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ARTICLE INFO ABSTRACT

Keywords: The electrical resistance of conductive and non-conductive coatings on non-conductive and conductive powders,

PVD ) respectively, is investigated under increasing external load. A specially designed equipment was used to deposit

Magnetron sputtering coatings on small and light as well as heavy powdery substances by DC magnetron sputtering. Several reference

Thin films . . . .

. methods to predict or measure the absolute film thickness on powders are discussed.

Metal coatings . . . . . . . .

Oxide coatings When measuring the electrical resistance of insulating powders coated with a metal, in this case hollow glass

Powders microspheres (HGMs) coated with copper, under increasing load, a typical resistance curve is found. This

Electrical resistance resistance curve is discussed in terms of percolation theory and the Heckel equation for powder compaction. The
influence of coating thickness of the conductive coating is then evaluated and other factors like inhomogeneity
of the coating are discussed. To reduce the influence of measurement parameters, selected experiments are
interpreted under the concept of a force per grain, which is introduced and explained.
To further substantiate the typical electrical resistance curve, stabilized and non-stabilized NMC811 powder is
coated with aluminium and zirconium oxides of different thicknesses, corresponding to a conductive powder with
an insulating coating. When comparing measurements for stabilized and non-stabilized powder, the perspective
for electrical resistance measurements under increasing load becomes apparent, as it is possible to even detect

surface modifications which are not known a priori.

1. Introduction

Magnetron sputtering is a widely used and versatile method for
improving and modifying surface and interface properties by the de-
position of a thin film [1]. As recent articles have shown, it is not only
possible to coat flat surfaces, but also the large effective surface area of
a powder bed [2-5].

Therefore, the coating of granulates has gained considerable atten-
tion in the fields of powder metallurgy [6] to enhance mechanical
properties of sintered parts [7,8] or to increase the oxidation resistance
during storage and handling of the powder [9]. Particle size and shape,
surface roughness and interactions have a great influence on the flowa-
bility and frictional behaviour of powders [10,11]. Thus, modifying the
surface of the granulate may improve the flowability and reduce the
frictional charge which creates surface cohesion due to Van der Waals
interaction [9].

* Corresponding authors.

In contrast to the heavy powders used in metallurgy and batter-
ies, solid or hollow glass microspheres (SGMs or HGMs) can be used
in a certain range of energy technologies [12]. At a lower technologi-
cal level, coated HGMs can be used for thermal insulation [13,14], but
more sophisticated coatings such as HGMs coated with thermochromic
materials [15] are also conceivable. At a higher technological level,
hollow glass and polymer microspheres have potential in e.g. hydrogen
storage [16] or inertial confinement fusion (ICF) [17].

There is a great interest in the surface modification of powders, not
only in the field of powder metallurgy, but also in energy applications.
For example, lithium-ion batteries have a large field of applications,
ranging from accumulators in electromobility [18] to grid stabilizers in
highly fluctuating power grids [19]. Known weak points of the cathode
material in batteries are discussed in [20-22]. Oxide surface coatings
can improve chemical inertness and mechanical stability, but in return
also reduce the rate of Li release [23-26].
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(a) Guided and motorized resistance measurement
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Fig. 1. 3D-model of the resistance measurement system. (a) Overview with motor and guiding rails and (b) detailed powder cylinder and t-shaped electrode to

ensure a fixed area of friction between electrode and cylinder.

On flat surfaces the determination of the film thickness is a rela-
tively easy task. In contrast, for a coated powder, determining the layer
thickness is a major challenge. Known methods for layer thickness de-
termination on granulates utilize gravimetry [3], optics in case of a
transparent substrate [27,3], electron microscopy [28,5] or focused ion
beam (FIB) [5] cross sectional techniques.

In this work, the behaviour of the electrical resistance of coated pow-
ders under increasing, external load is investigated. The aim is to find
a fast and inexpensive method to determine the presence and, ideally,
the thickness of a coating. If other factors are found to affect the electri-
cal resistance measurement, their order of influence will be considered
and discussed.

We do not want to focus on the application, functionality and us-
ability of the powder and coating pairings, but only try to evaluate the
thickness of the coatings. Thickness determination methods other than
resistance measurement are presented only briefly as complementary
methods and are used to validate and explain the results obtained here.
Further information on these methods can be found in the quoted ref-
erences.

2. Materials and methods

In this section the setup for measuring the electrical resistance under
increasing, external load is presented. To obtain a basic understanding
of the investigated powders and their possible behaviour during depo-
sition and resistance measurement, a basic analysis of the granules is
performed and summarized. Additionally the coating system for pow-
ders and complementary gravimetric and optical methods for thickness
determination are discussed. Finally the used coating materials, coating
parameters and storage conditions are presented.

