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Abstract

The scope of this paper is the systematic investigation and conceptual design of a process based on the principle of electrophotography for the
application of particles on a build plate with the focus on powder bed based fusion of metals by means of a laser beam (PBF-LB/M). Using a
translational prototype based on the stamp principle, influencing parameters for particle transfer from the photoconductor to the build plate are
investigated. For this purpose, the process sequence is extended for the first time by the process step of powder deposition in comparison to [1,
2]. To reduce possible influences of the examination, the attraction of the powder to be deposited is performed without the exposure step of the
photoconductor. The investigations of this work concentrate exclusively on a full-area attraction and its deposition. Significant parameters for
the system are identified and measures to ensure a reproducible deposition are derived. Within the scope of experimental investigations, the PBF-
LB/M typical powder 1.7147 (20MnCr5) with a particle size distribution of 15 to 56 um is tested with regard to the deposition quality (surface
coverage density and layer thickness) in a single- and multi-layer deposition. The stacking of the particle layers not only increases the area
coverage density, but also demonstrates the basic transferability for generating a powder bed, which is required for additive manufacturing.
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Nomenclature PB Powder bed

PCD Particle area coverage density
ATT  Attraction PSD Particle size distribution
ABS  Acryl-Butadien-Styrol PBF-LB/M Powder bed based fusion of metal
CE Coefficient of proportionality of Epgp with a laser beam,
DEP  Deposition A% Volt
DP Deposition Plate

E-Field Electrical Field .
EL Photoconductor’s Electrode L. Introduction

EP Electrophotography . .
MV/m Megavolt per meter Powder bed fusion of metals with a laser beam (PBF-LB/M)

OPC Organic Photoconductor belongs to the most relevant additive manufacturing processes
P Potential in industry [3]. In PBF-LB/M, metal powder is selectively
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melted by means of a laser. A core procedure within the process
is the powder application, which is conventionally primarily
contact-based, e.g. by means of a rake [4]. If multi-material
powder application is needed, or the powder to be recoated is
not sufficiently flowable [5], there are limitations in powder ap-
plication. In that case a promising technology is the electropho-
tography (EP). EP is the basis of modern office laser printers;
its powder application is based on the principle of the attraction
of electrical charges. The powder attraction and deposition op-
erates without contact. On first considerations, metallic pow-
ders seem physically contradictory to the way electrophotog-
raphy works, due to the high electrical conductivity of metals.

In this paper, the application of a gas atomized steel powder
is considered in on the basis of electrophotography with regard
to function and deposition quality. To predict process-determin-
ing parameters, a physical model is derived from the forces re-
quired or to be overcome for deposition. A test rig has been de-
veloped for experimental qualification of the powder applica-
tion. This was used to extend the electrophotographic process
to include the deposition sequence. For this purpose, measures
for stabilizing the process and for the targeted variation of the
process-determining parameters are demonstrated. Based on
the findings on single-layer deposits, multilayer deposits have
been tested and quantified.

2. State of the Art of Electrophotographic Application of
Metallic Powders in Additive Manufacturing

The conventional EP process follows six process sequences,

which are also valid for AM:
1. charging of the photoconductor, 2. exposure of the photo-
conductor, 3. attraction of the particles, 4. deposition of the par-
ticles, 5. fixation of the particles and 6. cleaning and discharge
of the photoconductor. For a more detailed description of the
process steps and further information on the structure of a pho-
toconductor, see [6—8]. As mentioned in [1], approaches in the
research environment in which EP is used in powder bed based
additive manufacturing, already exists.

Up to now, research activities have shown a particular chal-
lenge in the deposition sequence of metallic particles. KUMAR
ET AL. observed oscillating particles in experiments on the pro-
cessing of metal powders and therefore excluded them [9]. BOI-
VIE ET AL. developed the metal printing process for the first
time. They were able to realize a powder application with pure
metal alloys and ceramics by electrically insulating the pow-
der-carrying components. The subsequent solidification of the
powder layers was achieved by pressing and sintering [10, 11].

