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Abstract

The high demand for an efficient energy supply for various applications facili-
tates the development of innovative storage technologies like all-solid-state bat-
teries in addition to novel production technologies. Compared to the
conventional manufacturing process, additive manufacturing (AM) is a promis-
ing technology used for the rapid and cost-effective production of battery compo-
nents containing separators. However, AM technologies like laser-based
powder bed fusion of polymers (PBF-LB/P) have been neglected so far. The pre-
sent research aims to fill this research gap and outline a novel approach for pro-
cessing polymers like polyethylene oxide (PEO) and polyvinylidene fluoride
(PVDF) into separators using PBF-LB/P. Optimal process parameters for
manufacturing PVDF and PEO with PBF-LB/P to generate homogeneous and
dense layers represent the key findings of this paper and provide a deeper pro-
cess understanding. The first proof of concept for producing separator layers by
PBF-LB/P in a scalable process is demonstrated as a result.
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polymers or inorganic materials, for example, oxides and
sulphides.>* The mechanical and chemical stability of the

Given that conventional lithium-ion batteries (LIBs) tend
to reach their physicochemical limit concerning energy
storage capacity,' the focus is shifting increasingly toward
novel energy storage technologies, such as all-solid-state
batteries (SSBs). The main difference between the conven-
tional LIB and the SSB is that of using a solid-state electro-
lyte (SSE) instead of a liquid electrolyte to serve as the
separator and enable ionic conductivity within the elec-
trodes.> The materials applied for SSE are based on

separator enables the use of a lithium metal anode consist-
ing of a thin film of pure metallic lithium on a current col-
lector and featuring a more compact battery design,” which
results in a significant increase in both volumetric and
gravimetric energy density. In addition, SSBs might possess
further advantages regarding safety,®’ durability,*® and
enable tapping into new application fields.'>'*

The conventional process chain (Figure 1a) adapted
from the LIB production is used to produce thin-film
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FIGURE 1 Process chain

for solid-state electrolyte (SSE)
manufacturing by

(a) conventional route (solution
casting), (b) laser-based powder

bed fusion of polymers (PBF/LB-
P), (c) possible SSE geometry.

[Color figure can be viewed at

wileyonlinelibrary.com]
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polymer separators using solution casting, which consists
of coating, drying, calendaring, and cutting process steps.
These process steps have mainly been conducted manu-
ally, on a laboratory scale.'*** First, the electrolyte solu-
tion, that is, a viscous mixture of organic solvent,
polymer powder, and conducting salt, is applied to the
previously manufactured electrodes, and then dried. The
resulting electrode separator compound is compacted
and cut to the desired geometrical dimensions after-
wards.'> The dimensions thereby currently measure the
range of a few millimeters.'>'® The disadvantage of this
process route is the long process chain, with sequential
process steps interrelating with each other and being
prone to create errors. Another disadvantage is the use of
often toxic solvents which cannot be reused.

The need for novel production techniques for SSBs
has drawn increasing research attention to the area of addi-
tive manufacturing (AM) because it is suitable for the
solvent-free production of large-scale and dense solid layers
performed in a single step."” Moreover, conventional fabri-
cation by both solution casting and hot pressing as well as
calendering are limited to planar geometries. In contrast,
AM offers new possibilities for exploring three-dimensional
SSB structures,'® which provide new opportunities to maxi-
mize the share of the energy-storing active material, thus
directly contributing to increasing the energy density of an
SSB cell.'”"” The separator was successfully produced using
established AM processes, for example, material extrusion
(MEX)***' or vat photopolymerization (VPP).>* Maurel
et al.”” investigated the printability of PEO/LiTFSI filaments
with MEX and demonstrated varying ionic conductivity for
different printing directions which was due to varying ori-
entations of the polymer chain, which is a main drawback
of MEX. Wang et al.*' used MEX as manufacturing technol-
ogy to fabricate the “textile” for a flexible all-fiber LIB. They
printed an LFP (lithium iron phosphate) fiber cathode and
a lithium titanium oxide (LTO) fiber anode with a gel poly-
mer which, by twisting the created textile, becomes a quasi-
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solid electrolyte intended to be used for future wearable
electronic applications.