2.1. Electrical resistance measurement

The electrical resistance measurements under increasing, external
load were performed in a custom designed measurement setup, which
is outlined in Fig. 1. The basic components are a fixed lower copper
electrode with a thick insulating, transparent PMMA cylinder holding
the granulate sample and a close-fitting copper piston acting as an upper
electrode. This is a common concept reported in other works [29-32].

However, the upper electrode was specifically designed in a way that
the contact area with the cylinder does not increase during further in-
sertion but remains constant from a certain point onwards, see “fixed
friction area” in Fig. 1b. In this system both electrodes are mounted
onto an insulating intermediate cylinder made of PTFE, which in turn
is mounted to a tensile and compressive load cell (ME Messsysteme
KM26z: 2 kN), with the lower cell attached to the frame and the up-
per cell attached to a guided, motorized spindle drive. In order to
avoid deformation by the forces applied, the frame was composed
of rigid profiles (Bosch Rexroth 40 x 40 mm) and angles, reinforced
with two 2 cm thick aluminium plates. The resistance between the
two copper electrodes is measured using an Agilent 34410A two-point
resistance meter. The applied force, the resistance as well as the po-
sition of the piston are recorded. It should be noted that due to this
special design not only compaction processes can be measured, but
also a measurement during the decompression of the powder is pos-
sible.

To ensure reliable resistance measurements certain measures and
routines must be adhered to. Before each measurement a zeroing of all
electrical measuring devices is performed. The first step is to zero both
load cells and calibrate the height. To do this, the electrodes are brought
together. When contact is made and a minimum force threshold (greater
than 2 N) is reached, the height is set to zero. During this procedure
the system resistance is recorded and this value is an indicator for the
surface condition of the electrodes. Regardless of this value, the contact
surfaces of the two electrodes were regularly polished.

For light powders in combination with large measurement volumes,
a pre-compaction routine was applied to obtain reliable measurements.
The desired amount of powder was filled into the sample cylinder con-
nected to the lower electrode. This filled assembly was shaken on a
sieve shaker (Retch AS200) for defined times and amplitudes. Specif-
ically, 30 s with an amplitude setting of 50 followed by 30 s with an
amplitude setting of 70. This was applied to HGM samples only, as no
significant improvement was observed for NMC811.

2.2. Powders

The powders used are hollow glass microspheres [33] (HGMs) with
an anti-caking agent applied to their surface and NMC811 (stabi-
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(a) HGMs with anti-caking agent

(b) Stabilized NMC811

Fig. 2. SEM images of single particles of (a) HGMs with anti-caking agent (white hunks on the spheres) and (b) stabilized NMC811.

Table 1

Mean grain diameter d, determined on the number of found grains N,
on microscope images compared to D50 diameters d,, specified by the
manufacturer. In addition, the tap density p,, determined by the sup-

plier is given.

powder sieve size | d,, Pm d, N,
pm pm gem™  um
S38 >71 78+5 397
$38 71-63 66 + 4 596
$38 63 - 50 55+ 4 797
$38 50 - 40 45+ 4 2080
$38 - 40 0.38 19+12 1438
stabilized NMG811 - 112 23 8+2 240
non-stab. NMC811 - 1038 253 7+3 6431
. i . Qe tiltable
lized [34] and non-stabilized [35]) powders. In this case, stabilization sputter

means that the grains of the NMC811 are protected from oxidation by
the manufacturer using an unknown process.

As a first step an inspection under an optical microscope is per-
formed. Two main factors, the sphericity ¥ and the mean diameter d,,
are determined. Image analysis is performed with a Reichert-Jung Poly-
var MET optical microscope and the program ImageJ [36], although
only the roundness, which is the two-dimensional equivalent of the
sphericity, of the powder can be determined here. The procedure used
is applying a threshold to the image and finding and analysing the par-
ticles within the desired criteria for roundness and size. Fig. 2 shows
scanning electron microscope (SEM) images of the powders. It can be
seen, that the HGMS (Fig. 2a) are almost perfectly round which is why
the sphericity is ¥ = 1. In the case of NMC811 (Fig. 2b), a sphericity
of ¥ = 0.9 was found, within the resolution limit of the optical images
used.

The size distribution of particles in powders can be described math-
ematically by a distribution [37] such as the log-normal distribution.
Here, the mean size of powders is simply calculated by taking the arith-
metic mean of all detected particles on several images for each size
class. Table 1 shows the found mean diameters of all used powders.
The HGMs where sieved with a sieve shaker (Retch AS200) at various
wire mesh sizes, to examine the effect of different size classes of coated
powders on the resistance measurements.

