Prototype Design for Grading Structures in Powder Bed Fusion
Processes

Maria Mannt: Conceptualisation (equal), Investigation (lead), formal analysis (lead),
Methodology (lead), Experimentation (lead), Visualisation (equal), Writing original draft
(lead), review and editing (equal).

Richard Davies!: Resources, review and editing (supporting).

Chris Lawrence?: Project administration, Conceptualisation (supporting), Funding
acquisition.

O. Ghita®: Conceptualisation (equal), Supervision, Visualisation (equal), reviewing and
editing (equal).

1 Centre for Additive Layer Manufacturing, Streatham Campus, Harrison Building,
University of Exeter, N Park Road, EX4 4RN, United Kingdom

2 QinetiQ, Cody Technology Park, Ively Road, Farnborough, GU14 OLX, United Kingdom



Abstract

While targeted alignment in certain Additive Manufacturing (AM) methods such as
material extrusion (MEX) and stereolithography (SLA) have been well documented in the
research community; a method for targeted alignment of added fillers or fibrous materials in
powder bed fusion (PBF) AM devices has yet to be successfully achieved. Similarly,
incorporation of multi-materials does not work easily with any of the AM technologies. This
study creates a prototype design that could be integrated into a powder bed fusion (PBF) system
to allow for multi-material layer deposition and alignment of powders and powder blends. The
rheological properties of polyamide powder and a range of polyamide composite blends
(incorporating Cf, Gf, PTFE and graphite flakes) in different concentrations were studied and
together with the particle size distribution and particle morphology analysis were applied for
the design of a prototype hopper for incorporation in the PBF system to create targeted multi-
material deposition. Different concept designs, multi-chambered and multi-hopper with hopper
angles calculated specifically for the composite blend powders selected were proposed. Initial
deposition trials outside a PBF process were tested and the deposited layers measured.

1. Introduction

Since the advent of additive manufacturing (AM), there have been new methods and
processes tested that served to improve the printing process, increase the amount and variety
of materials that can be used to manufacture, and this new way of manufacturing produced
further categories of AM processes to include almost every material, from liquid resins to
various polymer filaments, and powdered polymers and metals. Thanks to ongoing research in
academia and industry, a once niche and expensive method of manufacturing has expanded to
become, more or less, widely accessible across the world. As such, new and burgeoning
technologies are continuously being implemented in this industry that are making AM
components more reliable, resistant to certain chemicals and environments, and enabling
customisation of the materials to make them more suitable to perform under specific
conditions.

The addition of spherical and fibrous fillers to improve mechanical properties of polymer
materials and to introduce multifunctional characteristics, such as improved thermal and
electrical properties, is a process that has been researched and utilised extensively in more
traditional methods of polymer manufacturing, such as injection moulding [1-3] and hot press
moulding [4-7]. When it comes to AM processes with using two or more filler materials, a goal
that research typically focuses on is achieving directional orientation of filler particles and/or
fibres. The ability to control the distribution and orientation of fillers creates new possibilities
for novel materials with enhanced properties and graded structures to be manufactured. AM
technology has the scope to enable users and manufacturers to explore these options.

Though there have been limited attempts to create a method of selective and controlled
alignment of fibrous additives and fillers in polymer powders, there have been documented and
researched findings of the re-coater process naturally aligning fibrous materials within polymer
powder blends in the re-coater direction [8]. Inside the PBF system, during the recoating system
the passing blade makes physical contact with longer fibres dispersed within the polyamide
powder and align in the direction of movement, while the shorter fibres are dispersed in a more
heterogeneous manner. Research carried out by Arai [9] determined that the anisotropic
behaviour of glass fibres dispersed in polybutylene terephthalate (PBT) caused increased



tensile strength and modulus of elasticity when measured in the direction of the re-coater, and
lowest values in the perpendicular direction. This research was also supported by the findings
of Jansson and Pejryd [10], who determined that the orientation of longer carbon fibres
combined in with polyamide 12 (PA12) is greater in the direction of the powder re-coater
compared to shorter carbon fibres, which tended to orientate more randomly.

Currently the only company that has been successful in achieving multi-layer
composite manufacturing is the Aerosint [11]. They have created a system which uses a drum
filled with the desired powder material for printing; this is then loaded into a PBF printer and
can be controlled in tandem with the standard operations of the printer. This process allows for
multi-material selective printing to be carried out inside a PBF system. Though they have had
success in printing multi-material metal powders, Aerosint have not researched polymeric
materials for their deposition techniques.

Promising research into multi-material processing by laser-based powder bed fusion is
also being carried out by a team at the Fraunhofer Research Institution for Casting, Composite
and Processing Technology IGCV in Ausburg, Germany [12]. Although the proposed design
does not feature a method of filler alignment, it proposes a method of manufacturing graded
structures using an integrable multi-material capabilities in PBF systems. Research carried out
by Beal et al [13] explored the possibility of using a hopper delivery system that contained a
H13 tool steel grade powder and copper powder, as well as combinations of the two powders
(up to 50% of each material) to enable multi-material deposition and manufacturing in the x-
axis using a high-power fibre-optic delivered Nd: YAG laser. Their results concluded that it is
possible to use a hopper powder delivery system and sinter the layers of deposited material to
use for additive manufacturing; however, their results uncovered gradient voids in their sintered
layers, possibly due to the larger particle sizes of the materials utilised in experimentation. A
solution to solving the gradient voids, as provided by Beal et al., is to include finer milled metal
powders with smaller particle sizes to fill in the majority of the voids created during deposition.

