6Al4V powders produced from different
manufacturing processes, (i) Hydride-dehydride (HDH) irregular shape
particles (Fig. 1a) and (ii) Gas Atomised (GA) spherical particles
(Fig. 1b), have been investigated to compare their packing behaviour.

The particle size distribution of both powders was measured using
laser diffraction technique (Mastersizer 2000) and is reported in Fig. 2.
It can be seen that based on laser diffraction technique, the particle
size of HDH (Dso = 92 um) is measured larger than GA (Dso = 64 pm).

The chemical compositions (determined using Energy Dispersive X-
ray, EDX) and the true density (obtained using Thermo Scientific™
Pycnomatic ATC) of both powders are presented in Table 1 and
Table 2, respectively.

2.2. Experimental setup

To investigate the packing density for loose and compacted powder
and visualize the powder bed behaviour during ball indentation, the X~
ray micro tomography (MicroXCT, Xradia Versa 410) at the University
of Leeds was used.

The experimental rig included a die (10 mm diameter cylindrical die
with 15 mm depth), a piston (10 mm diameter), a ball indenter (4 mm
diameter) made of glass and a set of weights to allow a range of consol-
idation forces to be tested. The die and the piston were made of poly
methyl methacrylate in order to ensure minimal attenuation of X-ray
during capturing of projection slides for the rig (Fig. 3).

Initially the die was fully filled with powder GA (3.10 g) and HDH
(2.50 g) with the “sieved method”, where the sample was passed
through a sieve with the mesh size 5 times the Dsq of the samples
(5xDsy) directly above a funnel on top of the die to get the uniform
loose randomly packed powder bed [15]. Then it was mounted on the
rotating sample stage with a high level of care (Fig. 4a). Then x-ray
with photon power of 140 kV and current setting of 70 pA were used
to acquire series of projection images as sample was rotating. These pro-
jection images were used to reconstruct the volumetric data (Fig. 4b)
(Fig. The magnification or final voxel size in reconstruction of volume
is dependent on the distance between the x-ray source and sample
holder (Table 3).

The first scan was performed on the initial state of loose particles,
where their rearrangements could be affected by their properties such
as shape, weight and particle-particle and particle-wall friction.

Then second scan was performed after mounting the piston with
120 g weight at the top applying a pressure equal to 14.9 kPa. In this
study, a relatively high consolidation stress was used because during
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Fig. 1. SEM images of (a) Hydride-dehydride (HDH) and (b) Gas atomization (GA) of Ti6Al4V samples.

ball indentation the weight of in-situ ball indentation set up (sliding rod
attached to the ball) is relatively large and that would have led to an ex-
cessive penetration, if a low consolidation stress was used. Also, to min-
imize any undesirable particle disturbance due to the movement of
sample holder, the piston was placed on the sample while it was inside
the x-ray device.

For the last scan, the load was removed, and the ball indenter was
placed carefully on top of the powder bed, then it was lowered under
its own weight (1.01 g equal to 9.9mN). For each of the three different
stages of “loose, compaction and indentation”, the x-ray micro tomogra-
phy settings were kept constant to ensure similar resolution and region
of interest.

All the measurements were conducted at a constant temperature of
25 °Cinside the chamber with relative humidity of about 40%.

2.3. Data analysis

The 3D reconstructed volume of the whole sample was character-
ized by the Avizo® software. Initially, images were subjected to sharp-
ening and edge detecting filter to remove a substantial level of noise
while preserving the edge of each particle (Fig. 5). Then they were seg-
mented manually into binary format based on the distribution of
greyscale of each pixel value to separate the individual particles from
the void (Fig. 5b). Different phases of particles and voids filled by the
air in radiograph images of XMT are indicated by different greyscale in-
tensities, due to the variation of x-ray absorption related to physical
density and atomic mass of the object, which can be seen in voxel inten-
sity histogram [35].