The ability of the electrophotographic process to produce a
powder bed that is also suitable for other metal-based AM pro-
cesses, in particular for PBF-LB/M is still unclear. Equally un-
clear is the investigation of process-determining parameters
and their effect on the deposition quality. First investigations
on the transferability of the essential EP process sequences into
PBF-LB/M have been explained in [1, 2, 12, 13] with the focus
on the application of the PBF-LB/M typical powder of 1.7147
(20MnCr5) with a PSD of 15 — 56 um, as this is a gas atomized
steel powder, which is widely used in PBF-LB/M. The focus
was on charging an organic photoconductor (OPC) under am-
bient machine conditions [1, 12] as well as initial investigations

on powder attraction [2, 12]. OPCs are the most widely used
and technically developed materials in EP [7]. Due to the mod-
erate ambient temperature of a maximum of 60 °C in the build
chamber of a PBF-LB/M machine [14], they are considered
suitable for powder processing with regard to the environmen-
tal conditions. The investigations in this paper continue the
work of [1, 2, 12, 13]. In case of a full-area deposition, no ex-
posure of the imaging (laser) unit takes place, which means that
the process window for attraction and deposition can be di-
rectly related to the maximum area of the OPC.

3. Physical System Modeling and Experimental Setup

In the case of powder application by electrophotography, the
following subsystems and their interactions typically occur:

o Particles in the ambient medium among each other or to
the respective surfaces of the components; forces of
adhesion and cohesion between spheres or between a
sphere and the surface (e. g. capillary forces, Van der
Waals forces, Brownian motions, image forces, etc.)

e Particles in the gravitational field of the earth (e.g. weight
force, buoyancy force, etc.)

o Particles in the electric field between the charged
photoconductor and the attraction or deposition plate (e.g.
Coulomb force, electric field force, etc.)

Further interactions result from the involved surfaces and
their material-specific properties, such as density, electrical
conductivity and morphology, etc.

On the one hand approaches for the mathematical calcula-
tion of the necessary field force have been investigated under
consideration of the particle mass and size [9, 15, 16]. In ideal-
ized form, the weight force of individual particles is already
taken into account for particle attraction and deposition in ad-
dition to the electric field force. As an extension to this, it is
assumed that detaching forces support the electric field force in
depositing particles. The adhesive and cohesive forces, on the
other hand, must first be overcome by the electric field force.
For the approximation of statements on particle behavior, the
Coulomb and electric field forces are of particular importance
in this work [17]. From [17] it can be seen that there is an ad-
hesive relationship between the van der Waals forces and the
weight force. Especially for particles with a diameter under
100 pm as used in AM, the van der Waals forces dominate and
have to be overcome by the electric field force.

The constellation when the photoconductor is positioned
above the powder bed or the building plate can be idealized as
a plate capacitor; the photoconductor and the attraction or
deposition plate each form a capacitor plate. The field lines
between the photoconductor and the powder bed or deposition
plate are considered homogeneous and therefore equidistant [2,
18, 19]. The potentials of these surfaces will be used in the
estimation of electric field strengths throughout this work.

Fig. 1 shows a schematic illustration of the charge distribu-
tion within the OPC during a powder deposition, which is gen-
erated from a full-area particle attraction at the OPC. A central
effect is the electrostatic induction (electrical influence). This
results from displacements of the freely moving charges under
the influence of an accumulation of charge (source charge). The
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Fig. I: Schematic system modeling for charge distribution during dep-
osition of metallic powder in the electrophotographic process in
analogy to a plate capacitor.
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generated or resulting charge is always inverse to the source
charge [20]. The particles used in this work are assumed to be
ideally conductive in the model. Thus, it can be assumed that
the voltage for attraction and deposition, which is applied to the
plate, reaches the uppermost particle layer unhindered within
the powder bed. The ability to distribute charge thus results
from free exchange of charge between the particles and the
source charge of the attraction or deposition plate. In the case
of electrical conductors, the charge concentration in the contact
area is greater than in the case of non-conductors, since the
charge carriers are freely mobile on the surface. This means
that their electrostatic attraction is also greater due to the con-
tact potential. In order to introduce a charge in a targeted man-
ner or to prevent the metallic particles from discharging, the
attraction and/or deposition plate is considered to be isolated
from the environment.

