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Abstract

Inorganic solid electrolytes are the most important component for realizing all-solid-state batteries with lithium metal anodes
and enable safe battery cells with high energy densities. Their synthesis and processing are the subject of current research,
especially the NASICON-type Li, , AlxTi, ,(PO,); (LATP). Herein, the ability of sintering with electro-magnetic irradiation
is investigated and correlated with different properties of prepared LATP pellets. First of all, an infrared camera records the
temperature of the surface during the treatment. Second, the effect of the pulse fluence is investigated in terms of the topol-
ogy and morphology of the pellets. Here, the arithmetic surface roughness Ra is the main parameter. Then, the depth of the
radiation interaction in the pellet is measured. The focus of this paper is on the different pulse widths of the laser sources,
and therefore, similar pulse and hatch overlap ensure equivalent areal energy input in both cases. As a summarized result,
treatment with a shorter pulse width generates high peak pulse powers, resulting in higher temperatures, rougher surfaces
and affecting deeper layers of the pellets compared to treatment with longer pulse width. On the contrary, excessive power

leads to the ablation of the material up to destruction.
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1 Introduction

All-solid-state batteries (ASSB) are considered the next-gen-
eration batteries due to benefits in safety, gravimetric and
volumetric energy density and temperature operating window
compared to established liquid electrolyte-based batteries [1,
2]. However, concepts with latent qualities, which may be
developed and lead to future success, contain a lithium metal
anode, a composite cathode and an inorganic separator [3].
The last-mentioned component is non-flammable, leading to
an intrinsically safe full ceramic solid-state battery with out-
standing mechanical properties. The synthesis and process-
ing of the ceramic solid electrolyte play a major role in the
realization of this cell concept and currently different types
are being investigated, such as the garnet-type Li;La;Zr,0,,
(LLZO) [4] and the NASCION-type Li, Al Ti,  (PO,);
(LATP) [5, 6]. In particular, the LATP has excellent prop-
erties in terms of cost-effective production, processing and
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satisfactory ionic conductivity. The reduction of Ti** to
Ti** in contact with lithium metal is considered the greatest
weakness. To circumvent this circumstance, researchers are
attempting to stabilize the boundary interfaces, e. g. with
sandwich structure with Li; Al Ge, ,(PO,); (LAGP) [5, 7].
Regarding different solid electrolytes, such as LATP, studies
mainly focus on the properties of the material.

However, a densification process is required to obtain the
mobility of Li* in the solid electrolyte and lower the grain
boundary resistance of the LATP. Usually, furnace sintering
processes are applied but non-flexible process integration
combined with a long-lasting sintering period limits their
usage [8]. In addition to the conventional heat treatment,
several rapid sintering processes as field-assisted sinter-
ing technologies (FAST) are being investigated to reduce
process time [9]. Although processing with these methods
significantly reduces the processing time, some research
reports detrimental material properties, such as lithium loss
or structural defects [10]. Furthermore, the systems possess
disadvantages, for instance, in the flexibility of the sample
geometry. Both sintering methods are not suitable for large-
scale production and limit the quick success of ASSB with
ceramic ion conductors.
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To establish the ceramic materials in the solid-state bat-
tery, it is necessary to develop competitive methods in mate-
rial synthesis and sintering. Since the sintering also affects
the material properties of the final product, it is important to
extend the knowledge on the interconnection between both.
Concerning the processing, the long-term aim is to manu-
facture economically in a large-scale industrial environment.

In the fields of science, industry and medicine, coherent
and monochromatic irradiation of high intensity has found
various applications. Moreover, lasers are also established in
the production of battery cells [11] and are mostly used for
welding the housing [12] and electrodes [13], for separating
[14] and structuring electrodes to improve their functional-
ity [15]. The usage of future battery materials, e. g. lithium
metal anodes [16, 17], is also desired to justify the high
acquisitions costs. In addition, the interaction with materials
is a complicated phenomenon [18-21] and has been a sub-
ject of countless investigations. So, the need for research is
still high to understand the insufficiently known phenomena.

In the present study, the usage of electro-magnetic laser
irradiation as a new sintering process for LATP is under
investigation. Especially, two laser systems with different
pulse widths are compared under variation of the irradi-
ance. The sintering behaviour of both systems is analysed
by a simultaneous temperature measurement, recorded by
an infrared camera and the achieved properties of the sam-
ples in terms of their surface topology characterized by a
laser scanning microscope and the interaction depth of the
irradiation determined by a scanning electron microscope.
The aim is to evaluate the sintering ability using lasers and
to determine the effect of the pulse width.