Therefore, while directed orientation of fibrous filler materials combined and embedded
within polymer filaments has been widely explored in MEX [14-43] and in SLA [44-57],
selective alignment has yet to be achieved in (PBF) systems. This is a challenge that has been
testing both the research and industry fields for many years and, as such, a definitive solution
is yet to be readily available.

This paper focuses on presenting findings on PBF processes, focusing on: powder
properties, such as the flow and particle morphology, use of fibres or additives, grading of
structures, creating multi-materials, and alignment of filler fibres and particles. We also explore
the methods that could be implemented for use in PBF systems by examining possible
prototype designs for integrated attachment inside a desktop PBF device, the various polymer
materials and blends used in PBF systems through experimentation, which include their
material properties, examining the factors that are proving to be a challenge for successfully
achieving targeted fibre alignment in current PBF technologies, and delivering results and
analysis on our experimental work involving the use of a hopper prototype.

2. Proposed Concept Design
This section focuses on the considerations given to the design of a new prototype for use
inside PBF, with the ability to grade and align fillers with high aspect ratio.
Several key factors need to be met by the component:
a) The ability to fit and integrate the prototype into a PBF system,
b) to load various types of materials into the hopper,



c) successfully contain the loaded material without inadvertent leaking through the nozzle
during handling,

d) maintaining even deposition performance in a high temperature environment,

e) perform in tandem with the PBF printing system.

A desktop powder bed fusion system, SnowWhite manufactured by Sharebot, was
chosen to create the prototype system. The spreader blade, which is found in majority of PBF
machines and used to distribute powder, has an unused space underneath it that can
accommodate the prototype. We illustrate what the design of the prototype would look like in
Figure 1 with a custom spreader blade designed based on the original dimensions of the
SnowWhite desktop PBF printer.

Figure 1 Hopper design in sheet metal, with front and back view, and integrated spreader blade attached.

The spreader attachment within the SnowWhite PBF system is detachable, therefore a
design was made for the prototype hopper to be secured behind the blade. This method also
opens the possibility for designing blade attachments with the hopper built into the system. A
spreading blade is a vital part of any PBF as it evenly distributes fresh powder for additional
layers. A small gyroscopic sensor will be attached to the hopper to trigger the activation of the
vibration motor during printing, initiating deposition.

Figure 2 illustrates how the prototype will fit inside the printing system.



Small Vibration Motor

Figure 1 A side image of the hopper prototype as illustrated fitting inside a PBF system. The black
arrow represents the direction of movement for the prototype, the hopper has a small vibration motor
attached to the outside wall of the hopper.

This design also enables us to create new additions to the system, such as a
supplementary spreading blade or roller fitted behind the hopper prototype that will ensure the
deposited material is dispersed in an even and homogenous layer before sintering occurs. This
blade or roller can also be controlled with the aid of the gyroscopic sensor so that it only lowers
when the new material is deposited.

Other designs were considered for the purpose of this research and are illustrated in
Figures 3 and 4, though due to time constraints of this project it was decided that the design
presented in Figure 1 would be used as the testing bed for future prototypes.

Figure 3 (a) lllustration of the hopper shown in Figure 9 with the hopper and spreader blade detached.
(b) Another hopper design with chambers with varying half angles (25, 35, 45, and 50 degrees) to
accommodate various powders that require specific half angles to achieve mass flow, with and
attached roller to aid in flattening any uneven powder deposition
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Figure 4 Hopper design with three narrow hoppers attached in a row (35, 45 and 50 degree half angles
from left to right)

3.1 Prototype Design Considerations — Theory
Nozzle Size and Geometry

Previous studies [58-60] showed that a hopper with a square nozzle is best suited for
depositing a smaller surface area of material. These types of nozzles are best suited for smaller
applications and would be complicated to integrate in a PBF system without the use of
additional motors and a system control to ensure an even deposition of filler is distributed to
create a composite material. A plane flow, chisel and transition hopper all have a longer nozzle
profile, which would allow for any powder deposited from this hopper to cover the printing
area effectively and therefore it was considered here for further study.
Hopper angle — theory

Several key factors affect powder flow: (i) material properties such as particle size,
shape and texture, compressibility, density, aeration, porosity, and potential for charge; (ii) the
shape, surface texture of the inner walls, the hopper angle, and aperture geometry.

Figure 5 [66] provides a simple illustration of how the design and nozzle geometry of
a hopper dictates how a powder material can be deposited and over how large or small an area,
with conical designs having a more concentrated and smaller area of deposition (suitable for
more precise depositions) while chisel design offers deposition over a larger surface area.