Of particular importance is the contacting of the photocon-
ductor’s electrode (EL) as indicated in Fig. 1. This can be
switched and set to the following four discrete states: Ground,
insulation, voltage positive and voltage negative. If the elec-
trode is grounded, an exchange of charge carriers — as it is nec-
essary, for example, during exposure — is supported; in the in-
sulated state, the exchange of charge carriers is eliminated in
order to minimize a charge decay, e.g. during transport. To in-
crease the deposition quality, the voltage provided is intended
to specifically influence the external field on the photoconduc-
tor or to release the adhering particles for deposition.

An OPC is optimized for the negative charge. Thus, the ne-
cessity of the positive charge of the powder bed arises. With
the attraction of the positive particles on the photoconductor,
the negative voltage on the deposit plate follows. When the
positively charged powder particles come into contact with the

negative charges on the surface of the OPC, a charge equaliza-
tion takes place. Thus, the charge of the attracted particles is
lowered and the surface of the OPC is positively charged after
the charge equalization corresponding to the particles. Due to
the positive surface of the OPC and in case of the grounded EL,
electrons are therefore transported as shown in Fig. 1 (EL stage
I Ground). This creates an electric field (E-Field) in the OPC
between the electrode and the particles. Since the particles are
positively charged, their tendency is to migrate toward the elec-
trode. This generates an additional force against which the E-
Field between the deposition surface and the particles must act.

For the investigation of the process, the generated electric
field strength, as well as the voltages or potentials at the photo-
conductor or the deposition plate are in focus. The physical re-
lationship (from capacitor fields) with the voltage (U) and the
distance (d) of the capacitor plates to the field strength (E) can
be used to provide a mathematical approximation of the observ-
able particle movement during deposition.

U [ +|Ppp|
E=== OPC+Powde DP (1)
d deff,DEP

The capacitor equation (1) is adapted to the conditions of the
electrophotographic process. The effective distance between
the upper particle layer on the OPC and the deposition plate
(detr, pEp) as well as, in the present two-dimensional considera-
tion, the added amount of the stresses between the OPC with
attracted powder (®opc+powder) and the deposition plate (Ppp)
have to be considered.

For the qualification of the deposition of metallic particles
by electrostatic field forces an experimental test setup was de-
veloped. The test setup is described in detail in [1, 2] and is
shown in Fig. 2. The maximum accuracy of the movement sys-
tem of 0.3 mm was considered sufficient to describe the initial
feasibility of metal powder deposition for PBF-LB/M. All com-
ponents under voltage (see Fig. 2 voltage signs) were isolated
from the rest of the test setup. An electrostatic field measure-
ment sensor (Keyence SK-050) in the near-field mode with a
measurement distance of 16 mm was used to measure the sur-
face potential on the photoconductor. Measurements were
taken at different times in the process. They provided infor-
mation about the resulting surface potential on the photocon-
ductor after charging (®@opc), after powder attraction (®Popc+pow-
der) and after powder deposition (®opc-powder). The individual
measured values were used, in particular, for process control to
determine a process window for reproducible deposition.
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Fig. 2: Picture of the test setup with relevant components of the electrophotographic application module and marking of components under voltage.
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4. Single-Layer Application of Metallic Particles

To qualitatively evaluate the effects of the process parame-
ters on the deposition during the test series, the deposition qual-
ity is classified into six categories. The classification is carried
out visually in accordance with the criteria in Tab. 1.

Table 1. Categories for the qualitative evaluation of powder deposition for
single-layers.

Category Description

Full-area, homogeneous and optically dense layer
Full-area, homogeneous and optically not dense layer
Full-area and non-homogeneous layer

Partial-area and homogeneous layer

Partial-area and non-homogeneous layer

o m g Q w

No layer visible

Based on the test setup, experiments on deposition were car-
ried out and parameters relevant to the system were determined
in order to generate single-layer deposition. The individual ex-
perimental steps were defined by the following modules:

(1) Contact charging device, which consisted of a soft-foam
contact roller. The charging procedure induces the time-de-
pendent surface charge parameter (®opc) on the OPC’s usable
surface (50x50 mm?). For particle attraction, the surface of the
photoconductor was charged to a specific potential with a tol-
erance of +50 V. The measured value was used to monitor the
specified potential ®opc.