In contrast, the laser-based powder bed fusion of polymers
(PBF/LB-P) has not yet been researched, although it might
enable simplified material preparation without the addition of
the toxic solvents used in conventional manufacturing pro-
cesses” and may offer the option of producing high-quality,
post-processing-free  components in a nearly one-step
manufacturing process (Figure 1b).>* PBF-LB/P is an AM
technology at the highest maturity level, so it is most relevant
to several industrial applications.”> Therefore, compared to the
state-of-the-art production route (solution casting), PBF-LB/P
would enable solvent-free manufacturing of SSE with fewer
process steps and higher geometrical freedom.

In PBF-LB/P, a polymer powder with an average parti-
cle diameter of around 60 pm?® is selectively melted using a
laser, resulting in a single dense layer of the part being pro-
duced. This step is repeated until the complete component
is built, layer by layer. Intensive research has been per-
formed regarding new materials for the PBF-LB/P process
because it possesses a high potential in terms of geometrical
flexibility and scalability. The polymer powder feedstock
most studied is PA12.*° However, the requirements for the
feedstock material are very high in this case.”” The material
must have a defined and narrow particle size distribution
and an average particle diameter of 60 pm, a smooth parti-
cle surface, a wide processing window (temperature interval
between the onset of crystallization and onset of melting),
and, as a result, defined thermal as well as optical behavior
(since the energy input is via a laser beam source).”’

Novel material developments have taken place in the
areas of polypropylene, polyamide 6, polyoxymethylene,*
polybutylene terephthalate, and poly(L-lactide).>* Unfor-
tunately, none of these polymers are suitable candidates for
separators, as compared to those materials used in the
conventional manufacturing process. The semicrystalline
polymer most commonly used in SSB research is based
on polyethylene oxide (PEO) by its comparatively high-


http://wileyonlinelibrary.com

ooooooooo

WUDY ET AL.

s | WiLey-Applied Polymer

SCIENCE

ionic conductivity, and non-existent toxicity.>* PEO-based
polymer electrolytes exhibit a high degree of crystallinity
and, thus, a low-ionic conductivity at room temperature®>**
since the so-called “hopping mechanism” of the lithium
ions within the polymer is mainly driven within the amor-
phous phase.’>*

The addition of ceramic fillers and plasticizers into the
polymer matrix is an effective method for increasing conduc-
tivity.>”** As a result, blended polymers have been investi-
gated as SSE materials, for example, poly(ethylene oxide)/
polyacrylonitrile (PEO/PAN),* poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-co-HFP)/poly(aniline),” and
poly(vinyl chloride)/poly(ethyl methacrylate).**

Another polymer used as material for SSE is PVA, of
its excellent processing behavior and chemical resis-
tance.** Nevertheless, the main drawback of PVA is its low-
ionic conductivity.*> Another polymer commonly used for
the fabrication of separators is polyvinylidene fluoride
(PVDF).* In contrast to PEO and PVA, PVDF possesses
high-electromechanical stability, even without fillers, and
can exhibit high-ionic conductivity at room temperature.*’
Both PVDF and PEO have already been processed into sepa-
rators using AM processes, for example, MEX'*"> or mate-
rial jetting (MJT).** However, to facilitate the PBF-LB/P
process as a manufacturing technology for SSE, the polymer
has to be a powder with very defined properties, and the
manufacturing of dense separator layers by PBF-LB/P from
PEO and PVDF with PBF-LB/P has not been possible due to
the lack of powder feedstock. This article addresses ground-
breaking research on the manufacturing of novel materials
using PBF-LB/P technology and its application as an SSE.
The present contribution seeks to outline suitable material
and processing parameters used for manufacturing polymer-
based separators using PBF-LB/P, and it quantifies the inter-
dependency between product quality and processing.

2 | METHODOLOGY
2.1 | Powder mixtures as feedstock
material

The feedstock material used for the PBF-LB/P process is a
powder blend, with a polymer as the main component, and
an active ingredient (lithium-containing conducting salt) used
as an additive. The specimen prepared using the powder mix-
ture represents a separator. However, the powder material is
processed both, with and without the active ingredient.