Axi-symmetric Plane
Flow Flow
\
a
a
B L B

The design of the hopper has a direct effect on the deposition of the powder material as well as
the area of deposited material



Figure 6 illustrates the various types of powder flow that can be achieved given the
hopper design. Mass flow is typically considered the ideal mode of powder flow as it provides
a more consistent, steadier stream of material, and indicates that the full capacity of the vessel
can be used. Funnel and expanded flow are less desirable as they create pockets within the
powder where the stagnant material is compacted and has the potential to lead to caking, as
well as creating erratic flow.
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Figure 6 An illustration of mass, funnel, and expanded flow

Figure 7 illustrates how the hopper half angle is taken into consideration when
designing a suitable container for a powder material.

Figure 7 Factors affecting mass flow including hopper half angle [66]

The stress in the arch, a;, is a function of both the span and the major consolidation pressure,
o,. For flow to occur, the stress in the arch must be less than the unconfined yield strength o,
of the powder. The two criteria for the hopper to operate in mass flow mode are the outlet size
(B) and the hopper half angle ().

With these given factors, the formula for calculating the hopper half angle is given as:

T 1 —1 (1-siné)

a=_—-Cos g B Eqg. 3.1.1
=1 ip-15ne
Where = > {p + sin sina} Eqg.3.1.2



a represents the hopper half angle, & is the angle of internal friction, ¢ is the wall friction
angle. With these formulas, a graphical representation of the angle can be created. Along with
these mentioned factors, the overall shape of the hopper also has a direct effect on the powder
flow properties. Figure 8 shows how the design of the hopper influences mass flow.

In Figure 8, the x-axis shows the allowable hopper angle 6 and the y-axis gives the
values for the wall friction angle ¢. Mass flow is achievable if both 6 and ¢ fall within the
limiting mass flow region 1 of the given values. For the chisel design, the length of the hopper
must be three times its width to ensure successful mass flow. Problems with powder flow can
easily be addressed by simply decreasing the internal wall friction of the container and ensuring
the converging walls are steep enough.
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Figure 8 A plot for recommended wall angles for hopper design using a chisel shape [67]

An important factor when a hopper design is being considered is that, for wedge
designed hoppers, walled angles are 10-12° less steep than those of conical hoppers. This is
because conical hoppers have a smaller nozzle from where the material can flow through,
which can in turn affect powder flow, therefore a steeper angle is required to achieve mass
flow. Steeper angles, as well as narrow nozzles, mean that there is a constraint in terms of
designing a conical hopper to fit inside a PBF system. Also, with the conical hopper design,
any changes in powder flow behaviour when introducing various fillers or powder flow
enhancers can also change the flow of powder through the nozzle. It is therefore ideal to use a
wedge or chisel shaped hopper design if changes to the powder flow behaviour are expected,
especially if the powder materials used have high wall friction.

Based on this information and the design parameters for use in PBF systems, it was
determined that the wedge design would be ideal to use for our prototype.

Measurements and calculation for the hopper design



Several tests were carried out to determine hopper design, which provides us with the
hopper angle to achieve mass flow rate. These experiments included: (a) shear cell test with
different rates of shear; (b) wall friction test; and (c) compressibility test.

For the testing required to obtain the hopper angle, all samples were carried out using
a Freeman FT4 powder rheometer with the standard procedures provided by the rheometer.
Every sample includes a conditioning phase to ensure the powder is free flowing and to
eliminate any excess air pockets and ensure a low stress packing state. After conditioning, the
appropriate attachment is connected to carry out measurements for shear, wall friction, and
compressibility. For shear cell measurements (see Figure 9), a vented piston is used to
compress the powder, applying a force of 3kPa to consolidate the powder. The shear stress
measurements were collected for 3, 6, and 9 kPa for polyamide powder using the FT4. Shear
stress measurements for 3, 6 and 9 kPa were combined to produce the final calculated result
for hopper half angle and outlet size.

Figure 9 An image of the shear cell loaded in the FT4 to determine the shear flow of consolidated
powder.

Wall friction was carried out which involved the attachment of a steel disk measuring
25mm in diameter at the end of the rod. This test is carried out to measure the wall friction
properties of the powder under controlled normal stress. The powder is conditioned and lightly
compressed before the steel disk is lowered and pressed to the top surface of the powder. The
disk then rotates in a clockwise motion and measurements of the friction between the powder
and the steel are measured. This measurement plots the volume change against normal stress
and is used to determine whether the powder used is cohesive or non-cohesive. This is a
significant step as it determines the behaviour of powder flow. Table 1 presents two repeat
measurements (iteration 1&2) and calculated parameters including the hopper half angle for
polyamide powder flow through the hopper.