(2) The powder attraction plate was realized as an isolated
aluminum plate connected to the HV source, which directly
sets the potential (Ppg) on the plate's top surface. The powder
was applied to the plate with a layer thickness of 550 pm by a
film applicator from BYK-Gardner. To achieve a constant E-
Field, depending on ®opc, the voltage on the powder bed was
controlled accordingly. The effective distance to the attraction
(defr, aTT) Was constantly set to 0.8 mm. Immediately after at-
traction, the EL was switched to the insulated state to minimize
potential decrease due to charge exchange.

A full-area attraction was observed for the 1.7147 powder
from an E-Field (Earr) of approx. 0.7 MV/m to approx.
1.4 MV/m [2] and formed the starting point of the test series
for powder deposition. Thereby, Ppg > ®opc was always set. An
increase of the E-Field for attraction led to an optically denser
layer. When the voltages or the E-Field were increased further,
flashovers occurred, which resulted in damage to the OPC and
necessitated replacement. At voltages leading to a lower E-
Field, only partial area attraction of lower quality was ob-
served.

(3) The deposition plate design was the same as for the at-
traction plate. The process of deposition started with the mea-
surement of the potential of the attracted particles at the OPC
(Dopc+powder). Right before the photoconductor moved down to
the deposition plate, the electrode of the OPC was switched to
the respective state. The distance to the deposition plate
(desrpep) Was also 0.8 mm. After deposition, the measurement
point @opc-powder indicated the potential present at the photo-
conductor.

(4) The process of deposition was completed with the cam-
era image of the powder deposition on the plate.

(5) Cleaning and discharging of the photoconductor was
performed manually using ethanol and a cloth.

4.1. Impacting the photoconductor’s electrode for particle
deposition

The initial approach was to increase the E-Field for deposi-
tion. It is assumed that a high E-Field leads to a fully dense
deposit. For this purpose, test series for deposition with in-
crease of Epgp were carried out with control of the EL to ground
and to insulation, respectively. The voltage of the deposition
plate (Ppp) was formed via the predetermination of the target
Epep by using equation (1) and is thus directly dependent on the
value ®opcipowder. Fig. 3 shows a direct comparison of selected
powder deposits.

Single layer deposition
OPC-Electrode: Ground
Deposition quality: B
Eyrr = 1.34 MV/m
Epgp = 0.75 MV/m

Single layer deposition
OPC-Electrode: Insulation
Deposition quality: C
Eyrr = 1.39MV/m

Epgp = 2.44 MV/m

Fig. 3: Selected images of full-area single-layer depositions under impact on
the photoconductor electrode: Ground (left), Insulation (right).
Legend: Exrr: Estimation of the electric field of the attraction,

Epep: Estimation of the electric field of the deposition.

It can be seen that full-area deposition was possible in both
test series. In the case of the deposition with insulated elec-
trode, on the one hand only partial deposition was possible and
on the other a clear edge around the deposition was observed.
The highest achievable deposition quality was C. It should be
noted that the E-Field was higher by a factor of approx. three
compared to the deposition without grounded electrode. This
may be due to the fact that the eliminated charge exchange
leads to an irregular field. Thus, the defects would be due to an
insufficient field and the deposit over the edge due to field
peaks. The best quality was category B, achieved by utilizing a
grounded electrode .

Tab. 2 shows an overview of relevant measured values and
correlations from the test series for deposition with grounded
EL. Increasing or decreasing relations of the measured values
leading to a deposition quality less than B is indicated by an
arrow, if the value has a difference of more than 20 V. This
difference corresponds to the measurement inaccuracy of the
E-Field sensors. The measured values of the surface potentials
are highlighted in bold. The measuring point ®opc was almost
constant due to the specified tolerance band in the process con-
trol.
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Table 2. Process parameters and measured values of the surface potentials on
the photoconductor for the test series with grounded photoconductor
electrode in relation to the deposition quality B.

Legend: @opc: Surface potential of the photoconductor

Ppg: Potential of the powder bed

Eart: Estimation of the electric field of the attraction

Dopcipowder: Surface potential of the photoconductor with at-
tracted powder

Epep: Estimation of the electric field of the deposition

Poep: Potential of the deposition plate

Dopc-powder: Surface potential of the photoconductor after
powder deposition
Bolt marked values represents measured surface potentials.