2.1.1 | Polyvinylidene fluoride

PVDF pellets with the tradename Dyneon Fluoroplastic
PVDF 6008/0001 (3 M Deutschland GmbH, Germany)

were used as feedstock material for the thermally
induced precipitation process using benzaldehyde as a
solvent (for synthesis, Carl Roth GmbH + Co. KG,
Germany).*”*® The mechanism of the thermal precipita-
tion process and its process parameter dependencies is not
the subject of this work, and a comprehensive discussion
on these aspects can be found in, for example, Refs. 29-31.
Briefly, during the first step of thermally induced precipi-
tation the thermoplastic is dissolved at elevated tempera-
tures in a moderate solvent, which is a non-solvent at
ambient temperature, but acts as a good solvent at ele-
vated temperatures. This process is preferably performed
in a stirred autoclave equipped with capabilities for cool-
ing and heating. Starting from the state of the homoge-
neous solution, the stirred polymer-solvent system is then
cooled down. At a characteristic temperature depending
on the system's material composition, a miscibility gap is
reached, and a liquid-liquid dispersed two-phase system
consisting of polymer-rich droplets in a polymer-lean con-
tinuous solvent phase is formed. Upon further cooling, the
polymer in the polymer-rich droplets is supersaturated,
and particle nucleation and particle growth (crystalliza-
tion) set in. Depending on the system composition (poly-
mer content) and stirring conditions, particles with a
narrow size distribution can be obtained in a size ranging
from microns to several tens of micrometers.

Precipitation of PVDF powder was performed in a
stirred autoclave having a volume of 3 liters (Biichi
Labortechnik GmbH, Germany), as described in detail in
Ref. 30. The autoclave enables process temperatures of
up to 300°C and pressures of up to 200 bar. The jacket of
the autoclave is equipped with an electrical heating and a
cooling coil feed with water of about 14°C. PVDF and
benzaldehyde were introduced into the reactor system.
The autoclave was flushed with nitrogen (N,), closed,
and pressurized to 2 bars. The polymer concentration
measured 10 wt.-% (total mass of the PVDF/
benzaldehyde system is 2.3 kg). The mixture was heated
while being stirred at 500 min~! to 200°C, kept at this
temperature for 15 min, and cooled down at 3 K/min to
60°C. The precipitation product was separated from the
solvent via filtration and washed using denatured ethanol
and deionized water to remove the solvent. The product
was dried in an oven at 130°C for at least 24 h. To obtain
particles having beneficial flowability, the dried product
was deagglomerated in a Pulverisette-14 rotor mill
(Fritsch GmbH, Germany), which was operated at idle
speed and equipped with a 0.5 mm sieve ring. The
obtained powder was dry coated with 0.1 wt.-% fumed sil-
ica, similar to a tubular mixture in the procedure
described in Ref. 30. The dry-coated PVDF powder was
analyzed regarding its particle size distribution and ther-
mal behavior to investigate the potential PBF-LB/P pro-
cessing behavior.
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2.1.2 | Polyethylene oxide

PEO with a molecular weight of 100.000 g/mol from
Sigma Aldrich (Sigma Aldrich Corp., Germany) was used
as the second polymer for the PBF-LB/P experiments. To
improve the ionic conductivity and increase the mechani-
cal stability of the manufactured separator,* 5 wt.-% of
aluminum oxide (Al,O3) nanoparticles from Sigma
Aldrich (Sigma Aldrich Corp., Germany) are added to the
PEO powder using a dual asymmetric centrifuge rotary
mixer (type: Speedmixer DAC 1100.2 VAC-P, Hauschild
GmbH & Co. KG, Germany). The homogeneous distribu-
tion of Al,O; nanoparticles on the surface of the PEO
particles is ensured by scanning electron microscopy
(SEM) and energy dispersive X-ray analysis (EDX),
although scattered insignificant Al,O; agglomerates can
be detected.

2.1.3 | Lithium perchlorate

The choice of a conducting salt comes down to lithium
perchlorate (LiClO4). Compared to fluorine-containing
conducting  salts such as  LiTFSI  (lithium
bis(trifluoromethanesulfonyl)imide), LiClO, is less sensi-
tive to atmospheric moisture,** which facilitates the pro-
cessing in a PBF-LB/P system under ambient conditions.
Since LiClO, is physically in the form of coarse granules,
it is comminuted into smaller particles using a planetary
micro mill (Pulverisette premium line, Fritsch GmbH,
Germany).