2.3. Powder coating system

The powders were coated by magnetron sputtering in a specially
designed coating system [38] built and described in detail by Eder
et al. [3]. Fig. 3 shows a 3D-model of the sputter system used. The
key feature of the system is the movable container which can hold up
to 1000 cm?® of powder. The tilted and rotating circular plate on top
of which the container is freely positioned ensures efficient intermix-
ing and a uniform coating. This intermixing is necessary due to the
line-of-sight nature of the sputtering process. In addition to rotation,
the circular plate is equipped with a variable number of concussion

J/ =ources N\
L

concussion
plate

concussion
bolts

a

150 mm

Fig. 3. 3D-model of the magnetron sputtering system for powder coatings.

bolts, which lift the container until the centre of gravity is no longer
supported. Without any support, the coating container slides down the
tilted circular plate, also called concussion plate, until it is stopped
by another pair of pins. The occurring concussion, supported by the
rotation of the coating vessel, prevents possible agglomeration of the
powder under vacuum conditions. The strength of the impact can be
regulated by adjusting the tilt angle « of the concussion plate. To en-
sure maximum exposition of the powder to the vapour beam, the two
magnetron sputter sources can be individually tilted by the angle ¢ and
rotated on the vacuum flange.
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Fig. 4. Optical analysis of copper-coated HGMs. (a) Homogeneously coated HGMs under a = 35°, (b) inomogeneously coated HGMs under a = 28° and (c) best
gaussian fit of average layer thickness distribution of detected particles at different steepnesses « of the concussion plate.

There are some known methods for determining the film thickness
on granules, which are usually time-consuming and involve only a few
particles. Depending on the particle size, there are up to 10'° particles
per 1000 cm? of powder (see Table 1) and thus measuring the film
thickness on single particles is not feasible.

Assuming uniform coating of all particles in the batch, the calcula-
tion of the average coating thickness x [3] is possible by inserting the
sputter rate determined on a flat substrate R at the height of the surface
of the powder bed in the coating container, the exposed powder area in
the container 4,,,,, the powder volume V.., the sphericity ¥, the
packing factor f and the coating time 7 into Equation (1):

rpR1A Y

expo

X =
3 Vsubstrmef

(€Y

2.3.1. Gravimetry

A very simple and effective way to determine the average film thick-
ness x of a batch of coated powder [3] is to measure the increase of
mass mgy,, after coating according to

M,
N T Y -
pfilmesubstrare

Equation (2) describes the average film thickness on a particle depend-
ing on the total mass increase due to the coating m sy, = Vyiymp riim
equally distributed to all particles N with a mean radius r,. The amount
of particles N contained in the coated volume V.., of powder can
be calculated using the mean particle radius r, and including the pack-
ing factor f = 0.60 + 0.05. The sphericity ¥ of the particles must also
be taken into account and is discussed in subsection 2.2 for the exam-
ined powders. Here, the gravimetric measurements are used as a main
reference for comparison with the resistance measurements.

2.3.2. Optical transmission

In case of a transparent substrate and transparent absorbing
layer [27], it is also possible to measure the reduction in transmission
described by the Beer-Lambert law

T=L e 3
Iy
In Equation (3) I, is the intensity of an incident light beam, I is the in-
tensity after passing the particle including two times the layer, « is the
extinction coefficient of the absorbing material and d is the thickness
of the material. A simple way to measure intensities is to evaluate the
RGB channels of an image taken from a CCD chip in a microscope or
an image from a high-resolution scanner. Therefore, a single layer of

granulate needs to be prepared and agglomerations should be avoided.
To obtain proper statistics of individual grains with a defined size, an
object identification algorithm can be applied to the image. When con-
sidering the entire grain, an error is made at the edges of the grains
where the film is tilted or perpendicular to the image plane. Thus,
knowing the size of the grain and using simple geometry, the imaged
grains can be reduced to their core where roughly plane-parallel sur-
faces exist.

Fig. 4 shows the achievable film thickness homogeneity of copper-
coated HGMs under different tilts « of the concussion plate determined
by the optical method. As can be clearly seen in Fig. 4c, a narrower
distribution of average thicknesses on the particles is observed as a
increases, but a comparable mean thickness of the powder batch is
maintained. The relative error of the thickness can be estimated from
this plot to be about 30 %. For this statistical analysis and the application
of the above described evaluation steps, the ThinFilmInspect program
package created by Mahr [39] was used.

2.4. Coating materials

The sputtering materials were commercially available technical cop-
per (E-Cu 2.0060, Norm: DIN 1751), purity 99.9 %, aluminium (A199.5,
Norm: AW-1050A), purity 99.5 %, silver, purity 99.99 % and zirconium,
Zr grade 702, supplied by Kurt J. Lesker. The two simultaneously used
targets are 4 inch diameter discs with a height of 5 mm to 6 mm.