Table 1

The elemental composition of the samples GA and HDH by EDX.
Element GA HDH

Wt% Wt%
Ti 89.6 89.35
Al 6.23 6.57
\Y 417 4.07
Total 100 100
Table 2

True density of both samples.

Powder True Density (g/ml)
GA 4.44
HDH 447

User dependency is the basic limitation of thresholding technique.
To make sure that the range of binary segmentation is correct, the
quantitative results should be comparable with known parameters
(e.g. density) obtained by different methods. To ensure accuracy of de-
termination of individual particles with their internal details and their
edges, the whole sample packing fraction (PF) given by the software
(Eq. 2) after binarization was compared with the calculated packing
fraction of powders from its volume (from height of sample in the
die), weight and true density [33] (Eq.3). Then the range was chosen
by considering the error (+/— 0.001 g/cm?).

EGA EHDH
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Fig. 2. Size distribution of GA and HDH powders measured by laser diffraction.
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Fig. 3. Sample preparation for three stages of indentations during X-ray micro tomography.

PF from Avizo software
_ Volume accupied by partcles after thresholding

Volume of whole sample Ea(3)
PF from calculation
__ Density measured by weight and volume of sample Eq.(4)

Material density (single particle true density)

To separate particles in order to calculate their equivalent diameter,
volume, sphericity and other shape parameters, the “watershed segmen-
tation” has been used. This concept has been used in several applications
such as medical, soil and powders [36-38]. Fig. (6) illustrate the concept
of “watershed segmentation”. The binary image indicates two particles
in contact with known radius (Fig. 6a). In Fig. 6b two local “minima”
can be identified and therefore the “watershed line” can be placed be-
tween the particles in contact (Fig. 6¢) from which the “catchment ba-
sins” can be used to separate particles.

In this research, to improve the quality of segmentation the “marker-
controlled watershed” method was used, which has been applied for
several applications [39,40]. The “marker control watershed” is for mod-
ification of vicinity of local minima to improve the precision of defining
catchment basin and segmentation.

The first step of this method for separation is to construct the binary
image of particles by choosing the binarization range which indicates
particles in contact (Fig. 7b). The second step is “distance transforma-
tion” to define the minima for individual particles, i.e. the bright voxel

wy

Detettor
X-ray source -

=
-— —

Sample stage

:-‘k‘_

f

representing the particle grain, from which the particle boundaries
could be identified (7c). Then the distance transformed image is proc-
essed by the “H-maxima” (defining a filter limit for minima) to modify
number of local minima to minimize/eliminate over segmentation (7d).
The next step involves watershed segmentation, where the whole
image is considered as topographic surfaces according to the method
described earlier (Fig. 6) to identify the “catchment basins” (Fig. 7e)
from which particles can be separated and labelled for further analysis
(Fig. 7f). This works reasonably well for round particles [39] while for
highly irregular shapes there could be more than one minima for each
object which makes the separation of wide size distribution particles
very challenging [38].

Wang et al. [39] established that the best results for “marker-based
watershed” segmentation is obtained for particles with the size to
voxel size ratio of bigger than 30 which is the case for particles used in
this study. However, there is a potential error in the above mentioned
method, which increases for irregular shape particles, i.e. the HDH sam-
ple in this work, making the method unsuitable for the separation
which detects several local minima for each individual particle, leading
to over-segmented images [41,42].

In this work, in another sets of measurements the particles were
placed in cotton filled sample holder to make sure they are separated
and not touching each other. Then the results for both methods were
compared. For GA powders there has been an excellent agreement be-
tween the dsg of particle obtained by the two methods, indicating the
“marker-controlled watershed” is feasible to separate the particles
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Fig. 4. XMT (a) set up, (b) reconstructed image of sample GA.
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Table 3
Acquisition conditions and parameters of XMT.

X-ray Voltage Current Filter Exposure Number of Voxel

Device (kV) (uA) time (s)  projections size (um)

Zeiss Xradia 140 70 HE2 12 1600 7.4
Versa

(Fig. 8). However, for HDH, the results of the two methods were not
comparable, making the “marker-controlled watershed” method un-
suitable for individual separated particle analysis.

