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Repair instead of discard is going to be crucial in the vision of a green future, therefore we propose the powder
aerosol deposition (PAD) as a promising technique to reprocess ceramic coatings at room temperature. Alumina
coated copper substrates with an artificial imperfection are manufactured in a first step. In a second step, the
repair of this imperfection is carried out using two different PAD apparatuses: first, a conventional PAD appa-

ratus with a moving substrate holder and a converging slit nozzle and second, a miniaturized pPAD apparatus
with a fixed substrate holder and a circular de-Laval nozzle. The different film profiles are studied using a laser
scanning confocal microscope. Cross-sectional images to investigate the microstructure are taken by a scanning
electron microscope. Finally, samples of both PAD apparatuses are exposed to an oxidizing atmosphere at 400 °C
proving the gas-tightness as a further quality feature of the repair coating.

1. Introduction

Ceramic films are of high interest in a broad variety of technical
applications, ranging from thermal barrier coatings, abrasive and
chemically stable protective films over electrically insulating films to
applications as functional components in electronic devices, solid oxide
fuel cells, lithium-ion batteries or sensors. It is a major drawback for
many ceramic films that typically very high production temperatures
(>1000 °C) either during or after film formation are required to form the
dense and suitable ceramic (micro)morphology. Two exemptions exist
that may overcome this requirement: cold sintering [1] and aerosol
deposition method [2]. While the first technique is mainly utilized to
manufacture bulk samples [3], the latter enables to produce dense
ceramic films without any heat treatment directly at room temperature
[4]. Aerosol Deposition (abbreviated as AD or ADM) [5] is a dry ceramic
powder spray coating method that uses micrometer-sized powders
(mean particle diameter in the range of 0.2-5 pm) [2]. However, process
descriptions like Powder Aerosol Deposition (PAD [6], to avoid confu-
sion with solvent-based spray processes), Vacuum Kinetic Spray (VKS)
[71, Vacuum Cold Spray (VCS) [8], Nano Particle Deposition System
(NPDS) [9], or Granule Spray in Vacuum (GSV) [10] are oftentimes used
for this technique depending on the research group and region. Dry
ceramic powders are accelerated to velocities of several hundred m/s in
a carrier gas flow of 1-20 L min~'. The particles subsequently collide
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with the surface that is to be coated in low vacuum conditions (p ~ 1
mbar). Film formation and film growth occur according to the Room
Temperature Impact Consolidation mechanism (RTIC) by mainly using
the kinetic energy of the impacting particles without dominating ther-
mal heating effects [11]. Due to the high-momentum upon impact with
the substrate, the particle undergoes a brittle fragmentation along grain
boundaries as well as through grains in conjunction with plastic lattice
deformation [12]. The newly formed nanometer-sized fragments exhibit
fresh, unsaturated, and therefore reactive surfaces that may play an
important role for the strong adhesion of the film to the substrate as well
as to the already deposited particles. An additional film densification,
the so-called hammering effect, emerges by subsequently impacting
particles that consolidate the previously formed film. A more detailed
description of the aerosol deposition process, its deposition mechanism,
and the resulting film properties can be found in overview articles of
Akedo’s group [13,14] and of our group [2].

Several previous publications report on protective films formed by
PAD, like oxidation resistant coatings for metallic interconnects made of
(Lag.gSro.2)0.908MnO3 [15,16], MnCo,04 [17], or LaNiOs [18]. Further-
more, corrosion protection films of YSZ [19], as well as wear-resistant
films of Al,O3 [20,21] or ZnS/nanodiamond [22], or even exotic ones
like extraterrestrial regolith [23,24] are reported.

Technological developments in PAD mainly point towards a better
understanding of the deposition mechanism [12,25-28], and a scale-up
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of the spray process [29]. The latter resulted in an enhanced process
control and increased coating areas [29,30]. In a complimentary
approach, we recently demonstrated that PAD is also possible at a
significantly reduced device size and complexity when using single spot
deposition and miniaturized deposition chambers (Micro Powder
Aerosol Deposition, pPAD) [31,32]. This operation mode in particular
enables the use of semi-open vacuum deposition chambers that are
sealed by directly placing the chamber opening on the surface to be
coated. Consequently, the size of the sample/item is not limited by the
inner dimensions of the coating chamber since it is located outside of it —
the sample in fact serves as a wall of the coating chamber. In addition to
initially form ceramic films on previously uncoated surfaces, this also
makes it possible to easily repair damaged ceramic coatings at room
temperature with any ceramic material that can be deposited by PAD.
Maintenance times and costs may drastically be lowered as a reproc-
essing of the damaged coating is achieved directly at room temperature
and even in a fully assembled state (as long as the part is directly
accessible by the miniaturized deposition chamber). This eliminates the
typical effort and expenses of disassembly, parts transport, extensive
cleaning, batch oven runs, quality control, and subsequent reassembly.