2.5. Coating parameters and powder storage

The coating and storage conditions of the powders are of vital im-
portance for the findings of this work. Table 2 shows a full overview of
the used coating parameters.

For coating the HGMs, two containers were used, a large container
with a maximum filling volume of 1000 cm? (called SuperBowl, SB) and
a medium container with a filling volume of 100cm? (called Medium-
Bowl, MB). For all copper coatings, the large container was used and
1000 cm® of HGMs were coated. For silver and aluminium, on the other
hand, the MB and only a quantity of 100cm> powder was used to re-
duce the coating time and material cost. The prediction of the coating
thickness x,,., was calculated from rate measurements on flat substrates
(see Equation (1)) and using the mean diameters in Table 1. When com-
paring the predicted coating thickness to gravimetric measurements
according to Equation (2) a good agreement could be found.

The NMC811 powder was coated in the SB with Al,05 and ZrO,
by reactive DC magnetron sputtering. The oxygen flow was adjusted so
that the operating point of the discharge was at the beginning of the
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Coating Parameters: P power per coating source, a tilt angle of concussion plate, ¢ coating time in h or min, x,,,, predicted coating thickness from coating

rate on flat substrates, x,,,,,

thickness calculation from increase in mass on the powder.

Vessel Voubstrate Substrate Material P a t Xpred Xgravi Comment

dm’ w ° h min  nm nm

Thickness
SB 1 HGM Cu 2x1000 35 1.5 5.4 4.5
SB 1 HGM Cu 2x1000 35 3.5 125 122
SB 1 HGM Cu 2x1000 35 5.5 196 17.7
SB 1 HGM Cu 2x1000 35 7.5 26.7 279
SB 1 HGM Cu 2x1000 35 025! 33.9 30.9
MB 0.1 HGM Al 1x900 35 3.0 9.3 11.7 optimized for one source
MB 0.1 HGM Al 1x900 35 7.0 21.8 25.3 optimized for one source
MB 0.1 HGM Al 1x900 35 9.0 28.0 36.0 optimized for one source
MB 0.1 HGM Ag - inhomo. 1x1000 35 20 6.7 6.3
MB 0.1 HGM Ag - inhomo. 1x1000 35 45 15.2 15.1
MB 0.1 HGM Ag - inhomo. 1x1000 35 60 20.2 21.4
MB 0.1 HGM Ag - inhomo. 1x1000 35 80 27.0 27.4
MB 0.1 HGM Ag - inhomo. 1x1000 35 100 33.6 376
MB 0.1 HGM Ag - homo. 1x500 45 80 11.0 10.1 optimized for one source
MB 0.1 HGM Ag - homo. 1x500 45 160 22.1 - optimized for one source, loss of powder during coating
MB 0.1 HGM Ag - homo. 1x500 45 240 33.1 - optimized for one source, loss of powder during coating
Tilt and Distribution

SB 1 HGM Cu 2x1000 28 3.5 12.3 11.2
SB 1 HGM Cu 2x1000 45 3.5 7.5 8.2
SB 0.1 stabilized NMC811  Al,04 2x900 45 5 019 - Ar: 17 scem (0.4 Pa), O,: 15 scem
SB 0.1 stabilized NMC811 Al,04 2x900 45 10 0.38 - Ar: 17 sccm (0.4 Pa), O,: 15 scem
SB 0.1 stabilized NMC811 Al,04 2x900 45 20 0.77 - Ar: 17 scem (0.4 Pa), O,: 15 scem
SB 0.1 stabilized NMC811 Al,04 2x900 45 40 1.75 - Ar: 17 sccm (0.4 Pa), O,: 15 sccm
SB 0.1 stabilized NMC811 Zr0, 2x600 45 5 0.20 - Ar: 17 scem (0.4 Pa), O,: 12.5 scem
SB 0.1 stabilized NMC811 ZrO, 2x600 45 10 0.4 - Ar: 17 sccm (0.4 Pa), O,: 12.5 scem
SB 0.1 stabilized NMC811 7rO, 2x600 45 20 0.8 - Ar: 17 scem (0.4 Pa), O,: 12.5 scem
SB 0.1 stabilized NMC811 Zr0, 2x600 45 40 1.6 - Ar: 17 scem (0.4 Pa), O,: 12.5 scem
SB 0.1 non-stab. NMC811 Zr0, 2x600 45 33 1.0 - Ar: 17 scem (0.4 Pa), O,: 12.5 scem
SB 0.1 non-stab. NMC811 Zr0, 2x600 45 66 2.0 - Ar: 17 sccm (0.4 Pa), O,: 12.5 sccm
SB 0.1 non-stab. NMC811 ZrO, 2x600 45 100 3.0 - Ar: 17 scem (0.4 Pa), O,: 12.5 scem
SB 0.1 non-stab. NMC811 Zr0, 2x600 45 133 4.0 - Ar: 17 scem (0.4 Pa), O,: 12.5 scecm
SB 0.1 non-stab. NMC811 Zr0, 2x600 45 166 5.0 - Ar: 17 sccm (0.4 Pa), O,: 12.5 scem
SB 0.1 non-stab. NMC811 ZrO, 2x600 45 199 6.0 - Ar: 17 scem (0.4 Pa), O,: 12.5 scem