Table 1 Calculated results for plane, or mass flow for our prototype design (8 is the angle of internal
friction, ¢ is the wall friction angle, p is the bulk density at oy, ff is the flow factor, H(a) the arch
thickness variation factor, /g is the consolidating stress at Arch, o is the hopper half angle and B is
the hopper outlet size, or the width of the slot for plane flow vessels)

Plane Flow 0 (0} ff H(a) p /o1 a B
Iteration 1 31.02 | 1241 | 2.36 | 1.23 | 0.39 | 0.13 | 46.23 | 0.04
Iteration 2 3589 | 1241 | 1.84 | 1.23 | 0.38 | 0.11 | 4571 | 0.03




Once the powder flow data for PA12 was determined, it was necessary to determine the
hopper half angle that would ensure a good mass flow through the prototype design. The results
gathered for the design of the hopper and nozzle were obtained on PA12 powder only as this
is the predominant material that has been used during experimentation and the ratio of filler to
PA12 will always be low. Through the use of the FT4 equipment, and compiling the rheological
measurements collected for each powder tested, it was found that a hopper half angle between
45° and 46° was necessary to achieve effective powder flow for PA12, however it was found
that the half angle that could be used for PA12 powder blends that were measured in the FT4
varied significantly. These results are representative solely for PA12 and, as our intention is to
combine polyamide powder with a variety of fillers, it was necessary to carry out measurements
for all combinations intended for use during experimentation. Table 2 provides the values for

hopper angle and outlet/nozzle sizes that have been determined for PA12 powder blends.

Table 2 Hopper angle calculations determined using FT4 equipment for PA12 combined with various
concentrations of fillers (glass micro spheres, PTFE powder, graphite flakes, and milled carbon fibre).

PA12 + 10% Glass beads

Plane Flow

Iteration 1
Iteration 2

Plane Flow

Iteration 1
Iteration 2

Plane Flow

Iteration 1
Iteration 2

Plane Flow

Iteration 1
Iteration 2

Plane Flow

Iteration 1
Iteration 2

Plane Flow

Iteration 1
Iteration 2

33.35
33.44

34.43
31.84

34.05
37.27

36.56
43.06

39.12
50.24

41.27
47.86

P ff - H@ p
10.77 2.08 124 042
10.77 2.07 124 0.42

PA12 + 20% Glass beads

0/ ff H(a) P
1092 197 124 0.38
1092 226 124 0.39

PA12 + 30% Glass beads

¢ ff H(a) P

993 202 125 0.38
9.93 1.75 1.25 0.37
PA12 + 10% PTFE

¢ ff H(a) P
22.64 1.73 1.15 0.65
22.64 1.42 1.15 0.64

PA12 + 20% PTFE

() ff H(a) P
18.51 16 1.183 0.519
1851 1.234 1.182 0.503

PA12 + 30% PTFE

() ff H(a) P

16.5 1.508 1.197 0.728

165 129 1.196 0.714

PA12 + 10% Graphite Flakes

lo

0.53
0.52

lo

0.19
0.21

lo

0.21
0.19

lo

0.71
0.64

IO'1

0.037
0.029

IO'1

0.941
0.847

48.42
48.4

48.06
48.39

49.58
49.48

30.66
30.78

36.6
36.4

39.4
39.2

0.16
0.16

0.06
0.07

0.07
0.07

0.13
0.12

0.01
0.01

0.16
0.14
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Plane Flow o) P ff H(a) P lo1 o B

lteration 1 | 32.84 10.39 2.14 1.245 0.415 0579 49.1 0.18

Iteration 2 | 32.41 10.39 2.196 1.246 0.416 0.587 49.1 0.18

PA12 + 20% Graphite Flakes

Plane Flow o) P ff H(a) P lo1 o B
lteration 1 | 33.43 10.1 2.082 1.247 0.404 0.313 494 0.1
Iteration 2 | 33.47 10.1 2.077 1.247 0.404 0.312 494 0.1

PA12 + 30% Graphite Flakes

Plane Flow o) P ff H(a) P lo o B
lteration 1 | 35.24 951 1.911 1.25 0.634 0555 50.1 0.11
Iteration2 | 38.29 951 1.688 1.248 0.629 0.533 49.7 0.11

PA12 + 10% MCF

Plane Flow o) ® ff H(a) o] lo: o B

lteration 1 | 35.09 17.84 1.86 1.189 37.7 -

0.093

Iteration 2 | 38.28 17.84 1.648 1.188 37.6 =

0.087
PA12 + 20% MCF

Plane Flow o] ® ff H(a) o) lo1 a B
Iteration1 | 36.33 26.8 1.726 1.123

- 245 -
0.279

lteration2 | 32.16 26.8 2.112 1.122 24.3 -

0.313
PA12 + 30% MCF

Plane Flow o] ® ff H(a) P lo1 a B
Iteration 1 379 2462 1637 1.139 27.8 -

0.491
Iteration 2 | 44.45 2462 137 114 - 28.1 -

0.456

During shear rheometer measurements of PA12 combined with 10%, 20%, and 30%
milled carbon fibre, the rheometer was not able to collect values for bulk density at a; (p value)

and the values for hopper outlet size (B value). This was due to the “slip” between PA12
particles that milled carbon fibre creates, even in low weight % concentrations, which causes
the powder blend particles to shift under the blades off the shear rheometer attachment. Taking
into consideration the values for hopper half angle determined for PA12 and PA12 combined
with filler, the design was tailored to implement a hopper half angle of 36.2°, which falls within
the parameters necessary to achieve plane mass flow for the materials utilised in our
experiments. The width of the nozzle was also decreased to Imm. This is to allow deposition
of thinner layers and smaller amount of the material, in a more controlled manner, which is
required for optimum sintering conditions.