In this work, we shed some light on this opportunity to repair
ceramic coatings using pPAD with single spot deposition and semi-open
deposition chambers. The experiments are performed on copper sub-
strates with a partially damaged spot in the previously applied alumina
protection PAD-film. An uncovered part of the substrate with a diameter
of 5 mm, denoted in the following as “artificially damaged spot” or just
“hole”, will be subsequently coated with alumina by pPAD and PAD,
respectively, and the samples are subsequently placed in oxidizing at-
mospheres at elevated temperatures to determine the oxidation resis-
tance of the reprocessed coating. The samples are characterized by SEM
imaging and by three-dimensional surface profile measurements. The
results are compared with conventionally processed PAD films as well as
with samples with an uncovered artificial imperfection. Our main
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objective is to analyze the suitability of pPAD as well as conventional
PAD to repair damaged ceramic films by using exemplarily alumina
(oxidation) protection films.

2. Experimental details

Rectangular blank copper substrates (area of 2 x 1 cm? and thickness
of 0.5 mm) with an attached handlebar were used for the coating ex-
periments. The sample preparation is in generally divided in two steps:
(D) preparation of the initial alumina film excluding the intended arti-
ficially damaged spot and (II) sealing/covering the artificially damaged
spot by powder aerosol deposition, here either by conventional PAD (II-
a) or pWPAD (II-b). For all coating runs (pPAD as well as PAD), the
identical alumina powder from Sasol Chem. with an average particle
size of dso = 0.9 pm was used after it had been sieved (mesh 90 pm) and
dried at 200 °C for at least 48 h.

First, the initial alumina film is applied by conventional aerosol
deposition (PAD) as presented in the scheme in Fig. 1a. In order to create
the artificially damaged area as a “bad spot™ for the later reprocessing, a
circular Kapton® mask with a diameter of about 5 mm was applied to
the center of the substrate before PAD to avoid any film deposition in
this area. Consequently, the formed alumina film shows a hole after
removing the Kapton® mask (sample denoted as type I).

The coating process was conducted in a custom-made PAD device as
described in Ref. [2] using the spray parameters in Table 1. Further
details of the film morphology like detailed film thickness and SEM
images as well as surface roughness values of sample type I are given in
section 3.

The previously formed artificially damaged spot (hole) from type I
was subsequently covered by two different approaches to investigate
their suitability to repair damaged coatings. In the first attempt, con-
ventional PAD including a scanning movement of the sample was uti-
lized as depicted in Fig. 1b (denoted as type II-a). This mode is identical

a) Preparation of samples with initial alumina film including artificially damaged spot (hole)

apply
Kapton® mask

blank copper
substrate

O =5 mm

b) Sealing of the hole by conventional PAD
(scanning)

slit
nozzle

Type II-a: AL,O; on Cu -
» 30X hole covered by PAD

apply alumina
PAD film

Y S i

remove
Kapton® mask

Type I: Cu substrate with
perforated alumina film

¢) Sealing of the hole by uPAD (spot deposition)

Type II-b: ALL,O; on Cu -
hole covered by pPAD

Fig. 1. Scheme of preparation methods: a) formation of the initial alumina film by PAD including a hole formed by masking the deposition area, b) sealing of the hole

by conventional PAD, and c) sealing of the hole by pPAD spot deposition.
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Table 1
Spray parameters used conventional PAD to build the initial alumina film (type

D.
sample type I

conventional PAD

aerosol generation unit custom-built fluidized bed aerosol generator
Nozzle converging slit nozzle, orifice: 25 mm x 0.4 mm
distance nozzle - substrate 2 mm

carrier gas flow 8 Lmin ' O,

pressure aerosol chamber 200 mbar

pressure deposition <1 mbar
chamber

substrate scan velocity 5mms!

duration of coating t.
film area per sample
substrate masking
coating material

120 s (60 scans) per sample

rectangular, 25 mm x 10 mm

circular Kapton® mask (@ = 5 mm)

Al,03 powder (Sasol Chem., dso = 0.9 pm, sieved and
dried)

substrate material blank copper substrate (R, = 0.40 pm, R, = 2.2 pm)

to the method used to form the initial alumina film; however, the used
process parameters were slightly adjusted to the smaller coating area.
Here, a rectangular area of 10 mm by 10 mm was coated over the cir-
cular hole positioned in the center (Fig. 1b). Main differences to the film
deposition of type I were the smaller slit nozzle width of 10 mm and the
therefore adapted carrier gas flow of 6 L min~! as well as the halved
number of scans of 30 (see Table 2). Additionally, since the sample is
only partially coated at this stage, the turning points of the scanning
movement had been masked to achieve a homogeneous film.