hysteresis region of the reactive sputtering process (see, e.g. [40]) to
achieve maximum deposition rates without poisoning the target or ob-
serving arcing. A lower powder volume of 100 cm® was used compared
to the copper coated HGMs. The reason for this reduction in filling vol-
ume is the lower sputtering yield of oxides compared to the non-reactive
sputtering mode of the same materials [40].

Compared to the HGMs, where weight measurements were used
to calculate the layer thickness, only the prediction method (see
Equation (1)) was used for NMC811. With coated HGMs it was found
that the prediction model is in very good agreement with the thickness
calculation from gravimetric measurements. The reason gravimetry was
omitted for the NMC811 powder is the ratio between weight of the coat-
ing to the weight of the powder, which can be seen when comparing the
densities given in Table 1, and the fact that chipping of coating material
on the container into the powder cannot be neglected. For example, the
total mass increase when coating 100 cm? of NMC811 powder, weight
253 g, with a 2nm Al,O5 coating is about 1 g and amounts to 0.4 % of
the total mass. With HGMs on the other hand, even in the worst case
the ratio of coating mass to powder mass amounts to 5.7 %.

The size distribution of the delivered powder is often subject to
large variances, HGM particle diameters are shown in [3] and NMC811
is shown in [41]. Unfortunately, this wide distribution leads to large
relative errors when calculations are performed with the determined av-
erage diameter. For this reason the error for the calculated thicknesses
in this article is omitted.

Within one powder/coating pairing the only variable parameter is
coating time. The predicted coating thickness was calculated from the
coating time in order to obtain a consistent representation of the differ-
ent coatings.

In general oxidation or degradation of the powder or of the coating
on the powder influences the electrical resistance. This is why storage
conditions are discussed here. Because of the large volume of powder,

uncoated as well as coated, HGMs were stored under atmospheric con-
ditions. Uncoated HGMs are delivered in batches of 50 dm? in sealed
bags. Up to 1000 cm? of coated HGMs was stored in plastic storage con-
tainers. NMC811 was delivered in sealed containers filled with inert gas
in batches of 1000 cm3. After breaking the seal as well as after coating
the NMC811 powder containers were stored in low vacuum conditions
in a dessicator.

3. Results and discussion

The dependence of the resistance measurement under increasing
load on the film thickness and other possible influence factors like
coating inhomogeneity of different coating material and powder combi-
nations is discussed. Selected measurements are then considered within
the concept of force per grain to reduce measurement parameter depen-
dency.

Fig. 5 shows resistance curves for the powders presented in subsec-
tion 2.2. Electrodes with a diameter of 2 cm have been used in this and
all other experiments presented in this work. Uncoated HGMs are in-
sulators and show no significant dependence of the resistance on the
applied force, only after coating with a sufficiently thick layer of con-
ductive material a typical resistance curve (see Fig. 6) is found. Since
NMCS811 is classified as a semi conductor, a baseline measurement of
uncoated powder is of interest. It can be seen that the electrical resis-
tance of the powder, as received, is already dependent on the applied
force. A significant difference between uncoated non-stabilized and sta-
bilized NMC811 can be found. The percolation force (see Fig. 5 and
related text) is significantly higher for stabilized than for the non-
stabilized NMC811 powder.

In Fig. 6 typical resistance curves under increasing, external load
of a non-conductive powder (HGMs) coated with conductive mate-
rial (Cu) of different thicknesses is displayed. Four different stages
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Fig. 5. Typical resistance curves for each used powder with marked percolation
force (broken vertical lines).
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Fig. 6. Distinctive resistance curve under increasing, external load of non-
conductive HGMs coated with different thicknesses (predicted) of copper.
(1) Powder compaction, (2) reaching percolation threshold, (3) saturation after
threshold and (4) plastic deformation.