2 Experimental setup

The LATP powder is provided by Schott AG with an aver-
age diameter of ds;=1,2 um. To determine the sintering
ability through electro-magnetic laser irradiation, 300 mg
of the provided LATP powder is first filled into a die and
then pre-compressed to pellets using a uniaxial hand press.
The compacting force is set to 78 kN and held for 30 s. A
force limiter and a timer ensure that both force and time are
maintained. On average, this procedure results in pellets with
a diameter of 16 mm and a height of 80 um.

In this work, two laser sources with a wavelength in the
range of 1062 +3 nm are used for processing in pulse mode.
The main difference between the sources is that Laser A has
a pulse width of 250 ns and Laser B has a pulse width of
8.6 ps. Table 1 shows the comparison of the adjustable char-
acteristics of both sources. The average output power P,y
is selected from minimum to maximum in steps of 5 W for
both systems to adjust the fluence (energy per area in con-
sideration of the pulse repetition frequency). The connection
between these parameters is shown in Fig. 1.

In addition to the laser properties, the processing strategy
and thus the areal energy input in the LATP pellet is important.
To guarantee identical processing conditions, some framework
conditions are the same as the pulse repetition frequency f of
100 kHz. Due to the different spot diameters d,,, the scanning
velocity v is adjusted for each system individually. This is one
way to ensure similar energy input per area. Conventionally,
the so-called pulse overlap (PO) is used for this purpose, which
harmonizes the parameters pulse repetition frequency f, scan-
ning velocity v and spot diameter dg,,,. Figure 1 illustrates this
intention and gives the formulaic relationship.

Three overlap values (PO 50%/ PO 75%/ PO 95%) are
used for the investigation in this work and the resulting
velocities are given in Table 2. In addition, a hatch overlap
(also known as line spacing) of 50% is set for both sources.

To characterize the correlation between the irradiation
and material behaviour in dependency on the pulse width,
four major measurements were performed in total. During
the entire laser heat treatment, the surface temperature (I,
Fig. 2) of the pellets is measured with an infrared camera
(VarioCAM HD head, Infratec). The framerate is 120 Hz
and possible image sizes are up to 1024 x 96 pixels. Here,
the centre of interest is the averaged maximum tempera-
ture in the middle section of the pellet, which is only in the
ranges from 20 to 75 pixels. In this study one pixel of the
infrared camera corresponds to 0.178 mm of the real pellet.

Subsequently, optical evaluations were used to determine
the influence of the irradiation on the LATP pellets. For this
purpose, the surfaces are individually recorded using a digi-
tal light microscope (VHX 2000, Keyence) to document any
changes (II). Afterwards, the surface roughness (III) was
determined with a laser scanning microscope (LSM) (VK-
9710 3D, Keyence). For this purpose, the arithmetic surface
roughness Ra is determined for each pellet at five surface

Table 1 Properties of used laser Property Laser A Laser B
systems Product SPI redENERGY G4 Coherent Hyper Rapid 50-F

Wavelength nm 1062+ 3 nm

Average Output Power W 70 60
Pulse Width ns 250 0.086
Pulse Repetition Frequency kHz 55-500 100 - 500
Spot Diameter mm 0.08 0.044
Operating mode Pulsed
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Fig. 1 Relationship between
single laser spot and areal irra-
diation including pulse fluence
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Table 2 Corresponding scanning velocities
Source PO 50% PO 75% PO 95%
Laser A 4000 mms ™! 2000 mms ™! 400 mms™!
Laser B 2200 mms™' 1100 mms™" 220 mms™

positions. In the last step, the samples are broken in the mid-
dle and the fracture edge is observed with a scanning electron
microscope (SEM) (Phenom XL, Thermo Fischer Scientific
Inc.) to measure the interaction depth (IV). Figure 2 shows a
schematic representation of the measurement methods.

To evaluate the process, the crystallographic structure of
the laser sintered pellets was identified by X-ray diffractom-
etry (Empyrean range, Malvern Panalytical) and CuKa radia-
tion at 40 kV and 40 mA. The angle range is between 15° and
40° with 0.05° steps. With this method, secondary phases can
be detected and used to evaluate the laser process.