To produce a separator providing sufficient ion con-
ductivity, the conducting salt LiClO, must be homoge-
neously incorporated into the polymer matrix, which
consists of either PVDF or PEO. The addition of 1.97 wt.-%
(or a ratio of 8:1) of LiClO, into either a PVDF or PEO
polymer matrix and 5 wt.-% of Al,O3 is performed using a
planetary micro mill (Pulverisette 7 premium line,
FRITSCH GmbH, Germany). The explosiveness of LiClO,
must be considered when mixing, as perchlorate is a
strong oxidizing agent, which is why LiClO, is considered
to be explosive at elevated temperatures and in combina-
tion with organic materials.>* 9 g of the mixture is gently
blended with an effective mixing time of 60 min and at a

mixing speed of 100 min .

2.2 | Material and specimen
characterization

Chatham et al. listed the following as crucial parameters
for a successful PBF-LB/P process in ref. 27: the particle
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size distribution, the Hausner ratio (value for powder
flowability), the sphericity, the thermal properties (crys-
tallization and melting temperature, melting enthalpy),
the optical absorption behavior, the viscosity, and the
surface tension. The Hausner ratio (an indicator of pow-
der flowability), the particle size distribution, and the
thermal properties of the feedstock material are deter-
mined before manufacturing to estimate the process
behavior. The surface morphology and the distribution of
the active material are investigated on the single-layer
specimen.

221 | Powder flowability

The bulk density pyux and the Hausner ratio (Hy) repre-
sent powder characteristics relevant to PBF-LB/P and are
correlated with the final specimen density.** The bulk
density ppyk is determined as per DIN EN ISO 60 using a
bulk density tester (Emmeram Karg Industrietechnik,
GmbH), and the tapped density py,, is determined follow-
ing DIN EN ISO 787-11 using a graduated cylinder. Hy is
calculated according to the following equation:

Hy =" (1)
Pbulk

2.2.2 | Particle size distribution

The particle size distribution of PEO is measured via
laser diffraction (Mastersizer 3000, Malvern Panalytical
Ltd., United Kingdom). The PVDF particles were
also measured via laser diffraction, but in aqueous dis-
persion (Mastersizer 2000, Malvern Panalytical Ltd.,
United Kingdom). The results of the particle size distri-
bution are presented as per DIN ISO 9276-1. The values
di03 dso3 and dggs are percentile values indicating
the particle sizes below 10%, 50%, and 90% of all parti-
cles analyzed.

2.2.3 | Differential scanning calorimetry
Differential scanning calorimetry (DSC) is a measur-
ing method used for determining the thermal proper-
ties of polymers as per DIN EN ISO 11357-2. For the
thermal characterization of the PVDF and PEO pow-
ders, a sample with a mass of 10 mg was heated from
20 to 210°C (PVDF) and 90°C (PEO) at a heating rate
of 10 K/min and then cooled to 20°C at a cooling rate
of 10 K/min.
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PEO + 5 wt.-% ALO;
Process parameter Tg (°C) PL (W) vi(mm/s) hs(mm) Ep (J/mm?)
P;3_v,1000_hs0.1_E;0.03 70 3 1000 0.1 0.03
P;3_v.900_h0.1_E50.033 70 3 900 0.1 0.033
P13_ve800_hs0.1_E;0.038 70 3 800 0.1 0.038
P;3_v,700_h0.1_E50.043 70 700 0.1 0.043
PVDF
P16_v,1050_h0.2_Ep0.029 167 6 1050 0.2 0.029
P.6_v.900_h0.2_E0.033 167 6 900 0.2 0.033
P14 v,700_h0.2_E;0.029 167 4 700 0.2 0.029
P.64 v,600_h0.2_E;0.033 167 4 600 0.2 0.033

Abbreviations: Ep, energy density; hg, hatch distance; PEO, polyethylene oxide; Py, laser power; PVDF,

polyvinylidene fluoride; Tg, building chamber temperature; v, scan velocity.

(a) PVDF

(b)

PEO

¢t chlorine

LiClO,

agglomerate

FIGURE 2 Scanning electron microscopy (SEM) images of (a) polyvinylidene fluoride (PVDF) and (b) polyethylene oxide (PEO)
particles, as well as SEM images and energy dispersive X-ray (EDX) analysis of (c) LiClO, distribution before and after the milling process.

[Color figure can be viewed at wileyonlinelibrary.com]

2.2.4 | Scanning electron microscopy

The SEM images and EDX analyses are prepared by
using a microscope with tungsten cathode (type: JSM-
IT200, JEOL GmbH, Germany). EDX analysis is used to
determine the elemental composition of the powder and
the manufactured sample. All measurements are per-
formed using a secondary electron detector (SED) as the

source of information at acceleration voltages between

5and 15 kV.