3. Results and discussions
3.1. Particle shape analysis

Firstly, individual particles (more than 20,000 particles) for both
samples were analysed for their shape factors such as “sphericity”
(W), “aspect ratio” (AR) and “equivalent diameters” (based on both vol-
ume and surface area). For GA powder the watershed segmentation
which was described in previous section was used to analysis particles
from different part of the bed while for HDH powder due to limitation
of segmentation method, the powder spread through the cotton sample
holder has been analysed. Examples of individual particles can be seen
in Fig. 9 for both samples. At glance, it can be observed that GA particle
has more roundness and its surface is smoother as compared to the
HDH particle which shows an irregular elongated shape with a high de-
gree of surface roughness. Further detailed quantitative shape analyses
of the powders are given in the following section.

Based on the XMT image, a triangular mesh from the Marching Cube
method can be reconstructed to provide the volume and the surface
area of the particle [43]. Once the triangular mesh surface of the particle
is reconstructed, the equivalent diameter is based on physical proper-
ties of particles such as their volume or surface area can be determined.

(a) Il Void between particle (b) .

Particles

HDH

Applying sharpening and edge
detection filter before segmentation

GA
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For non-porous particles, the equivalent spherical diameter is the mea-
surement which is commonly used [44]. This can be a reported as the
“volume equivalent sphere diameter” (D, ), the diameter of sphere
with same volume as the particle volume, or the “area equivalent sphere
diameter” (D,), the diameter of a sphere with the same surface of parti-
cle. The results for GA and HDH powders based on both diameters are
presented in Fig. 10. It can be see than HDH powder has larger particle
size than GA which is also shown by the laser diffraction technique
(Fig. 2). However, overall laser diffraction measurements result in big-
ger equivalent sizes than XMT measurements (D, ). For GA powder the
difference between the laser diffraction and XMT measured sizes (D)
is smaller than that of HDH, presumably due to a more regular shape
for GA particles. that For GA

As would be expected for non-spherical particles there is a difference
between the distributions based on the two diameter definitions. As
well as overall particle shape, there is a contribution from surface
pores and satellite particles in the case of GA powders and the surface
roughness of HDH particles.

Sphericity (Eq. 5) was measured by the ratio of surface area of a
sphere with same volume as the given particle to the surface area of
the particle using the correlation shown below:

14 %
b= Eq.(5)
p

Where V), is volume of given particle and A, is its area.

As can be seen from Fig. 11, majority of GA powders have nearly

spherical shape unlike the HDH powders. Some GA particles have satel-

lites (e.g. in Fig. 12a) with the sphericity in range of 0.8 to 09. In addi-

tion, there are occasional concave shape (e.g. Fig. 12b) as well as

nearly spherical but hollow GA particles (e.g. Fig. 12c-12d) with the
sphericity ranging from 0.6 to 0.8.

For instance, the particle in Fig. 12c is nearly spherical but because it

is porous, its equivalent volume diameter used in the numerator of Eq. 5

would be underestimated because the particle volume (V},) is reported

Fig. 5. (a) Before and (b) after sharpening filter on sample HDH.
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Fig. 6. Illustration of watershed segmentation.

by the image analysis software as the total volume of voxels (excluding
the pores). This will result in a smaller sphericity (0.85) while for similar
particle (similar dimension) without the pore, its envelope sphericity is
found to be 0.98 (Fig. 13).

It is worth mentioning Liu et al. [45] characterized different shape
factors for Ti6Al4V powders using the SEM images and reported that

for GA particles the average roundness and elongation are 81 and 84%,
respectively, while 48% of particle had satellites [45]. The analysis in
this work would provide complementary information on the 3-
dimensional structure of the powder.