Materials Selected
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The materials that were selected for experimentation include unmodified PA12, milled
carbon fibre, PTFE powder, glass microspheres, graphite flakes, as well as combinations of the
fillers with PA12 in 10, 20, and 30% weight concentrations.

PTFE powder Zonyl MP1100 was provided by Alfa Chemicals (PSD 4um) [61], glass
microspheres (PSD between 1um and 40um) [62] and graphite flakes (PSD +100um) [63] were
obtained from Sigma Aldritch, and milled carbon fibre powder (average fibre length 100pum)
was procured from Easy Composites [64].

PA12 was chosen as a base material to test using the prototype as it is a commonly used powder
in PBF printing, and it is relatively inexpensive compared to other more specialised options.

The additives have been chosen for the properties they can impart on the material after
printing. Milled carbon fibre and graphite flakes are inherently good to use for shielding against
electromagnetic interference (EMI), which is one of the key factors in this research. Hollow
glass microspheres are a filler that has been used extensively in PBF printing as they offer a
multitude of properties, such as a decrease in density, and improved reaction to water exposure
and ageing in thermoplastics, depending on how it is used. Hollow glass microspheres can be
used on their own to create hollow structures inside the printed part, which has beneficial
properties in weight reduction and offers some beneficial mechanical properties such as an
increase in the tensile and compressive modulus [65]. This filler can also be modified by using
the immersion coating process with conductive or nonconductive metals and polymers.

4. Experimental Methods

4.1 Particle Size Distribution measurements

The particle size distribution and geometry of nylon powder and fillers was carried out
using a Microtrac FlowSync particle size and shape analyzer. The system utilises three lasers
and a high-speed camera that not only records the size of the powders that it measures, but also
includes images of the particles and fibres that have been captured during the measurement,
giving a clear representation of the size and geometry. The equipment is ideal for particle
analysis as it records the particle geometries of dry powder samples, which eliminates the need
for dispersing the material in a solution and potentially causing agglomeration of the sample.

4.2 Powder Rheology

Determining powder rheology is an essential part of understanding powder flow. A
Freeman FT4 rheometer was used to measure the powder flow and determine the hopper angle.
Powder flow rheology was carried out on materials, which included unmodified PA12, PA12
combined with 10, 20, 30% milled carbon fibres (MCF), PA12 combined with 10, 20, 30%
glass microspheres, PA12 combined with 10, 20, 30% graphite flakes, PA12 combined with
10, 20, 30% milled PTFE powder.

The FT4 recorded a series of measurements, also referred to as test numbers (11 in total
for each sample), with a pre-set value of varying tip speeds (-100, -70, -40 and -10 mm/s) to
determine the total energy in mJ. The measurement characteristics carried out for shear
properties, including shear cell and wall friction, are described in section 3.1.

Results are provided for BFE, Sl, FRI, SE and CBD by the FT4. BFE is the energy that
is required to displace a constant volume of conditioned powder using a specific flow pattern
and rate. Sl refers to the ratio between test samples where stable powder has a value of 1. FRI
measures changes in BFE when the flow rate of a standard test is reduced by a factor of 10;
this means that powders with a high value are more difficult to process than those with lower
values due to their flow energies and behaviour being variable. The BFE measurement is
obtained by the FT4 rheometer when the spiral blade moves down and into the powder,
displacing it as it rotates. These values tend to be indicative of flow behaviour under moderate
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to high stresses and confined conditions. Specific energy (SE) is a value obtained when the
spiral blade moves up and through the powder sample in a way that gently displaces the
material and CBD is the recorded density of the measured powders.

4.3 Configuration Set Up for Powder Deposition Testing

To carry out the powder deposition experiments using the prototype hopper design in a
way that would replicate the motions inside a PBF system, a repurposed bed from an in-house
built FDM printer was utilised. The printhead of the system was removed, leaving the Z-axis
free to attach the prototype design onto.

To obtain information on the weight and height of deposited material, the prototype
was loaded with powder material of unmodified PA12 and filler combinations and deposition
was carried out onto the print bed. 3000mm/min to 2000mm/min print bed speeds were used
in 500mm/min increments to determine the effect on weight and height.

For all variants of the powder combinations, between 10 and 12 grams was loaded into
the prototypes with 1mm nozzle width. The vibration motor was attached to the outside wall
of the hopper in a centralised position to allow even deposition of powder. Using a standard
size microscope slide with a strip of double-sided 3M tape running the length of the slide, the
slide was weighed on a scale and the values recorded before removing the cover of the double-
sided tape and placing the slide on the print bed underneath the hopper. The tape was used to
better adhere the powder and prevent shifting during handling. Once the slide was properly
aligned in a central location relative to the nozzle with 1cm gap in the front, the bed speed was
entered, and movement initiated in tandem with the vibration motor.

4.4 Determining thickness and weight of deposited materials

Once the powder was completely deposited onto the entire length of the slide, it was
carefully moved to the scale and the weight recorded. To determine the height of the deposition,
every slide was placed on the base of a Taylor Hobson Talyscan 150 laser interferometer. The
height of the equipment was calibrated respective to the sample being measured and a speed
between 100um and 150 pum per second was selected for measurement. The direction of
measurement was set in the x-axis, with a 2-3cm distance of total measurement taken that was
recorded where the starting point was marked at a section of the glass slide with no deposited
powder. After completion, the sample was removed and the laser and bed of the Talyscan reset
to zero so the measurements could be repeated for other samples.