225 |

Confocal laser scanning microscope

Laser scanning microscope (LSM) is used for contact-free
measurement of the surface morphology and the
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TABLE 2
characteristic particle sizes and (b) powder flowability

Main material characteristics, including (a)

(a) Particle sizes PVDF PEO
dipz (pm) 43 10
dsp 3 (pm) 50 158
dog 3 (pm) 150 1950
(b) Powder PEO + 5 wt.-
flowability PVDF PEO % Al,03

Pouik (g/cm®) 0.51 +0.006 0.45+0.002  0.57 + 0.002
Hg (—) 1.11 + 0.005 1.15+0.008 1.13 + 0.003

Abbreviations: PEO, polyethylene oxide; PVDF, polyvinylidene fluoride.

PVDF
2 — )
&5 crystallization
up peak Tpc =1358°C
1
=5
EZ - «— cooling
IS
£ 0
= \
=1 ; \
2 |heating—  exirapolated onset !
-14 temperature T, = 1658 °C |
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9 : ; y ‘ g : |
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-4
w T =468°C
2
i
= <— cooling
2 0
=
8 heating— \
= Tem=62.8°C |
T =719%C
0 20 40 60 80 100
temperature [°C]
FIGURE 3 Differential scanning calorimetry (DSC)

measurements of polyvinylidene fluoride (PVDF) and polyethylene
oxide (PEO). [Color figure can be viewed at
wileyonlinelibrary.com]

roughness of the PBF-LB/P specimens. The surface qual-
ity of the manufactured specimens is measured using a
laser scanning microscope (type: VK-X1000, Keyence
Deutschland GmbH, Germany). The arithmetic average
line roughness R, and mean line roughness depth R, are
calculated as per DIN EN ISO 4288 at a measuring length
1, of 4 mm and a cut-off length A, of 0.8 mm, by spacing

Applied Polymer_wiLEy-L ¢

30 lines 15 pixels apart. The waviness of the specimens
caused by temperature-induced curling is eliminated for
visualization. The resulting single-layer specimen thick-
ness d is measured using a screw gauge.

2.3 | Powder bed fusion of plastics as the
manufacturing process

Melt pool formation is a consequence of the interaction
between laser radiation and the powder bed and is thus
determined by process settings. The most relevant pro-
cess settings in PBF-LB/P are the hatch distance (the dis-
tance between two laser lines), the laser power, and the
scan speed.”” One common procedure used for develop-
ing novel powders and evaluating optimal process param-
eters is that of manufacturing single layers to
fundamentally understand the interaction between laser
and material before fine-tuning the process settings.*®

The experiments are performed on a PBF-LB/P setup
(Formiga P100, EOS GmbH, Germany). The machine is
equipped with a 30 W CO, laser (wavelength: 10.6 pm).
A single-layer specimen with dimensions of 12 x 12 mm?
and a layer thickness of 0.1 mm is used for the
experiments.

The process parameters are determined according to
a previously performed process parameter screening and
listed in Table 1. For PEO + 5 wt.-% Al,Os, the proces-
sing parameters of laser power Py, hatch distance hg, and
layer thickness d are held constant, while the scan speed
Vg is ranging between 700 and 1000 mm/s. For PVDF, the
parameters hatch distance h; and layer thickness d are
held constant while the scan speed vy is ranging between
600 and 1050 mm/s, and the laser power P; varied from
6to4 W.

For each process parameter set, the energy density Ep
is determined by the following equation:

153

Ep= .
b Vg - hg

(2)

The building chamber temperatures are determined
according to the model of quasi-isothermal laser sinter-
ing* based on DSC measurements.

3 | RESULTS AND DISCUSSION

3.1 | Suitability of feedstock material for
the PBF-LB/P process

Before processing with PBF-LB/P, the feedstock material is
evaluated regarding its processability. Figure 2c shows
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(a)

PVDF + LiClO,

(b)

R 200 im i

2 (Nﬁ‘m

PEO + 5% Al,0; + LiClO,

FIGURE 4

Scanning electron microscopy (SEM) images and energy dispersive X-ray (EDX) analyses after milling of (a) polyvinylidene

fluoride (PVDF) + LiClO, powder mixture and (b) polyethylene oxide (PEO) + 5 wt.-% Al,O3 + LiClO, powder mixture. [Color figure can

be viewed at wileyonlinelibrary.com]