can be identified, which is in good agreement with the Heckel pro-
file [42,43] describing the process of powder compaction. In the first
stage (1) the powder is compacted and contacts of the surface oxide
are formed. After forming enough contacts and applying more pressure
a threshold (2) is reached. The initially high contact resistance, due
to the surface oxide, decreases because of the increasing contact area
with the underlying conductive material. The observed phenomenon is
well known and can be described by the theory of percolation [44,45].
Percolation theory describes the formation of connected areas in disor-
dered systems by a so-called percolation threshold. Upon reaching the
threshold (3), the powder column becomes conductive and a saturation
resistance is reached. No further reduction of the resistance is reached
when increasing the applied force. After particle rearrangement and
elastic deformation comes the regime of plastic deformation (4). Plastic
deformation in the case of coated, fragile hollow particles means frag-
mentation of individual spheres and thereby an increase in resistance.
Here, stage (4) is only observed at lower layer thickness (data set: red
circles) where percolation was not fully completed.

From Fig. 6 it can be concluded, that the appearance of this char-
acteristic curve indicates the presence of a conductive coating with a
certain thickness on non-conductive powder. Furthermore a clear de-
pendence of the position of the inflection point (2) on the different
predicted film thicknesses, resulting from changing the coating time
only, can be seen. The force required to reach the inflection point,
which can be associated to the percolation threshold, will be referred
to as the percolation force F,,,.,, and can be considered as a measure

perco
for the coating thickness. However, other influencing factors cannot
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Fig. 7. Comparison of percolation force F,,,., of silver, aluminium and copper
coatings on HGMs depending on the predicted film thickness x. The detectabil-
ity of the inhomogeneity of the coating is demonstrated on silver coated HGMs.

yet be excluded from this observation. The statistical nature of pow-
der compaction makes it very difficult to calculate an absolute value
of the percolation threshold in advance. The thickness given in all dis-
played graphs was calculated by the prediction method described in
subsection 2.3. In this work, all measurements are considered relative
and comparative.

Additionally, oxidation of the powder or the coating is a possible
influence to the displayed electrical resistivity curves. Usually electrical
resistivity measurements were carried out within days after coating a
batch, except when sieving the coated batch into different size classes.
This takes two to three additional days to reach the amount required
for the measurements. Long-term stability of copper coated HGMs was
tested by repeated measurements of samples of one coating batch over
months. A statistically significant change could only be observed after
three months.

The shape of the curves given in Fig. 6 was explained using the
Heckel profile and the percolation theory. In addition, the force at the
inflection point, the so called percolation force F,,.,, was identified
as a characteristic value associated to the film thickness. The inflection
point of the measurement data is calculated numerically by resampling
the data to equidistant data points, smoothing the data with a Savitzky—
Golay filter, deriving the resulting data using second order accurate
central differences, smoothing the derivation with a Savitzky-Golay fil-
ter, and finding the minimum of the derivative that corresponds to the
inflection point.

To determine the reproducibility of resistance measurement and
subsequent determination of the percolation force, two experimental se-
ries, one with copper-coated HGMs and one with ZrO,-coated NMC811
powder, were performed. For copper-coated HGMs, a relative statistical
error of 30.47 % of the percolation force was determined after 38 mea-
surements under identical conditions. To validate the found relative
error of HGMs for a different powder, a second series was performed
with equal results. On ZrO,-coated NMC811 powder a relative statisti-
cal error of 27.66 % was determined after 24 measurements. With these
results the relative accuracy of the resistance measurement setup and
subsequent determination of the percolation force can be put at about
30 %, independent of the powder.

Fig. 7 shows the determined percolation force of 5cm?® of HGMs
coated with different materials of different predicted thicknesses. The
error bars in Fig. 7 result from the relative error in F,,, discussed
above. A clear distinction between different predicted coating thick-
nesses can be made. Comparing the differences in coating materials, it
can be argued that aluminium has the highest resistivity and the least
elastic [46,47] oxide layer and therefore requires the highest percola-
tion force. When comparing silver and copper, the latter has a slightly
higher resistivity and both have a lower resistivity than aluminium.
Fig. 7, however, shows that silver coatings at a first glance have a higher
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percolation force at lower thicknesses than copper coatings (Fig. 7, data
set: black squares). This phenomenon can be attributed to inhomoge-
neous coatings of silver which was confirmed by optical transmission
measurements. When fine tuning the coating parameters, a more ho-
mogeneous silver coating can be deposited and a significantly lower
percolation force is found (Fig. 7, data set: red circles).

In general, the percolation force decreases with increasing film
thickness to a point where the sensitivity of the measuring device is too
low to capture the characteristic resistance curve, and only the satura-
tion resistance (see Fig. 6, (3)) is measured. If lower film thicknesses are
considered, no percolation force can be determined and only the base
resistance is measured. In case of the HGMs, the fracture of the HGMs
limits the maximum achievable percolation force, which was found to
be more than 700 N with a 2 cm diameter electrode.