In a different approach, the hole was sealed using the previously
introduced single-spot pPAD setup as described in Ref. [31] featuring a
less complex coating device, lowered areal footprint (30 cm x 20 cm,
excluding the vacuum pump) and significantly simplified handling (see
Fig. 2).

For the pPAD, one part of the total gas flow is used to aerosolize the
ceramic particles while the other part is used to dilute and accelerate the
particle-laden aerosol afterwards. The splitting of the gas flows and their
subsequent merge are necessary for two reasons: first, an identical
aerosol gas flow like for conventional PAD (type II-a) as an increased gas
flow through the aerosol chamber empties it too fast and second, a
minimum gas flow is required to have the de-Laval nozzle work prop-
erly. Apart from the moving or stationary substrate mounting respec-
tively, the use of a de-Laval nozzle is the second main difference between

Table 2
Spray parameters used to cover the hole by PAD (type II-a), and by pPAD (type
1I-b).

conventional PAD (type II-
a)

WPAD (type II-b)

aerosol generation unit custom built fluidized bed aerosol generator

Nozzle converging slit nozzle de-Laval-type round
orifice: 10 mm x 0.5 mm nozzle
orifice: @ = 10 mm
throat: @ = 3.5 mm
distance nozzle - 2 mm 55 mm
substrate
carrier gas flow 6 L min"! O, 6 L min~! O, (aerosol
unit)
+2Lmin~! O, (dilution)
pressure aerosol chamber 210 mbar 210 mbar
pressure deposition <1 mbar 1.4 mbar
chamber
substrate scan velocity 5mms ! none - spot deposition
duration of coating t. 60 s (30 scans) 60s
film area rectangular, 10 mm x 10 circular, bell-shaped
mm profile

@ ~10 mm (FWHM)
turning points of scanning none
Al,03 powder (Sasol Chem., dso = 0.9 pm, sieved and
dried)
samples type I (perforated alumina film on copper)

substrate masking
coating material

Substrate
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the conventional PAD and pPAD as illustrated in Fig. 3.

For better comparability of type II-a and type II-b sample, the
duration of coating t. was set to identical values of 60 s for both setups:
the 30 scans for type II-a are therefore the result from a scanning area of
10 mm with a substrate scan velocity of 5 mm s~ * over a period of 60 s.

In order to prove the gas tightness as a key feature of PAD films, all
samples of type I, type II-a, and type II-b were heated altogether up to
400 °C in a muffle furnace and held for a dwell time of 5 h at peak
temperature before cooling. Surrounding ambient air with a relative
humidity of about 60% was allowed to pass the muffle furnace by nat-
ural convection. The uncoated part of the Cu substrate shall oxidize to
CuO and form a visible black surface while the coated part should
remain unaffected by the oxidation and retain its coppery gloss.

The analyses of all films were carried out using a laser scanning
confocal microscope (LSM, Zeiss LSM900, Oberkochen, Germany) for
the three-dimensional surface topography as well as for the film thick-
ness measurements and a scanning electron microscope (SEM, Zeiss Leo
1530, Oberkochen, Germany) was used for the cross-sectional images.

3. Results and discussion

A homogeneous, well-adhering spot coating is the goal of the repair
procedure. Therefore, the interface between the repair coating and the
initial alumina film as well as the interface between the repair coating
and the artificial imperfection (hole, i.e., blank Cu substrate) are studied
in detail. A dense ceramic film with no signs of delamination, especially
at the transition point from initial coating to the artificial imperfection,
is considered crucial. The surface morphology characterization starts
with the blank Cu substrate followed by samples with initial coating
(type I) as well as reprocessed surfaces (type II-a and type II-b, respec-
tively), all in the non-oxidized state. Subsequently, film microstructure
after oxidation is discussed based on cross-sectional SEM images.

3.1. Surface and profiles of films

Fig. 4 shows the different steps of the sample preparation. The blank
copper substrate in Fig. 4a exhibits a textured surface (vertical stripes)
depicting its roll direction during previous reshaping. In the first step,
the initial PAD alumina film with a thickness of 3 pm (see Fig. 5b for the
film thickness) was formed excluding the masked center of the sample
(Fig. 4b).