3 Results and discussion
3.1 Real-time temperature monitoring
In the following, the temperatures of the LATP pellets

for different pulse fluences are shown as a function of the
three pulse overlaps processed with Laser A. In general,

(1) (1

Measurement Line

A
Pixel
B
Laser Scanning Strategy —

Fig.2 Measurement routine

> Pulse fluence — _ [AVG ()
f*ASpot

Fig. 3 shows an increase in output power and thus in pulse
energy, which leads to an increase in surface temperature.
This progression is nearly linear for all test series, but the
slopes are different.

For a pulse overlap of 50%, the temperature reaches
a maximum of 117 °C at 14 Jem~2. An elevation to 75%
leads to an analogous curve, but at higher temperatures.
The maximum temperature is 220 °C. In comparison to
a PO of 95%, the surface temperature increases signifi-
cantly from 5 Jem™2 than for the other two POs. This cir-
cumstance can be explained by the fact that with higher
overlap more pulses impinge on the similar area increment
(Fig. 1), and thus, the energy input per area rises. As a
result, the pulse energy heats the pellets' surface.

The curves for Laser B can be observed in the graph
in Fig. 3b. The temperature curves for PO 50% and 75%
are almost identical and reach a maximum of 324 °C and
360 °C, respectively. For the PO 95%, the temperature
rises abruptly from 13 Jecm™2 and surpasses the maximum
temperature of the other two curves here. Furthermore, it
can be observed that a maximum is reached for all POs
from 23 Jem™ 2 onwards. Here, an increase in average out-
put power no longer leads to an increase in temperature.
For the PO 95%, the temperature is 1350 °C. This value
corresponds to the maximum recordable of the infrared
camera. Ristic et al. [20] document similar behaviour in

(1)

1 L
Ra=ff|H(x)| dx
L Jo
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Fig.3 Temperature progression during real-time treatment in dependency on the pulse width

their work, while processing a ceramic tile with a Nd:YAG
laser.

If both laser sources are compared, the temperatures of
Laser B are always higher than those of Laser A. This is since
the pulse peak power Pp,,, which takes the pulse width ©
into account, is significantly higher for Laser B than for Laser
A. For instance, a P,y of 60 W (pulse fluence 40 Jem™2) at
Laser B delivers a pulse peak power of 69.8 MW compared to
2.8 kW at 70 W (pulse fluence 14 Jem™2) for Laser A.

P Peak — fTT . (2)

3.2 Surface topologies and roughness

40

This section shows the surfaces after laser processing.
Table 3 shows exemplary structures from the microscope
and SEM micrographs prepared with the three pulse over-

laps at the highest power (14 Jem ™) for Laser A.

From the microscope images, no change in the surface of
the PO 50.% can be observed in comparison with the pressed
pellets (Fig. 2, IT). At a higher macroscopic magnification in
the SEM first changes in the surface can be detected, but
these changes only occur in specific areas. Pulse fluences
below 7 Jem™2 do not lead to any changes in the material's

surface.

Table 3 Surface structure for processing with Laser A at 14 Jem™2 pulse fluence

PO 50 %

PO 75%
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At PO 75%, the surface transforms into a yellow—brown
colour and the SEM image shows a solidified melt, which is
additionally supplemented by spheres and stripes. This inter-
action is only documented from a pulse fluences of 12 Jem™>
and the tendency to melt increases with increasing power.
In [20], this effect is described as an undesirable effect of
melting and rapid re-solidification of the amorphous com-
ponent. On the opposite, Miihler et al. [22] refers to a solidi-
fied molten mass. In both cases, however, other ceramics are
used as a substrate and not LATP. The spotty treatment as
in PO 50% is observed at pulse fluences between 9 Jem™
and 11 Jem™

At PO 95%, the pellet has a grey colouration after pro-
cessing and a chequered pattern can be observed in the SEM
image, complemented by spherical ejections in the micro-
metre range. Due to the energy input, the pellet bulges in
the centre, so that the edges remove themselves from the
processing substrate.

Table 4 shows the same overlaps for the processing with
the Laser B. PO 50% and PO 75% show similar brownish
surfaces but in contrast at PO 95% the pellet is grey. Further-
more, the pellet is almost destructed entirely, which indicates
that the energy input leads to ablation and evaporation of the
material. [23, 24]

Due to the higher energy input than with the nanosecond
laser, the pellets with the PO 50% already have the surface
structure at PO 75% from Laser A. However, more ejections
can be observed here. An increase in the pulse overlap leads
to a higher number of spheres on the surface.

Already at this point, some conclusions can be drawn,
such as how a variation of the pulse width affects the sinter-
ing of LATP pellets. High energy input, as in the case of
the Laser B with PO 95%, is not acceptable from 20 Jem 2
onwards, since the irradiation begins to gradually dissipate

the pellet and thus destroy it at the end of the processing. In
the literature [20] this effect is referred to as the spallation
mechanism.