It is therefore clear that the measurement window in which the per-
colation curve of a powder can be fully accessed is limited. Therefore,
the influence of different measurement parameters on the percolation
force was investigated during the characterization of the measurement
setup. Varied and tested parameters (not displayed) were: electrode
diameter, filling level, filling volume, particle size, number of parti-
cles and electrode (compaction) speed. Despite all calibration measure-
ments, the quantification of the absolute film thickness was not possible
and, in the best case, would only be possible by the production of well-
defined calibration samples.

After these measurements, it became apparent that the percolation
force of one powder, material and thickness combination is equal when
the same number of particles is measured. Therefore, the concept of per-
colation force per grain f,,,,.,, was introduced, where f,.,.,; = Fyercor /N
with N as the number of particles in the powder sample under consid-
eration.

To perform measurements based on the above concept, the coated
batch of HGMs was separated into different size classes determined by
the mesh size of the sieve used (listed in Table 1). For consistency, all
these measurements were performed with identical measurement pa-
rameters. 5cm? of sieved powder was measured with the 2 cm diameter
electrode. Fig. 8a shows the change of percolation force per grain f,,,,.,
over coating thickness for copper coated HGMs separated into different
size classes. It is visible that the variance of the percolation force per
grain decreases with increasing film thickness. Furthermore, it can be
seen that small diameter particles have the highest and large diameter
powders the lowest percolation force per grain. One possible explana-
tion is the inhomogeneity of thin coatings on small sized grains because
of low coating times and thus low intermixing. This was confirmed by
the optical analysis method, described in subsubsection 2.3.2, where
coated HGMs with a smaller diameter show lower film thicknesses when
compared to HGMs of larger diameter within the coated batch.

Fig. 8b shows the percolation force per grain f,,,,., for HGMs coated
with different materials of different thicknesses. The error bars result
from the average of the measured percolation force of the coated HGMs
over all size classes (listed in Table 1) without the unsieved coated
HGMs. Unsieved HGMs were not considered because of the wide distri-
bution of particle diameters [3] when compared to the sieved particles.
The effect of this wide size distribution on the percolation force per
grain can be seen in Fig. 8a for the example of copper. A similar de-
crease in the spread of the percolation force per gain with increasing
film thickness can be observed for all materials.

For HGMs it can be concluded that it is possible to qualitatively de-
termine differences in the thickness of a coating material. Whether the
observed shift in percolation force is due to thickness or to inhomo-
geneity at lower thicknesses is not known. When comparing the same
material at the same average thickness it is possible to compare the ho-
mogeneity of the coating. Furthermore, the concept of percolation force
per grain f,,,., was introduced to reduce the dependence of the resis-
tance measurement on measurement parameters, since filling volume
and mean particle diameter directly influence the number of investi-
gated particles. The difference in coating thickness for different classes
of particle diameter within the same coating batch can also be deduced
by looking at the force per grain. The assertion of a size dependent
thickness was verified using the optical measurement method discussed
in subsubsection 2.3.2.

All the above considerations were made using the HGMs as a non-
conductive base powder. To test whether the phenomena found and
described could be transferred to another class of powders, NMC811
was selected as a second, conductive, candidate. In this case, we coated
the conductive powder with a non-conductive oxide and analysed the
resistance behaviour.

Similar to HGMs a long-term stability test of the percolation force
of non-stabilized NMC811 powder was carried out. It was found, that
storage of non-stabilized NMC811 under atmospheric conditions signif-
icantly changes the percolation force only after four weeks. Therefore,
all NMC811 samples were stored under low vacuum conditions.

Fig. 9 shows the percolation force per grain f,,,., of non-stabilized
and stabilized NMC811 coated with Al,O5 and ZrO,. The measure-
ment volume of stabilized NMC811 was 0.625 cm® and 0.5 cm® for non-
stabilized NMC811, which proved to be the optimal amount for the
deposited thicknesses. When comparing Al,O5 with ZrO, on stabilized
NMCB811, no difference in f,,., is observed. In contrast, when com-
paring non-stabilized with stabilized NMC811, a clear offset of f,,,.,
can be observed for stabilized NMC811. The most reasonable assertion
is that the unknown stabilisation process used by the manufacturer in-
volves the application of a non-conductive layer in the thickness range
of 1 nm to 2 nm on the powder.
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The thickness of this unknown passive layer can be calculated by fit-
ting the data within the framework of Hertz’ contact theory as described
by Kurinjimala et al. [41]. It is assumed that the insulating coating
fails at the percolation force per grain. Then the deformation, described
within the framework of the Hertzian contact theory, can be assumed
to be equal to the coating thickness x and an eventual additional layer
with the thickness x,. Following this approach, the layer thickness x
can be evaluated by fitting the percolation force per grain according to

3
fPerca/ =A (x + XO) ? @

where the fitting parameter A reflects the effective mechanical proper-
ties of the coated spherical particles. The fits for all data give x, =
0.00 nm + 0.21 nm for non-stabilized NMC811, x, = 1.23 nm =+
0.39 nm for Al,05 coated stabilized NMC811 and x, = 1.47 nm =+
0.26 nm for ZrO, coated stabilized NMC811, which is in good agree-
ment with the initial assumption. The fitting parameter A was omitted
because no further information could be extracted.