LiClO, before and after the milling process. The addition
of LiClO, is essential as it is advantageous to increase the
ionic conductivity of the SSE and the produced separa-
tor.”® Thus, a homogenous distribution of LiClO, is
required. Figure 2 shows the precipitated PVDF powder
particles, which have an irregular shape and an average
particle size dsg s of around 50 pm. Compared to PVDF,
the PEO particles exhibit a “potato-like shape” with a
rough surface morphology and an average particle size of
around 150 pm (Figure 2b). Considering a typical layer
thickness in PBF-LB/P of 100 pm, the PEO particle size
may lead to challenges during processing since the particle
size would be higher than the layer height. The broad par-
ticle size distribution of PEO is illustrated in Table 2 (a),
where characteristic particle size values are plotted. In
comparison, conventionally applied powders possess a par-
ticle size distribution with a d;3 of 20 pm and a dgy 3 of
80 um.** This powder characteristic can strongly influence
both the density of the manufactured specimen’’ and its
layer thickness.’*> A comparison of the two materials
reveals a more suitable particle size distribution of the
PVDF powder for the PBF-LB/P process. The ds; in par-
ticular is in the range of commercial PBF-LB/P powders
like PA12.>

In addition, Table 2 (b) contains the powder flowabil-
ity of the feedstock material. Hz values below 1.15 are

considered optimal and indicate an easily flowing bulk
material.”® Greater flowability is directly related to the
quality of the powder bed after the coating process, and
thus the density of the specimen.”” The Hausner ratio of
both powders is below 1.15, thus indicating a sufficient
flow behavior and advantageous coating behavior during
processing.

Figure 3 shows the results of DSC measurements and
provides information about the thermal properties of the
polymers. The latter are of main interest regarding the
process, or rather the building chamber temperature. The
temperature difference between the onset of melting and
the onset of crystallization determines the thermal pro-
cessing window and the adjustment of the building
chamber temperature. Since there is a temperature distri-
bution on the build surface, it is a common procedure to
set the preheating temperature to be near the onset of the
melting temperature.

The processing temperature range for PVDF is
between 145 and 166°C, and for PEO between 51 and
63°C. The set temperature in the PBF-LB/P system dur-
ing the manufacturing process is 167°C for PVDF and
70°C for PEO. However, the actual surface temperatures
measured using the thermocouple are 165 and 55°C,
respectively. The main reason for the difference between
contact and contact-free temperature measurements is
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PVDF FIGURE 5 Laser scanning

P.6 v,1050 h0.2 Ep0.029

P4 v.600 h,0.2 Ep0.033 microscope (LSM) visualization of

R,=40.72+ 1.4 um
R,=194.99 + 5.6 pm

(b)

R,=30.72+ 1.8 pm
R,=140.59 + 9.5 um

the surface morphology; R,, R,, and
g; 02 mm d of specimens manufactured from
" (a) pure polyvinylidene fluoride
(PVDF) and (b) polyethylene oxide
(PEO) + 5 wt.-% Al,0O5. [Color
figure can be viewed at

-0.5 mm

wileyonlinelibrary.com]

PEO + 5 wt.% ALO,

P;3 v,1000 h0.1 Ep0.03

P,3 v.700 h0.1 E;0.04

R,=17.02+24 um
R,=87.7+11.4 um

mainly attributed to several heat fluxes and measurement
errors (unknown emissivity), which are not considered to
be relevant in this case.

The distribution of the conductive lithium salt is eval-
uated using EDX analyses. The color-coded elemental
distribution resulting from the EDX (Figure 4) shows that
the chlorine, as part of LiClO,, is uniformly distributed
over the surface of the PEO and PVDF particles. The
milled LiClO, coating of the feedstock particles was able
to be explained by adhesion forces.”” Nevertheless, it
appears that the presence of localized agglomerations can-
not be excluded entirely. The addition of LiClO,4, however,
seems to have changed the morphology of the PEO + 5
wt.-% Al,O3; powder mixture. This outcome is especially
reflected in the flow properties of the powder (Table 2, b)
and it is also evident in the lower surface quality of the
powder bed after the coating process, as characterized by
the homogeneity of the thickness and presence of defects.
This is not necessarily attributable to the addition of
LiClO,, but may rather have been caused by the change in
the shape and arrangement of the PEO particles during
the milling process.”” Since such incorporation of LiClO,4
into the polymer matrix is being practiced,”* and agglom-
eration of the active ingredients cannot be excluded even

R,=2325+13 um
R,=110.65+7.2 um

0.5 mm

-0.5 mm

in conventional SSE separator production, the addition of
LiClOy is considered satisfactory.