The surface roughness is determined by the LSM at five
points on the pellet and Fig. 4 displays the values for both
lasers. The untreated pellets are considered as a reference
and have a Ra value of 4.60 +0.64 pm.

For processing with nanosecond pulses (Fig. 4a) Ra is
always within the standard deviation of the reference for a
pulse overlap of 50% and confirms the optical impressions,
since no change in the surfaces is visible in the SEM. With
an increase to PO of 75%, the pellets show a comparable
behaviour up to 10 Jem™2. Beyond 33 Jem™2, the arithmetic
surface roughness Ra is higher than the reference. The limit
shifts down towards 5 Jem™ for PO 95% and an increase in
pulse fluence leads to higher roughness.

In comparison, processing with picoseconds (Fig. 4b) has
a different effect on the surface roughness. Up to 10 Jem™>
Ra is almost constant for all parameters and in the range
of the reference pellet. With an overlap of 50%, the rough-
ness is on average always below 10 um, whereas PO 75%
and 95% showed significantly higher roughness than the
untreated pellets. The difference between these two overlaps
is marginal and only deviates for 20 Jcm ™. This equality
indicates that the energy input may differ in terms of tem-
perature, but the resulting surfaces are different.

Additionally, the interactions lead to stochastically dis-
tributed spherical ejections on the surface with a diameter of
approx. 5 um. These lead to an increase in the roughness of
the surface, which is also reinforced by grooves and cracks.
The larger standard deviations can be traced back to the
removal of the material, which is visible in the laser process
and through the shape deviation, which is represented by the

Table 4 Surface structure for processing with Laser B at 40 Jem ™2 pulse fluence

PO 50 %

PO 75 %
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Fig.4 Comparison of the arithmetic surface roughness

waviness. These circumstances also lead to higher Ra values
when using Laser B than with Laser A.

The change in surface roughness due to the processing
of zirconia ceramics using laser irradiation (Nd:YAG and
CO,) is also documented in Namdar et al [25]. Their work
aims to remove material without temperature impact. Even
if the roughness could be increased, the authors declared
these lasers as not suitable for ceramic because the irradia-
tion causes an increase in temperature through absorption,
which changes the material properties. One of these changes
is the formation of a melt and an amorphous phase, as well
as microcracks [20]. In contrast, this heat treatment is neces-
sary for sintering. Microcracks and foreign phases shown in
[26] are not desired in the sintering of LATP and lower the
ionic conductivity. The influence of these must be addressed
in further work, to evaluate the laser sintering for LATP.

3.3 Interaction depth

The sintering behaviour in terms of interaction depth was
investigated with a SEM. For this purpose, the pellets were
broken in the middle and the fracture edge is irradiated with
an electron beam. The interaction depth is declared from the
upper edge to the depth to which the laser irradiation still
causes a change in the pellet. Figure 5 shows the results as a
function of the pulse fluence and the pulse overlaps for both
laser sources.

The following behaviour is shown for processing with
Laser A: In total, the energy input at PO 50% is not suf-
ficient to initiate the sintering process. In the fracture edge
of the pellets, no interaction can be observed. At PO 75%,
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no interaction can be observed up to 7 Jem™2. Scattered
selective changes in depth are observed from 8 Jem™ to
11 Jem™2. From 12 Jem™2, united layers emerge, which have
a thickness of about 3 um.

Increasing the energy per area to PO 95% provides
higher layer thicknesses. With pulse fluence up to 4 Jem™2,
the energy of the pulses is deficient to cause a permanent
interaction and between 5 Jem™2 and 8 Jem™2, an almost
constant depth is achieved. From 9 Jem™, the interaction
depth increases proportionally with increasing power.

Taking the previous results from the temperature and the
roughness into account, the results of the interaction depth
confirm the impression that with higher geometrical energy
input the effects on the pellets become more obvious. For
PO 50% and PO 75%, the energy input is not significant to
cause a change in the pellet and only with a high energy
input the material change can be initiated.

In comparison to the processing with the picosecond
laser, the interaction depth behaves equivalently. The inten-
sity which must be exceeded for a sintering reaction is low-
ered in the direction of lower pulse influences. At higher
powers, greater depths can be realized, but the pellets' integ-
rity cannot be maintained due to the ablation. Therefore,
only the remains of the pellets are used to determine the
interaction depth at PO 95 %. Nevertheless, an interaction
depth corresponding to the total thickness of the pellets
could be measured here.