5. Results and discussion

5.1 Particle Size Analysis

Particle size is significant as it can influence how the material behaves when combined
with other powders. This section focuses on the analysis of particle size distribution
measurements. Table 3 provides the cumulative values collected for D10, D50 and D90 and
Figure 10 provides the plotted particle sizes of all powders, excluding blends, used in our
experimentations.
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Table 3 Particle size distribution with values collected for D10, D50, and D90

“hPassing

YhPassing

Materials
Particle Size Milled Carbon  Glass Micro PTFE Graphite
Distribution PA12 Fibre Spheres powder Flakes
D10 21.57 9.2 11.21 28.8 95.3
D50 46.66 22.45 29.79 82.05 178.5
D90 76.8 98.17 182.1 820 265.4
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Figure 10 Particle size results for (a) PA12, (b) graphite flakes (c) milled CF (d) glass microspheres (e)

Zonyl PTFE powder
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95% of the milled carbon fibre that has been used throughout our experimentation has
been shown to fall within the 95um size and examination of the images captured on the
Microtrac has shown the fibres are uniform in their form with no abnormalities such as possible
contaminants attached to their surfaces or irregular shapes to the fibres.

For polyamide, the results from the particle analyser show that the range of particle
sizes is characteristic for the material, even when compared with results gathered during our
research. This makes polyamide an ideal powder material to use for our deposition trials, and
because various other filler materials can be safely combined together.

Compared to particle size distribution measured for polyamide and milled carbon fibre,
the graphite flakes are larger. Although these values appear significant, they are the
measurements taken of the flakes at their widest points. The thickness of the flakes themselves
is quite low and therefore does not pose an issue for deposition through our prototype design.
Overall, the graphite flakes are of a reasonable size and, during deposition trials, have not
shown to cause any problems in the mass flow of the powder, such as causing agglomerations
or disruption to the powder flow.

The particle size measurements taken for PTFE powder, displayed in Figure 10 (b),
have shown to have the highest particle size of all samples analysed. Our results are divergent
to the manufacturer’s own particle size measurements, which were detailed as having an
average particle size of 4um. One explanation for the high particle size measurement that has
been recorded in our tests is that, over time, the powder has agglomerated slightly. PTFE is a
soft material and, if the material is left to sit for extended duration without agitation, the
particles begin to compact and adhere together , forming larger particles as we see in these
results. This might be mitigated in the future if the material is agitated and passed through a
series of fine meshes to break apart the agglomerates. However, these larger particle sizes can
directly affect the overall layer thickness of deposited material, which needs to be at or below
100um in order to sinter effectively in the PBF system without creating pockets of un-sintered
powder, uneven surface textures and delamination.

Particle size measurements carried out for glass micro spheres are illustrated in Figure
10 (e). Results show that there are some larger particles that have been recorded during the
measurements. Typical particle size measurements for glass micro spheres normally ranges
below 100um. At D90, the particle measurements were recorded as 182.1um, which is higher
than the average size for glass micro spheres. It is possible that agglomerates of spheres have
formed over time, as the powder remains stagnant for extended periods of time in its storage
container. This matter can also be remedied with the use of fine mesh sieves to eliminate
unwanted larger particles Despite the high value at D90, D50 was recorded at 29.79um and
D10 at 11.21um, which means that there is a range of particle sizes for the glass micro spheres
filler that would allow for effective deposition through the hopper nozzle.

5.2 Powder Rheology

Powder flow characteristics, which include basic flowability energy (BFI), stability
index (SI), flow rate index (FRI), specific energy, (SE), and density of the materials tested,
were measuring using the FT4 powder rheometer and the values are displayed in Figure 11
and Table 4.
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Figure 11 Powder flow rheology recorded using FT4 rheometer for PA12 and PA12 combined with
varying concentrations of fillers by wt%. Total energy represents the torque and vertical force signals,
which is the energy that is required to move the rotating blade through the powder from the top of the
powder column to the bottom.

Table 4 Powder Flow results obtained using the FT4

Material and blends | BFE, mJ SI FRI SE, ml/g Total Energy
Standard
Deviation

PA 12 plain 75.1 1.01 2.14 6.16 8.2

PA12 + 10%Glass 59.1 0.99 1.86 5.09 25.5

beads

PA12 + 20%Glass 49.3 1.01 2.05 4.92 10.2

beads

PA12 + 30% Glass 42 0.91 1.85 4.73 64.6

beads

PA12 + 10%MCF 75.5 1.05 1.55 5.80 26.5

PA12 + 20%MCF 86.5 1.02 1.54 5.76 29.7

PA12 + 30%MCF 87.1 1.08 1.44 5.93 23.8

PA12 + 74.1 1.05 1.73 5.44 23.4

10%Graphite Flakes

PA12 + 78. 1.01 1.70 5.69 29.8

20%Graphite Flakes
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PA12 + 861 0.99 1.66 5.32 15.6
30%Graphite Flakes

PA12 + 10%PTFE 91.4 1.07 2.72 8.31 90.6
Powder
PA12 + 20%PTFE 97.1 1.19 2.91 8.60 25.8
Powder
PA12 + 30%PTFE 98.72 1.18 2.93 8.44 16.5
Powder

From the results illustrated in Figure 11 and Table 4, the variation in different fillers
impacts these properties is visible.