The aspect ratio of a particle is the ratio of its smallest Feret dimen-
sion (dmin) to the largest Feret orthogonal (d.x) as given below:

Fig. 7. Steps of digital separation of particles. (a) Original greyscale image of powder GA, (b) initial binary images of attached particles, (c) distance transformation, (d) H-maxima

transformation, (e) image after watershed segmentation line, (f) separated particles.
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Fig. 8. Comparison of the cotton filled and marker-based watershed segmentation
methods to characterise the particle size distribution.

Ag = dmin

B dmax

Eq.(6)

It is qualitatively obvious by the SEM images (Fig. 1) that HDH parti-
cles are more elongated as compare to GA particles, which is also con-
firmed quantitatively, from their aspect ratio results in Fig. 14.

Except some irregular GA particles which have aspect ratios in the
range of 0.4 to 0.7 (e.g. in Fig. 15a-15b), the aspect ratio for the majority
of GA powders (68%) is within the range of 0.8 to 0.9 with few occa-
sional satellites (Fig. 15c-15d).

For comparison, few hollow (with blind/ enclosed pore) and con-
cave particles are mamnunally selected and presented in Fig. 16. For
hollow particles despite their “envelope” spherical shape, the calculated
sphericity (true sphericity) from Eq. 5 ranges of from 0.70 to 0.85 de-
pending on their pore sizes. Bigger porosity results in smaller “true”
sphericity. However, such particles have high aspect ratio which is not
necessarily indicative of their true shape. Hence, care must be taken
when comparing particle shapes based on the above parameters.

For concave particles the aspect ratio could not be a good shape indi-
cator. There are particles with high aspect ratio that have a small sphe-
ricity due to existence of their concave hole.

Some particles have smaller equivalent diameters (D) than their
three-dimension axes (length (L), width (W), thickness (T)), which
can be found for both hollow and concave shape particles.

Size and shape of internal porosity could result in defects in AM built
parts which are known as the most critical flaws in regard to the me-
chanical strength and component toughness [46].

3.2. Volume fraction

To calculate the “packing fraction” for loose, compacted and in-
dented samples, the pixels area occupied by particles were obtained

[Micron]
100.5
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for each projection slide and used for the calculation of the total packing
fraction. Fig. 17 shows the x-ray image of loose state of the powders
filled by the sieving method [15] followed by the compacted and in-
dented powder bed for both samples. It can be observed that the in-
denter penetrated more into the compacted HDH powders which
could indicated to a less consolidated state as compared to that of GA
powders.

The regions of interest for the quantitative comparison of packing
density in both radial (inner, outer and wall) and central zones through
the bed have been chosen for all three stages (loose, compacted and in-
dented) (Fig. 18). The radial zones have the same width and length
(1110 and 850 pm, respectively) going from top to bottom of the bed
(Fig. 17). Each radial zone is the average of 4 separated sections as
shown in Fig. 18. The central zone is exactly the under the ball but it is
chosen larger than other sections to cover the plastic deformation
zone underneath the ball. All average packing fraction values for each
zone are presented in Fig. 19.

The overall average packing fraction (percentage) as well as those of
individual radial zones for loose, compacted and indented states are
compared for both samples in Fig. 19. It can be seen that HDH has
lower overall packing fraction than GA for all three stages. However,
for both samples the packing fraction of the loose stage increases from
the central zone towards the wall. This variation reduces after the com-
paction stage for both samples, where a reduction of the packing density
is observed near the wall after the compaction (more significant reduc-
tion for HDH than GA) as opposed to other zones where an increase in
packing fraction is seen. After indentation, the packing density reduces
in all zones for GA powders, while this reduction is only observed
around the wall for the HDH powders.

Overall the GA powders have a higher packing fraction than HDH
powders due to their size, shape and surface roughness. Specially at
loose stage which powders do not undergo of compaction, GA particles
with higher sphericity and aspect ratio tend to get higher packing frac-
tions [47,48]. While the HDH particles with irregular shape would tend
to interlock leading to smaller packing percentage. Hence, they could
tend to have more block movement when they are being indented
which could result in smaller or no change in the packing fraction.
This could resemble a behaviour of powders with a critical state of
consolidation.