Process parameters Quality of the depositions

and measured val- B C D E F
ues

®opcin V -382 -365 372 -374 375
Ppg in V 692 710 702 700 710
Earr in MV/m 1.34 1.34 1.34 1.34 1.35
Dopc+powder 1NV 273 261 301t nt 3571
Pppin V 328 4027 2337 -3977 2794
Epgp in MV/m 075 0837 075 0971 0.78
®opcmrpowder in V -57 -54 -62 92} -85)

The following parameters were kept constant in the test series:

Voltage at the charging roller =-700 V,

Target value of the ®opc = -375 V, der, arr = 0.8 mm, defr, pep = 0.8 mm,
Attraction and deposition duration =2 s.

It is recognized that the constant charge and attraction
parameters results in different values of ®opcipowder- POssible
influencing factors on this surface potential are, the voltages or
the potential of the photoconductor at the charge roller and at
the powder bed, the distance between OPC and the PB, and also
the dwell duration for attraction. Since these factors were kept
constant in the series of experiments, the variation in the value
so far cannot be explained solely by these factors. However, it
is evident that the deposition quality decreases as the
Dopcpowder increases and the lower the difference to the
controlled Ppp becomes.

Due to the non-constant value of the surface potenzial of the
OPC with attracted powder, no constant value can be specified
for the actual E-Field. It should be noted that a high electric
field does not per se lead to better deposition. One possible
interpretation of the measurement results is that the deposition
quality depends on a certain ratio of the surface potenzial of the
OPC with attracted powder to the potential of the deposition
plate, following Ppp > ®opcpowder-

An indicator of deposition quality seems to be represented
by the remaining value of the surface potential of the
photoconductor after the powder deposition

4.2. Charge Stabilization of the Potential at the
Photoconductor

From the investigations on the process window with
grounded EL, it can be seen that the measured value
Dopcipowder, despite the same process parameters of @opc and
Pps, is subject to certain fluctuations in the quantity, which
have a negative effect on the deposition quality. Since this
measured value ends the process sequence of attraction and
passes into the process sequence of deposition, it is of

importance for the stability and reproducibility of the overall
process. Further influences are suspected in charge exchange
processes between the particles and the OPC as well as between
the particles and the ambient medium. Thus, a decrease in
potential, e.g. during transport times, can have an appreciable
influence. Immediately after the powder is attracted, charges
are exchanged between the OPC and the particles due to the
contact potential. However, due to the insulation of the OPC,
the mutual exchange of charges is only possible to a limited
extent.

Since the powder at the measured potential @opcrpowder 1S
already located at the OPC and thus cannot be subsequently
charged via the contact charge, e.g. via a positive charge roller,
a contactless particle charge is investigated with a corona unit
of the sharp MX type. The corona unit is operated with a
positive voltage, whichis expected to move the positive charges
on the particles towards the negative potential of the
photoconductor due to repulsion. The negative charges on the
photoconductor should in turn be attracted to the particles.
Thus, a rapid charge exchange is expected.

Fig. 4 shows exemplary curves of the measured values of
Dopcipowder as an average of 10 individual measurements of the

surface potential on the OPC with attracted powder.
210
200 v —
190 = o B i e S PO IVE . ~ .

180 NN AN N~ nt
170
160
150
140
130
120 T e
110
100

Dopepowder NV =

1 2 3 4 5 6 7 8 9 10
Measuring time in s —=

— Ideal line  “~®gpc, poyaer Without corona unit = Popepoyder With corona unit
Fig. 4: Potential decrease at the photoconductor with attracted powder with and
without additional charging through corona unit compared to the ideal,
loss-free surface potential.
Legend: @opc:powder : Surface potential of the photoconductor with at-
tracted powder

The dotted graph represents the potential drop without addi-
tional charging by means of the corona unit. The average stand-
ard deviation is 26.13 V (17 %). The charge drop in relation to
the ideal, loss-free potential curve is approx. 42 % respectively
85 +26,12 V after 10 sec.