For the majority of the fillers used in the experiments, even in higher concentrations,
the flowability of the materials does not seem to be impacted greatly; in fact, the addition of
graphite flakes, glass micro spheres and milled carbon fibre appears not to negatively influence
the properties of PA12. A slight reduction in the SI values for PA12+10%Glass beads,
PA12+30%Glass beads, and PA12+30%Graphite flakes. The addition of glass beads clearly
has an effect on BFE. This is due to the nature of glass micro spheres being an inherently
smoother filler material compared to others used that prevents PA12 from affixing to itself,
which can have the added advantage of preventing agglomeration.

From the results in Table 4, we observe all the values recorded for BFE, SI, FRI, SE,
and CBD (density). The majority of the PA12 and filler combinations are stable, having
consistent values for BFE, SI, FRI and SE; however, when PA12 is combined with PTFE
powder these values increase, indicating that flowability of the powder mix is less stable
compared to the other combinations. This is due to the higher density and pliable nature of
PTFE powder, which is much softer compared to PA12 and when heavily mixed, compressed
or agitated, the powdered PTFE agglomerates and poses a challenge for deposition. This
conclusion is supported by the BFE values in Table 4, as higher BFE values indicate the
presence of denser, larger, and more adhesive particulates, and during measurements this
results in a lower screw speed in the FT4 system as the spindle requires higher energy to
displace the powder. This might be mitigated with the addition of powder flow agents, which
are typically glassy oxides, metallic stearates, fumed silica, or fluoroplastics, which improve
overall powder flow and behaviour by reducing the contact area between larger particles. The
combination of PA12 with hollow glass beads has the opposite effect for density and BFE
values, which is to be expected as hollow glass beads have an overall lower density to PA12.
Consequently, this results in less energy required to displace the powder, as indicated by
considerably lower BFE values when compared to all other fillers used and the control sample.

In the data presented in Table 4, the standard deviation values for PA12 plain and PA12
+ 10%MCF are considerably higher compared to other powder combinations. This is possibly
due to PA12 absorbing moisture during use and handling, which can influence the flow of
powder.

Despite the higher concentration of PTFE filler to PA12 powder, deposition trials were
successful and there were no observable instances of powder agglomeration; in fact, the
observed powder flow through the 1mm nozzle prototype was better for PA12 combined with
PTFE than with glass micro spheres, which at higher concentrations physically hindered
powder deposition due to formation of stagnation points within the hopper prototype.
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5.3 Deposition Trials

This section focuses on the deposition results obtained using the chisel design with
1mm nozzle width, as well as the results from the filler alignment experimentation that was
carried out.

5.3.1 Powder Combinations and the Effects of VVarying Fillers

One of the considerations that required addressing during the experimentations were
what effects varying concentrations had on the overall filler distribution in the powder, if it
affected layer thickness, and whether the addition of fillers improved or hindered deposition.
Figure 12 illustrates two deposition trials that were carried out using unmodified PA12 and
PA12 combined with 30% concentration of milled carbon fibres.

Figure 12. Deposition trial using PA12 combined with 30% milled carbon fibre (left) and unmodified
PA12 (right)

It was found that the combination of PA12 with fibrous filler produced a more floccose
surface texture when compared with the deposition of the unmodified PA12. This was due to
the fibres that displace the PA12 powder once deposited and create a surface texture that
appears softer. The slightly uneven surface texture was caused by the movement of the stepper
motors in the printbed used for deposition trials. As stepper motors are commonly used in PBF
systems for the spreading blade, a similar result will be encountered once the testing phase
moves to a desktop PBF system; however, this uneven texture can be easily mitigated with the
attachment of a roller mounted behind the hopper that will lightly press down on the freshly
deposited powder. This solves the issue with the slightly wavy surface texture and can aid in
filler alignment.

5.3.2 Varying Speed of Deposition on Layer Thickness and Weight

A significant factor that affects the weight and height of deposition is the speed with
which the prototype moves across a surface. Figure 13 illustrates a measurement of the height
of PA12 powder deposited through the hopper prototype with the print bed moving at a speed
of 3000mm/min. To effectively determine the thickness of deposited powder as well as the
surface profile, Talyscan surface profiler was used on powder deposited onto glass microscope
slides.
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Figure 13 Talyscan image displaying the height measurement taken for PA12 deposited onto a

microscope glass slide at a bed speed of 3000mm/min

Figures 14 and 15 present the results that have been collated from a series of deposition
trials with PA12 and PA12 combined with milled carbon fibre that highlight the effect of speed

versus height and weight of deposited material.
1mm Nozzle Secured Speed vs Weight
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Figure 14 Speed vs weight measurements for prototype with a 1mm wide nozzle
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Figure 15 The speed vs average layer height deposition results collected for PA12 and PA12 filler
combinations using Talyscan white light interferometry.
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Higher print bed speeds (3000mm/min) resulted in lower weights recorded for all
samples compared to lower speeds (L000mm/min). This also translated to lower cross-sectional
profile values for the samples deposited at 3000mm/min compared to 1000mm/min; therefore
higher bed speeds result in thinner cross-sectional profiles of materials.