The frictional interaction between the particles and particles and the
wall could affect the packing pattern of the powders. If the particle-wall
friction is smaller than that of particle-particle, during loose-packing,
particles are settled easier near the walls according to their nature
(size and shape), hence the packing fraction becomes higher close to
the wall, while in the middle zone the interlock of particles results in
less packed density fraction. This observation has been reported by pre-
vious researchers using a destructive experimental approach (embed-
ding the compact in resin and slicing) [53] as well as computer
simulation [54]. In order to test this hypothesis for GA and HDH

[Micron]
144.5;

Fig. 9. Close up images of reconstructed particles (a) GA and (b) HDH.
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powders, the “coefficient of sliding friction” (CoF) between particle-
particle and particle wall was experimentally measured for both sam-
ples [49]. For particle-particle CoF measurement, a thin layer of super
glue was applied to two separate surfaces (Perspex, same material as
the die and piston) (Fig. 20), then the powders were gently deposited
on the surfaces. The surfaces were placed on top of each other and tilted
until the sliding angle was detected (Fig. 21).

For the measurement of particles and wall CoF, the same process is
applied but a plane lower surface is used instead of that of adhered par-
ticles. The results of CoF for both particle-particle and particle-wall are
calculated by Eqgs. 7 and 8 and presented in Table 4. Each test was re-
peated until the aveafrage and Standard Deviation did not change sig-
nificantly. This was achieved after 10 repeats.
1A

a=sin" Eq.(7)

COF = tan« Eq.(8)
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Length Thickness Width (um) | sphericity
(um) (um)
83.34 75.12 72.63 0.98

Fig. 13. Particle GA with dimensions and its sphericity.

60 mmmHDH AR,,=0.5 100

mmm GA AR;=0.75

N
o

Frequency %
N
o

0O 01 02 03 04 05 06 0.7 08 09 1
Aspect ratio

Fig. 14. Aspect ratio of GA and HDH samples.

It can be observed that indeed the particle-wall CoF is lower than
that of particle-particle for both samples, hence leading to a higher
packing towards the wall according to the aforementioned theory.
These results are correlating well with internal angle of friction of
both samples extracted by shear cell results.

The axial variation of the packing density has also been analysed for
both samples. In particular, the axial variation for central zone (around
indentation point) and that of wall zone are shown in Fig. 22 for both
samples. For GA powders as presented in Fig. 22a, it can be noticed

that the trends of axial variation of packing densities are very similar,
all the way from top to the bottom, for all three stages. At loose stage
powders rearrange due to their weight and physical properties for
which a trend is formed. When powders undergo compaction, with
constant pressure on the bed, the packing density increases, but keeps
a similar axial trend as that of the loose stage. Once the compaction
pressure is removed and indentation stage takes place, it can be ob-
served that the packing fraction is reduced but here again with the
same trend as those of compaction and loose stages, except near the
top, just below the indenter, where there is further reduction in packing
fraction due to the dilation of powder to accommodate shear under the
indenter. It should be noted, after removal of compaction pressure, be-
fore the indentation stage take place, there could be a degree of elastic
recovery for the powder bed [50,51] which could also contribute to
the reduction in packing density.

Fig. 22b shows the axial variation of packing density for GA at the
three stages in the zone close to the wall. It can be observed that GA
powders have high packing density near the wall at loose stage due to
their small powder-wall friction (as described earlier) but with little re-
duction after the compaction stage followed by further reduction after
the indentation. Here, the axial trend in packing fraction is not entirely
similar for the three stages, unlike the central zone. It is interesting to
note that there is a significant drop of packing fraction close to the bot-
tom section for all stages, as particles became less packed in the bottom-
corner of the die. This phenomenon can be observed for HDH powder as
well (Fig. 22d).