Bucharsky et al. [27] describes the thermal conductiv-
ity 4 of LATP as a function of the sintering temperature
and reveals that higher sintering temperatures lead to higher
thermal conductivities (0.7 Wm™' K~ and 2 Wm~ ! K~ 1)
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and simultaneously a reduction in porosity. The investigation
range applies to sintering temperatures between 800 °C and
1000 °C. [27] A transfer to the presented outcomes shows
that elevated interaction depths are achieved with an increase
in the sintering intensity by increasing the energy input.

3.4 X-ray diffraction

Based on these findings, the most promising results from
processing with Laser A (nanosecond) were further char-
acterized to verify the crystallographic structure. The XRD
measurements were carried out for a non-sintered but com-
pressed pellet (REF) and two pellets from the PO 95% pro-
cessing and different pulse fluence (6 Jem™2 and 13 Jem™2).
Figure 6 shows the results.

The main peaks in the diffractogram are at similar posi-
tions compared to the reference. This circumstance indicates
no fundamental change in structure. [27, 28] Regarding the
peak intensity, a higher pulse fluence leads to changes in
intensity. Various scientific papers refer to this phenomenon
as a dependency on temperature. Elevated temperature leads
to higher intensities. [8, 27, 29, 30] Similarly, the intensity
decreases for the peak at 24.7° (13 Jcm~2) and indicates a
change in the amount of the crystal s orientation. A possible
explanation is that the proportions of different layers over-
lap [22]. However, and more importantly, the presence of
secondary phases, such as AIPO,, which is typically proven
with a peak around 21.5°, cannot be observed here. In the
literature, the formation of this phase occurs at sustained
high temperatures and decreases the ionic conductivity due
to the blocking of ionic pathways in the LATP framework.
[8, 27, 31] In addition, TiO, usually arises alongside with
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Fig.6 XRD pattern for compressed (REF) and two LATP pellets pre-
pared with Laser A

AIPO,. This impurity phase usually demonstrates lithium
loss and can be observed with a peak around 25° next to
the shown peak. [31] Since the locally prevailed maximum
temperature only acts for a short period, the irradiation is not
sufficient to initiate this reaction.

4 Conclusion
In general, the comparison of different laser sources is
challenging due to the dissimilar characteristics of the sys-

tems. Therefore, two lasers from the infrared range were
selected and similar pulse overlaps are used to create an
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identical geometric energy input. Thus, the difference
between both sources on the sintering of LATP can only
be determined concerning the pulse width. Temperatures,
surfaces, roughness and depth of interaction are used to
evaluate sintering suitability and the effect of the pulse
width.

As a result, a single pulse is not sufficient to achieve
an interaction for all evaluation criteria. Only by increas-
ing the energy per surface with the pulse overlap the num-
ber of hits per increment leads to an interaction with the
material. However, the role of the pulse duration is of little
importance in the case of small overlaps. In the case of the
highest overlap, it takes on a decisive role and leads to a
higher surface temperature and enables volume sintering.
Nevertheless, it must be considered that energy input can
not only be used for sintering but also for material ablation
up to the destruction of the pellet. The comparison of the
pulse peak power shows that Laser A is in the kW range,
whereas Laser B is in the MW range and thus higher by a
factor of 1000.

In conclusion, the investigations in this work show the
ability of sintering LATP using electro-magnetic irradia-
tion due to the absorption of the radiation energy by the
pellets. In the used configuration, however, the processing is
challenging because the irradiance, especially with the short
pulse width, is not only used for sintering but also for mate-
rial ablation. This ablation is not the intention and so further
investigations with adjusted parameters are necessary, for
instance, a pulse overlap between 75 and 95%.

Promising results from the experiments with the Laser
A were further investigated using XRD. Secondary phases
that limit the ionic conductivity were not found. This shows
that the sintering of LATP is possible with a suitable choice
of parameters and pulse width as in Laser A. In summary,
this work demonstrates the applicability of laser irradiation
for sintering of LATP.

Moreover, the advantage of full flexibility in laser pro-
cessing is not enabled in this procedure. To fully develop
the potential of laser processing, a layer-by-layer deposition
and sintering while the bulk of the material is unaffected
(according to the models in 3D printing) can be the subject
of the next investigations, as well as the investigation of
the crystal structure and ionic conductivity after sintering
in regard to the implementation in the battery. Properties in
terms of changes in chemical composition or decomposition
and porosity should also be part of further discussions.
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