3.2 | PBF-LB/P of the PVDF and PEO
powders

Before processing the powder mixture containing the
conducting salt, the most suitable process parameters are
selected from the process parameter screening of the
feedstock material. The energy density spectrum of the
selected parameters falls in the range between 0.025 and
0.045 J/mm?. According to several studies on various
materials, this range is considered optimal for processing
polymers with PBF-LB/P.>

After the manufacturing of the single layers, their sur-
face roughness is analyzed to ensure that a homogeneous
melt pool has been formed, which is a basic requirement
for the subsequent multi-layer process. The surface rough-
ness of single layers after exposure depends on numerous
factors, for example, powder quality,’®>’” component
orientation,”® and process parameters.’”®® Regarding the
development of novel powders and their initial processing,
it is common practice to manufacture single layers and
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FIGURE 6
wt.-% Al,O5 for different process parameters.

analyze the specific properties of these layers. Doing so
can provide insights into the fundamental laser-material
interaction and melting behavior. Since all the other fac-
tors influencing the single-layer roughness remained con-
stant in the present study, the differences in surface
roughness can be attributed to the influence of the process
parameters. Figure 5 shows the morphology of the speci-
men manufactured from PVDF. Specimens manufactured
at the lowest energy density Ej, of 0.029 J/mm?® exhibit a
rougher surface compared to such manufactured with a
higher energy density Ep of 0.033 J/mm® These visual
observations are also reflected in the surface roughness
values. A higher energy density typically leads to a higher
temperature during laser exposure, which goes along with
a decreased viscosity of the polymer and a faster coales-
cence. Nevertheless, too high-energy densities may initiate
degradation effects or overheating, which may have

Ry, R, and d of the specimens manufactured from (a) polyvinylidene fluoride (PVDF) and (b) polyethylene oxide (PEO) + 5

negative effects on the single-layer surface quality and
component properties. This is observed for PEO. Figure 5b
shows the morphology of the specimen manufactured
from PEO + 5 wt.% Al,O; and presents the opposite
situation.

Specimens manufactured at a higher energy density
Ep of 0.038 J/mm? exhibit a rougher surface than those
manufactured at a lower energy density Ep, of 0.030 J/mm?®.
At an increasing laser power Py, and consequently ris-
ing energy density, the line roughness R, and R, tend
to increase (see Figure 6). Maintaining a uniform mor-
phology and minimal roughness is essential, as insuffi-
cient interfacial contacts between the electrodes and
the SSE separator is a major factor able to negatively
affect the overall performance of the SSB.?° The lack of
contacts leads to a high-interfacial resistance, which
impairs ion transport, limits charging and discharging
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(a)
P 6 v,900 h0.1 _E;0.033
R=14.04 £ 1.7 pm I 0.5 mm
R=7295+5.1 um

d=0.47 mm -0.5 mm

(b)

specimen surface roughness,
scanning electron microscopy
(SEM), and energy dispersive X-ray
analysis (EDX) of manufactured
separators based on

(a) polyvinylidene fluoride (PVDF)
+ LiClO, and (b) polyethylene oxide
(PEO) + 5 wt.-% AlL,O; + LiClO,.
[Color figure can be viewed at
wileyonlinelibrary.com]

PEO + 5 wt. % ALO, + LiClO,

P3 v,1000 h,0.1 E,0.03

R,= 20.95+0.2 um
R,=104.1+6.3 pm

0.5 mm

d=0.66 mm -0.5 mm

speed, and increases the risk of lithium dendrite
growth.*'?