Fig. 22c shows the axial packing fraction for HDH powders in the
central section at loose, compacted and indented stages. Similar trends

Fig. 15. GA particles with 0.4 to 0.8 range of aspect ratio (AR); (a) AR = 0.43 (b) AR = 0.57 (c) AR = 0.70 (d) AR = 0.83.
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W:0.72
AR: 0.86
Dv (u): 103.6

L(p):123.9, W(p):107.1,
T(p):110.2

W:0.72
AR: 0.84
Dv (p): 93.7
L(p):115.2, W(p):97.2,
T(p):98.3

Hollow Particles

W: 0.85
AR: 0.91
Dv (u): 80.4
L(p):90.4, W(u):81.6,
T(p):82.7

W: 0.86
AR: 0.87
Dv (p): 94.9
L(p):108.7, W(p):93.8,
T(p):97.0

W:0.78
AR: 0.88
Dv (p): 70.6
L(p):83.6, W(p):73.8,
T(n):75.6

W:0.78
AR: 0.78
Dv (p): 104.6
L(p):115.0, W(p):105.9,
T(p):108.1

W:0.89
AR: 0.90
Dv (u): 88.2
L(p):99.9, W(p):90.0,
T(p):92.5

W:0.80
AR: 0.88
Dv (p): 93.0
L(p):110.1, W(p):96.7,
T(p):98.1

W:0.70
AR: 0.79
Dv (u): 95.2

L(n):117.3, W(p):113.3,
T(p):98.2

W:0.79
AR: 0.85
Dv (u): 90.2
L(p):111.0, W(p):94.6,
T(p):93.5

Concave Particles

W: 0.66
AR: 0.70
Dv (u): 68.8
L(1):100.7, W(p):70.9,
T(n):73.5

W: 0.68
AR: 0.81
Dv (p): 93.1
L(p):124.1, W(p):100.9,
T(w):103.3

W: 0.64
AR: 0.68
Dv (p): 86.5
L(1):135.9, W(u):92.0,
T(p):91.2

W:0.77
AR: 0.85
Dv (n): 76.5
L(p):91.6, W(un):77.9,
T(n):80.8

W:0.64
AR: 0.86
Dv (u): 77.7
L(11):98.2, W(p):84.6,
T(p):87.1

W:0.89
AR: 0.91
Dv (p): 101.0
L(p):111.7, W(p):101.3,
T(p):106.8

Fig. 16. Comparison of hollow and concave particles for their sphericity, aspect ratio, porosity and diameters.
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GA

HDH

Loose

Fig. 17. 2D Axial greyscale slide through the 3D volume for each test (Loose-Compacted-Indented) of GA and HDH powders.

Fig. 18. 2D Cross section slide of HDH powder with region of interest.

for axial packing fraction are observed for loose and compacted stages,
while for the indentation stage, where overall HDH exhibits no signifi-
cant change in packing fraction, there is a degree of rearrangement of
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particles which leads to different axial trend compared to the loose
and compacted stages. As opposed to GA powders, HDH powders did
not show the dilation of powder (reduction in packing fraction) under
the indenter suggesting the powders could be under a critically packed
state presumably due their irregular shape (Fig. 22c). It should also be
noted that the indenter has penetrated more into HDH (2.6 mm) as
compared to GA powders (1.4 mm) and this might also be affecting
the observed packing behaviour for the HDH powders.

It should be noted that the critical packed state determines whether
powder tends to retain the same void fraction during shear deforma-
tions. In dense (over consolidated) powders the bed reaches the critical
state as a result of dilation, while in loose packing it tends to reach the
critical state after a volumetric contraction.

Fig. 22d lays out the packing density of HDH powders in the zone
close to the wall. The packing fraction reaches to the highest level at
the loose stage and shows more significant reduction after the compac-
tion. There is a sudden drop in packing density at all stages near the bot-
tom corner, with somewhat a higher extend as compared to GA
powders.