The photoconductor with the attracted powder passes over
the corona unit three times at a distance of approx. 1 mm, and
a voltage of 1,200 V is applied to its wire. The potential de-
crease within the measurement period after the OPC has been
moved across the corona unit (measured values @opc+pow-
der+Corona unit) 18 only about 10 %, respectively 20 + 6,05 V (Fig.
4, dot-dash graph). The average standard deviation is 6.05 V
(3 %). First improvements could be observed from
Pcorona unit = 800 V. 1,200 V represent the maximum voltage in
the experimental setup.

This shows that charge stabilization by means of corona unit
results in a more stable potential curve and rapid charge equal-
ization of the powder with the OPC. Unchanged was the non-
constant initial value of the potential with which the measure-
ment position @Popcipowder 18 reached. Furthermore, no signifi-
cant increase in the quantity of ®opc+powder+Corona unit could be
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achieved at the maximum voltage values of the corona unit
compared to @opc+powder- Thus, the deposition quality cannot be
controlled by a corona unit only. However, with additional use
of the corona unit, the potential of the particles was signifi-
cantly stabilized over the transportation time.

4.3. Optimization of the Deposition quality

In the following experiments only deposits were considered,
where a quantity of ®opc+powder Was in the interval from min.
200 V to max. 275 V. In addition, charge stabilization with the
corona unit and a voltage of 1,200 V was always utilized.

In accordance with the forces in the physical system model,
it is assumed that a ratio of the surface potential at the photo-
conductor with attracted powder to the deposition plate’s volt-
age correlates with the E-Field for the deposition and therefore
with the deposition quality. For this purpose, a proportionality
coefficient (cg) is introduced as shown in equation 2.

Ppp

)

e = Popc+Powder

ce is used to adjust the Ppp depending on the potential of the
particles on the photoconductor in such a way that a constant
ratio to the deposition of the particles can always be main-
tained. The polarities of the potentials are always opposite to
each other; @opc+powder 1S positive and Ppp is negative. A pro-
cess window can be derived by means of an empirical determi-
nation of cg in which reproducible and stable deposition should
be possible.

Fig. 5 contains the measured values of all measuring posi-
tions, the voltages at the deposition plate and the quality of the
depositions as a function of cg. Plotted and evaluated are test
runs where the measured value ®opc+powder Was min. 200 V.
The measurement points @opcpowder and Popc+powder+Corona unit
are therefore almost constant and parallel to each other.

It can be observed that the measuring point ®opc-powder has
a steadily decreasing potential. The course follows the Ppp;
however, it is always lower in value. A deposit of at least qual-
ity B is produced when the cg of 0.7 to 1.5 is reached. The two

Julia Foerster et al. / Procedia CIRP 113 (2022) 353-360

vertical arrows in Fig. 5 mark the beginning and the end of this
deposition quality range, accordingly. In this case, the value of
Dopc-prowder results in potentials from about 0 V to about -180 V.
For the deposit with the cg of 0.7, the adhesion forces were suf-
ficiently overcome. For a cg between 1.2 and 1.3, a deposition
quality of A was achieved. In this case, Ppp is only slightly
higher than @opc+powder. With increasing cg, the deposition qual-
ity decreases. An explanation is suspected in a too strong E-
field. On the one hand, particles could be strongly accelerated
and as a consequence of high kinetic energy hit the deposition
plate in an undirected way. On the other hand, local field peaks
could be induced, which act as centers of powder dislocations.

With the contacting of the electrode to the ground, an in-
crease in the particle coverage density was realized. Further-
more, a voltage provided to the electrode should lead to the re-
pulsion of the particles from the photoconductor and, as a re-
sult, to a further improvement in the deposition quality. Fig. 6
shows a direct comparison of selected powder deposits, which
were produced with a positive voltage (left) and with a negative
voltage on the EL (right).

In both test series, the area of the photoconductor can be
seen. With the operation of the positive voltage, the particles
are primarily found in the edge regions of the deposition area.
It stands to reason that strong repulsive forces are acting in the
E-Field to the sides. Following the system model for the influ-
ence and polarization, this can be estimated, for example, by a
repolarization of the particles so that they are now also nega-
tively charged. As a result, they repel from the negatively
charged DP along the field lines bent to the edges.