The thickness d of a single layer specimen can range
from 150% to 180% of the layer height value (100 pm)
specified in the system.* The resulting thickness of speci-
mens manufactured from PEO + 5 wt.-% Al,O; and
PVDF significantly exceeded this specification (see
Figure 6). This outcome may have been related to the
particle size distribution (Table 2, a), as a larger particle
size leads to larger void volume in the powder bed, thus
causing the beam to be absorbed by deeper-lying parti-
cles, which increases the penetration depth.>

As researchers have already observed, the thickness
of a single layer also increases with rising energy density
Ep.>°® This correlation is also observed for PEO + 5
wt.-% Al,O3 (Figure 4b). However, this assumption can-
not be confirmed for PVDF, so it is necessary to consider
certain process parameter sets to achieve the desired

separator thickness. In a conventional solid-state separa-
tor manufactured under laboratory conditions, the aver-
age thickness is reported to be about 100 pm.”” However,
the target thickness needed in an SSB application to com-
pete in terms of energy density is less than 30 pm."”

3.3 | Separator manufacturing

The processability of PEO and PVDF, as relevant mate-
rials for the separator and catholyte of SSBs, using
PBF-LB/P was demonstrated in the previous section.
To the best of the authors’ knowledge both feedstock
materials have never been processed by PBF-LB/P
manufacturing technology. Following to the successful
proof of concept a conducting lithium salt must be
added to the feedstock material to produce a separator
that is usable for SSBs.
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The stated goal for the final specimens manufactured
using PBF-LB/P is to achieve a smooth surface so that
the interfacial contacts, and, thus, exchange current
density between the separator and the electrodes of the
battery cell, can be maximized. Given that the process
parameter sets “Pp4_v,600_hs0.2_Ep0.033” for PVDF
and “P;3_v,1000_h0.1_Ep0.03” for PEO + 5 wt.-%
Al,O; show the best results in terms of surface mor-
phology and the resulting specimen thickness, these
sets are used for separator manufacturing. Figure 7
illustrates separators specimen fabricated using PBF-
LB/P from PVDF + LiClO, and PEO + 5 wt.-%
Al,O3 + LiClO,. The SEM and LSM visualizations
show that the morphology of the samples exhibits com-
plete particle coalescence. The surface roughness, espe-
cially that of the PVDF + LiClO,4, was even smoother
than for the specimen produced with PVDF. Further-
more, the color-coded EDX analysis confirms the
homogeneous distribution of chlorine as a unique indi-
cator for the conducting salt, even after the PBF-LB/P
process. The present experiments demonstrate impres-
sively that PVDF filled with conductive lithium salt is
particularly suitable for processing by PBF-LB/P and,
therefore, for the AM of SSB separators. Given that this
study is oriented toward establishing process under-
standing and the identification of a suitable
manufacturing strategy, only the functionality was
demonstrated, and a more detailed electrochemical
analysis was not conducted, but one will be conducted
in the future. (Figure 7)

4 | CONCLUSION AND OUTLOOK
The present work provides insights into the PBF-LB/P
processability of materials commonly used in all-SSB sep-
arator production. The main components providing
mechanical integrity and acting as a matrix are PEO and
PVDF, whereby LiClO, serves as a conductive additive
used to enhance ionic conductivity. The incorporation of
LiClO, into the polymer matrix is performed using a ball
mill. An EDX analysis shows the homogeneous distribu-
tion of the active ingredient on the polymer particle sur-
face, but sporadic agglomerates are detected. Before
separator manufacturing, the final process parameters for
the feedstock materials are identified by way of a PBF-
LB/P parameter study. The suitability of the feedstock
material for PBF-LB/P processing is ensured by analyzing
key characteristics, e.g., the flowability, particle size dis-
tribution, and thermal properties of the powder. As a
result, the final PVDF separators exhibit lower surface
roughness and a film thickness similar to that of the
PEO-based separators.

This first proof of concept on the processing of poly-
mer materials for separators suitable for the manufactur-
ing of SSB with PBF-LB/P has shown very successful
results and will be substantiated in the future by research
into both multilayer components, and composite cath-
odes composed of the solid electrolyte and cathode mate-
rial. Since the manufacturing of components possesses
geometrical dimensions beyond the laboratory scale, the
procedure is highly relevant to industrial manufacturing
and mass-market applications. A holistic electrochemical
analysis of the components produced should follow as
soon as a process understanding has been established
and will provide further insights into the performance of
the separators in an SSB.

In the future large format (90 x 115 x 0.1 mm?),
polymer-based separators for SSB should be produced
using PBF-LB/P. Assuming a building space of a common
PBF-LB/P system (EOS P100), 1000 samples (format
90 x 115 x 0.1 mm>) can be manufactured in a single
building process, which would take 27 h. Thus, the novel
PBF-LB/P process route would be highly efficient.
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