Here, it is not possible to estimate the uniformity of the coating with
this measurement method nor with an optical transmission method.
However, low voltage energy selective backscatter (ESB) SEM images of
stabilized NMC811 coated with Al,05 and ZrO, where taken [41], and
in both cases a uniformly distributed oxide layer was observed when
compared to uncoated NMC811.

In conclusion, the percolation force of NMC811 coated with a non-
conductive film was expected to increase with the thickness of the
coating. To validate this, oxide layers of different thicknesses were de-
posited onto conductive NMC811 powder. In doing so, the resistance
curve could be manipulated as expected. Increasing the oxide layer
thickness on the conductive powder results in higher forces required to
form fully connected paths through the powder sample. Furthermore,
the performance of this measurement method became apparent when
comparing non-stabilized and stabilized NMC811, where the presence
of an additional layer which could not be observed by SEM could be
immediately inferred.

The behaviour of NMC811 coated with a non-conductive film can
be described within the framework of Hertz’ contact theory. The be-
haviour of HGMs a non-conductive substrate coated with conductive
material cannot be explained by this theory. An intuitive explanation
for this phenomenon is that this measurement is strongly influenced by
the inhomogeneity of the layer thickness on different grains. In terms
of percolation theory only particles with sufficient conductive material
can be percolation sites. If one assumes inhomogeneous coating and
compares batches of the same powder/coating combinations at differ-
ent coating times, then longer coating times result in more percolation
sites for the same quantity of powder considered. It must be pointed
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out that these statements cannot be answered completely with the mea-
surements presented here.

In order to confirm or disprove the established hypotheses, further
experiments must be carried out. First, monodisperse HGMs should be
coated and the homogeneity of the film should be thoroughly analyzed.
Assuming that monodisperse HGMs are absolutely uniformly coated,
only the effect of coating thickness on the electrical resistance can be
studied. For investigation in terms of percolation theory, a mixture of
coated and uncoated monodisperse HGMs in a certain mixing ratio can
be investigated. Thus, the influence of the inhomogeneity in layer thick-
ness on different particles can be approximated.

4. Conclusions and outlook

It has been shown that both heavy and light powdery substances
with small diameters up to a volume of 1000 cm? can be homogeneously
coated with conductive and non-conductive materials with thicknesses
in the nm range. Several methods for determining absolute coating
thickness were briefly discussed. The resistance measurement under
increasing, external load has been proven to be a very powerful, ver-
satile and quick complementary method for detecting and studying film
thickness, overall film homogeneity, and film homogeneity on different
particle size classes.

In both presented application cases it was possible to detect very
thin coatings with the discussed method. For NMC811 coating time dif-
ferences resulting in predicted average layer thickness differences of as
low as 1 nm can be resolved. In case of HGMs coating time differences
resulting in predicted average layer thickness differences of 5 nm to
10 nm can be resolved, above a material-dependent minimal thickness.

The initial load dependent resistivity of uncoated NMC811 verifies
the presented stages of the powder compaction. The expectation that
the percolation process is further hindered by the application of an in-
sulating layer, even an inhomogeneous one, is therefore reasonable.

This explanation is not applicable to HGMs where the applied film
thickness increases and the associated percolation force decreases. How-
ever, a clear dependency of the percolation force on the coating thick-
ness was found. In the present experiments, it is not clear whether the
dependence found is due to increase of average thickness or is caused
by the increasing homogeneity of the coating with increasing thickness.

To fully exploit the potential of the presented method, a well-posed
problem must be addressed. For example, in a production environment,
it would be necessary to establish an empirical relationship between
thickness and percolation force from well-prepared calibration samples.
When knowing the thickness, the homogeneity can be tested. In con-
trast, when not knowing the thickness, the combined effect of coating
thickness and homogeneity is evaluated.

The discussed analysis method has high sensitivity for powder and
coating combinations with a high conductivity contrast and is partic-
ularly useful when dealing with ultra thin coatings or heavy powders,
where gravimetric measurements become inaccurate due to the small
relative mass increase resulting from the coating.
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