In contrast, a negative voltage applied to the EL shows an
optically dense, full-area deposition of category A and leads to
a significant increase in quality. When a negative voltage is ap-
plied to the electrode, an electrical induction is created between
the electrode and the particles located at the photoconductor.
The positive charges on the particles will move to the surface
towards the electrode, and the negative charges towards the
deposition plate. This would increase the forces holding the
particles to the surface. However, the carrier moves toward the
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Fig. 5: Deposition quality and potentials during the deposition sequence as a function of the predetermined electrical fields and cg-ratio.
Legend: cE: Proportionality coefficient for deposition, @opc: Surface potential of the photoconductor, @opc:powder: Surface potential of
the photoconductor with attracted powder; ®opc+powdersCorona unit: Surface potential of the photoconductor with attracted powder
with the utilization of a corona unit; Ppgp: Potential of the deposition plate, @opc-powder: Surface potential of the photoconductor

after powder deposition
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Single layer deposition

OPC-Electrode: Potential -120 V
Deposition quality: A

E rr=1.19MV/m

Epgp = 0.55 MV/m

1,200V

Single layer deposition
OPC-Electrode: Potential +120V
Deposition quality: E
Ep = 1.19 MV/m
Epgp = 0.65 MV/m
P(‘orona unit 1200 Vv
cg=13 cg=1.2
Fig. 6: Selected images of full-area single-layer depositions under the impact
of EL: potential +120 V (left), potential -120 V (right).
Legend: Earr: Estimation of the electric field of the attraction,
Epgp: Estimation of the electric field of the deposition.
cE: Proportionality coefficient for deposition
deposition plate, which is also negatively charged. It is as-
sumed that as the photoconductor approaches the deposition
plate with the negative potential, an interaction between the
particles with the new, stronger potential of the deposition plate
dominates. The negative charges, which had previously moved
towards the deposition plate because of the voltage on the elec-
trode, turn towards the weaker Pgr. The same happens with the

positive charges on the particle surface.

Peoronamit =

The deposition with the quality of category A was analyzed
with a laser microscope of the type Keyence VK-9710. The
area covered by the particles (PCD) was determined in % in
relation to the reference surface of the deposition plate. For this
single-layer deposition of quality A, the PCD is 30.45 %. A
layer thickness of 48 pm could be determined with the laser
microscope measurement.

4.4. Investigation of the Particle Size Distributions

It can be observed that particles still adhere to the OPC after
deposition. In accordance with the assumption that the van der
Waals forces are dominant in this state, it should be possible to
deposit particles larger than 10 um from the OPC by electro-
static forces. To test this assumption, the PSD was measured
on the basis of powder samples from the powder bed, from the
OPC and from the deposition plate. The PSD was measured
using laser diffractometry device from Malvern with the Mas-
tersizer 3000. To take the samples, the process was stopped at
the respective times and the powder was removed from the sur-
faces using a rubber spatula. Due to the small amount of pow-
der per sampling, five samples were collected and measured
together in the dispersing medium of deionized water. This re-
sulted in an average of the individual samples. The particle size
distributions determined were summarized in the usual PSD
data with regard to the distributions at Djo, Dso and Doy in
Tab. 3.

The analysis of the particle size distribution of the powder
from the powder bed serves as a reference and confirms the
PSD given by the powder manufacturer with approx.
15 - 56 um. Starting from the powder that was attracted, the
number of small particles present decreases over the applica-
tion sequences — consequently the number of larger particles —
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attracted by the OPC increased (see Tab. 3).

Table 3. Results of the measurements on particle size distribution.

Mean values for | Powder from Attracted pow- Powder from
distribution at powder bed der from OPC deposition plate
Djpin pm 13.33 +0.11 18.10 +0.53 22.17 +0.12
Dsoin pm 32.23 +0.25 34.13 +0.45 37.43 +0.17
Dgpin pm 56.70 +0.30 58.30 +3.07 62.47 +0.28

This can be seen especially in the powder, which is on the
deposition plate. It can be seen that hardly any particles smaller
than 10 pm can be found in the deposition layer. These results
confirm the assumption that larger particles tend to be attracted
and deposited while particles smaller than 10 pm remain on the
OPC. It is assumed that the adhesion between particles and the
OPC is so strong that they remain attached to the photoconduc-
tor and cannot be detached by the E-Field acting on the parti-
cles.