In Figure 14, a higher concentration of milled carbon fibre to PA12 results in overall
less material deposited on the substrate. This can be attributed to the fibrous filler which has a
lower density and weight to PA12, thus PA12 combined with higher concentrations of low-
density filler can result in the deposition of material with lower weights recorded. Each
measurement was carried out five times for every powder combination.

The surface profile analysis and cross-sectional heights are significant values to
consider for successful powder deposition that could be sintered inside a PBF system. Our goal
is to achieve sub 100um layer thicknesses. Figure 15 illustrates the height deposition achieved
using the chisel design prototype with variations in milled carbon fibre concentrations
combined with PA12 powder. After initial experimentations carried out with the milled carbon
fibre filler, other filler materials were incorporated with PA12 in 10, 20, and 30%
concentrations to explore the effects having various fillers has on layer heights. Once initial
deposition experiments were carried out for PA12 and PA12 combined with milled carbon
fibre, other fillers were combined with PA12 in similar weight percentages to observe effects
on layer height and the weight of deposited matter.

Figure 16 shows the calculated average layer height values that have been recorded for
PA12 and PA12 combined with various concentrations of glass micro spheres, milled carbon
fibre, PTFE, and graphite flakes. The calculated average layer height values were obtained
using known values for the volume of the glass microscope slide and weight of deposited
material. Values were collected for print bed speeds at 3000mm/min. This speed was chosen
to represent the results as it is a similar speed with which the spreading blade moves inside
PBF systems. PA12 combined with varying concentrations of fillers show how the different
concentrations can affect the height of deposited layers. We can observe that a higher
concentration of filler has a higher probability of creating a thinner layer deposition; although,
there are some exceptions to this, as is noticeable with PA12 combined with 20% and 30%
milled carbon fibre. This is due to the larger size and elongated geometry of milled carbon fibre
compared to PA12 particles, which when combined in higher concentrations tends to create
slightly raised structures once the material is deposited. Observing the deposited PA12
combined with 30wt% of milled carbon fibre through an optical microscope, it was found that
the orientation of the fibres is heterogeneous, with fibres aligned randomly in the x and y
directions. This result was determined to be due to the short length of the milled carbon fibres
as they are approximately 100um in length and smaller; therefore, longer fibrous additives are
required to achieve the desired alignment in the x or y direction during the deposition process
as they are easier to physically manipulate and orientate.
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Figure 16 The average layer height determined for 3000mm/min speed bed movement for all PA12
combinations.

The addition of fillers can also have an effect on the overall weight of deposited powder.
In most cases we can see higher concentration of fillers tends to produce lower weight of
deposited material. This is due to the filler materials being lower in density compared with
PA12. We can also observe that with PA12 combined with 20% milled carbon fibre we
recorded a higher average layer thickness and deposited weight compared to lower
concentrations of milled carbon fibre. This is due to the milled carbon fibre improving PA12
powder flow due to its fibrous structure that displaces and pushes more PA12 particles during
agitation.

For PA12 combined with glass micro spheres, it was observed that the higher
concentration of glass micro spheres resulted in heterogeneous deposition of powder.
Formation of small stagnation points in the hopper were observed during deposition close to
the nozzle, and this disruption of mass powder flow has effectively resulted in less material
being ejected. The addition of PTFE, however, especially at 20%wt concentration, has been
shown to improve mass flow from the hopper nozzle. The low surface energy of the PTFE
powder in a way behaved as a powder flow enhancer, allowing more powder to be deposited
through the nozzle. No pockets of stagnant flow or agglomeration was observed during the
deposition trials for PA12 combined with 10, 20, or 30%wt concentration of PTFE.

6. Conclusion

The results presented in this paper illustrate a prototype design that could be utilised in
the future to aid in the manufacture of multilayer, axially aligned filler composite materials.
Present experimentation has highlighted the success of utilising a chisel shaped hopper design
as a means of deposition of various powders and filler materials. Deposition trials, along with
powder flow measurements, has aided in identifying what combinations of polyamide to filler
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materials are beneficial for improved powder flow through the prototype, as well as
determining what material combinations require further investigations. With powder flow
rheology, we have determined that a maximum half angle of 43° is suitable to produce mass
flow from our prototype design. Investigative research has supported our result and confirmed
that a minimum half angle of 30° and a maximum of 70° can be used to achieve mass flow for
powder materials with fairly regular spherical particles; however, more research is required to
determine the optimum way of initiating alignment of fibrous fillers combined with polyamide.

The prototype designs that have been created for this research and that have been
utilised in the deposition testing have provided a basis that can be used for further experimental
testing. Recommendation for future work would be to test the prototype in a working PBF
printer, along with exploring other design options presented in Figures 3 and 4.
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