The above analyses show that at loose stage, GA powder in the cen-
tral zone has the same packing fraction as the HDH powder close to the
wall zone (ca 57%), indicating that for loose or very low compaction
stages, the radial position of indent would significantly influence the
powder bed hardness measurement. This is due to the difference be-
tween the particle-particle and particle-wall frictions for the two pow-
ders investigated in this study. Furthermore, the trend of packing
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Fig. 19. HDH and GA Powders packing fraction for loose, compacted and indented samples.

Fig. 20. Image of prepared sample adhered to a surface for measuring CoF.

[S)

Fig. 21. Schematic diagram for measuring CoF between particle-particle.
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Table 4
Sliding friction of GA and HDH powders.

Coefficient of sliding friction ()

Powder-Powder Powder-Wall
HDH 0.87 + 0.038 0.25 £ 0.009
GA 0.47 + 0.062 0.19 + 0.019

fraction under the indentation zone could be an indication of critical
state of the powder compaction for the HDH powders as opposed to
GA. This could have significant influence on the value of constraint fac-
tor for the calculation of powder yield stress [31-52] from hardness
measurement which is mainly due to the particle re-arrangements
under the indentation zone as affected by the particle shapes and coef-
ficient of frictions.

The study in this work demonstrates the different packing behav-
iours of the two grades of Ti6Al4V which is caused by their different
morphologies. This difference would have an influence on the spread
layer quality during the AM process which could have impact on the
quality of final product. Powder packing density is a crucial feedstock
parameter which determines how efficient particles arrange them-
selves with maximum particle-to-particle contact and minimum voids
within the granular network. It is very critical that each powder layer
have uniform thickness and density as a high porosity or uniform
layer could lead to weaker bond between layers and poor mechanical
properties of final products. Overall HDH powder has less packing frac-
tion after consolidation compared to GA, which could result in smaller
bed hardness. However, irregular particles (HDH) would have less free-
dom due to the interlocking phenomenon which reduces their individ-
ual mobility. This could have a significant influence on the quality of
spread later during the process of spreading for AM.

4. Conclusions

The purpose of this study was to characterise physical properties of
two different grades of Ti6Al4V metal powders, namely GA and HDH,
and carry out an internal visualization of the filling, compaction and
ball indentation processes of powders by the x-ray microtomography,
in order to develop better understanding of the powder packing be-
haviour and effect of consolidation pressure and ball indentation on
powder bed. The following conclusions could be drawn from this
work:

« The shape analysis has revealed that the GA powders have nearly
spherical shape while the HDH powders have rather irregular shape
with surface asperities.
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Fig. 22. Axial packing fraction for GA powder in (a) central zone and (b) wall zone and for HDH powder in (c) central zone and (d) wall zone at “loose-compacted- indented” stages.

* The analysis of equivalent diameter has shown that there is a slight
difference between the volume equivalent and area equivalent sphere
diameters for both powders due to the existence of internal pores and
presence of concave/hollow particles for GA powders which could ad-
versely affect the quality of final AM products.

Quantitative analysis of powder packing fraction in radial (inner,
outer and wall sections) and central zones at different axial (top, mid-
dle, and bottom sections) positions through the bed, for the filling,
compaction and ball indentation stages has shown that the HDH pow-
der has lower packing fraction than GA due to the difference in the
shape and surface roughness.

For both samples, there has been an increase of the packing fraction of
the filling (loose) stage from the central zone towards the wall, due to
a lower particle-wall CoF than that of particle-particle.

In the central zone, after the compaction stage, the packing density
has increased for both samples, however, for GA powder after removal
of compaction pressure, there could have been a degree of bed expan-
sion presumably due to the elastic recovery for the powder bed.
During indentation, GA powder has also shown a slight reduction in
the packing fraction just under the indenter due to the dilation of
powder to accommodate shear. However, for the indentation stage
the HDH powder has not shown a dilation under the indenter, sug-
gesting the powder could be under a critically packed state, presum-
ably due to their irregular shape.

It has been observed that for loose or possibly very low compaction
stages, the indentation position can have significant influence on the
value of hardness for both powders, which is mainly due the differ-
ences in their particle shapes and coefficient of frictions.
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