5. Multi-Layer Application of Metallic Particles

In order to increase the particle coverage density and espe-
cially to verify the transferability of the electrophotographic
powder application for the layer-by-layer build-up process of
additive manufacturing, the stacking of individual layers to
form multi-layer deposits was investigated. Single-layers were
deposited on top of each other by varying the cg and the voltage
on the EL. After each deposition, the photoconductor was man-
ually cleaned to remove residual particles. The distance be-
tween the OPC and the DP was kept constant at 0.8 mm for the
multi-layer depositions. This increases the effective field force
by reducing the distance as a result of an increasing particle
layer. Fig. 7 shows full-area deposition stacks with the respec-
tive voltage values in comparison of the impact on the EL.

1

OPC-Electrode: Potential -120 V
Deposition quality: A

E rr=123MV/im

Epgp = 0.57 MV/m

1,200 V P =1200V

Coronaunit —

4 layer deposition
OPC-Electrode: Ground
Deposition quality: A

E rp=1.12MV/m
Epgp = 0.47 MV/m

4 layer deposition

P(‘oroun unit

cg=15 cg=13
Fig. 7: Selected images of tull-area multi-layer deposits under the impact of
EL: Ground (left), Potential -120 V (right).
Legend: Earr: Estimation of the electric field of the attraction,
Epep: Estimation of the electric field of the deposition.

cE: Proportionality coefficient for deposition

The resulting PCD could be increased from 15 % for a sin-
gle-layer deposition to over 63 % after only four depositions.
With the voltage on the EL (PgL) of -120 V, 95 % PCD was
achieved after four depositions. With this 4-layer deposition
with additional Pgp (see Fig.7 right), a total layer height of
68 um was determined. In particular, particles with small di-
ameters can first fill the spaces between the surface and in the
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powder layers. As a result, the layer initially becomes denser
and the height growth is lower.

When stacking the layers with additional Pgr of -120 V, dis-
placed particle accumulations can be seen in the edge regions
of the area (see Fig. 7 right). These may be due to an inhomo-
geneous field peaks between the geometric edge of the photo-
conductor and the deposition plate. Particles in this area follow
the curved field lines and converge on the deposition plate in
an offset manner.

Based on the 4-layer deposition stacking with additional Pgr
of -120 V, a deposition of 20 layers was performed. This was
generated with a Pgr of -120 V and the cg control with 1.2. The
PCD of the 20-layer deposit was 100 % and reached a total
layer height of 124 um. With further layers, it was observed
that the deposited powder bed was shifted to the edge regions
of the deposition area as a result of the increasing layer due to
the rising E-Field.

6. Conclusion and Outlook

With the developed electrophotographic process, single lay-
ers for the powder material 1.7147 (20MnCr5) with a PSD of
15-56 pm have been reproducibly achieved with a homogene-
ously distributed particle coverage density of up to 30 % and a
layer thickness of up to 48 pum. In the future, especially with
regard to homogeneity, a comparison with conventional recoat-
ing mechanisms should be performed.

Under the impact of EL (grounding, insulation and Pgr) and
by considering the ratio of ®opc+powder to Ppp (cg), the quality of
the deposited powder layer can be significantly increased. In-
dicators of an unstable process are fluctuating measured values
of ®opc+powder and Popc-powder. In particular, the reproducibility
of ®opc+powder requires further research in the future.

Based on the findings of reproducible single-layer deposi-
tion, layer-by-layer stacking of particles on the deposition plate
was carried out. It can be shown that the quality of deposition
in terms of homogeneity and areal density can be achieved to
about 95 % and a layer thickness of 68 pum starting from four
layers. When depositing 20 layers, a total layer thickness of 124
um was achieved. In the future, an adaptation of the effective
distance as a result of the increasing layer has to be considered.
With the stacking of single-layers to form a multi-layer deposit,
proof of the principle transferability of the mechanism for the
additive manufacturing process has been provided.
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