Here, the coated area appears opaque with a grayish color due to the
lowered reflectivity compared to the blank copper surface which is still
visible in the uncoated center of the sample. Between coated and un-
coated region, a distinctive and well-defined edge in the shape of the
perimeter of the previously attached Kapton® mask exists. The repaired
samples before oxidization are shown in Fig. 4c and d. The previously
exposed blank copper within the perimeter of the hole shows a uniform
coating with lowered reflectivity after the second PAD and pPAD pro-
cessing, respectively, similar to the observations for the initial alumina
coating.

Fig. 5 shows the surface profiles, taken by a laser scanning confocal
microscope before and after the initial coating with alumina.

Fig. 5a shows the three-dimensional representation of the blank Cu
substrate surface with the described texturing in form of a distinctive
roughness. Along the white arrow, the substrate’s surface profile is
extracted in the middle of the substrate exhibiting a roughness of R, =
0.40 pm and R, = 2.2 pm.

The sample after an initial coating with alumina (type I) is shown in
Fig. 5b. The distinct circular hole in the middle of the Cu substrate
originates from the Kapton® masking. The height difference from this
artificial imperfection to the initial alumina film is about 3 pym. In
contrast to the blank Cu substrate, a slightly higher surface roughness of
the alumina film of R; = 0.67 pm and R, = 4.51 pm can be noticed by
comparing both film profiles.

Fig. 6 shows the surface profiles of the covered holes with the
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mixing of
aerosol and
dilution gas
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output to
deposition

Fig. 2. Image of the used modular pPAD apparatus with single-spot deposition: a) front view of the complete setup and b) back view depicting the aerosol chamber
and the aerosol-/gas flows (green arrows indicate gas flows while yellow arrows indicate aerosol transport) from Ref. [31] with permission of the authors. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

a) PAD setup

movable in x-y-stage

Substrate holder (movable)

Cu substrate/ & !
] lumina film

slit nozzle

inside of PAD

aerosol feed chamber

b) pPAD setup

Substrate holder (fixed)

Cu substrate/

de-Laval nozzle

uPAD

aerosol feed chamber

Fig. 3. Schematic representation of both spray setups used in this study: a) conventional PAD and b) pPAD. Shown are only the sections with nozzle, formed aerosol

jet, substrate, and substrate mounting.

conventional PAD and the pPAD respectively.

The covered hole using the conventional PAD (type II-a) and pPAD
(type II-b) are shown in Fig. 6a and b, respectively. Both samples exhibit
a completely repaired imperfection. Fig. 6a shows a sharp edge at the
repaired imperfection with a film height of 3 pm measured to the initial
alumina layer. Nevertheless, the circular spot in the middle of the
sample can clearly be localized as the film on the imperfection is lower
than its surroundings. This behavior is typical for aerosol deposition
since the applied film approximately follows the underlying surface. For
example, the roughness of the copper substrate is still visible even after
applying two PAD films on top of each other, each with a thickness of
about 3 pm (region outside of the previous imperfection).

Compared to the conventional PAD, the pPAD sample shows no sharp
rim (see Fig. 6b) at the edges of the repair coating as a masking at the
turning points was not necessary. The shape of the film is significantly
different from the conventional PAD: instead of a sharp edge and a clear
visibility of the imperfection, a moderate slope at the edges with a
plateau in the middle is formed. It appears that the pPAD fills up the
imperfection and the formed coating looks like a heap over it. In contrast
to type II-a, the type II-b coating seems to resemble to the underlying
structure to a smaller extent, since the imperfection in the center of the
initial alumina layer cannot be distinguished anymore. Nevertheless, the
substrate texturing still appears at the surface of pPAD film.

Subtracting the film profile of type I from the profile of type II-a and
type II-b leads to the profiles shown in Fig. 6¢ and d, respectively, that
demonstrate the contribution of solely the reprocessing stage to the total
film thickness. The repaired film produced by the conventional PAD
shows a homogeneous profile of about 3-4 pm in film thickness in the
middle and a slight camber at the edges (y = 0 mm and y = 9 mm). Type
II-b coating produced by pPAD in contrast leads to a bell-shaped film
profile with a maximum film thickness of 8-9 pm. The film thickness
shows a slope at the starting point where the maximum is reached after
6 mm, followed by a plateau of 4 mm with maximum film thickness. A
second slope decreasing the film thickness over a length of 6 mm follows
hereinafter. While the contribution of the conventional PAD film in
Fig. 6¢ exhibits a nearly flawless shape with constant film thickness
build-up, the pPAD film contains some regions with a sudden drop in the
film thickness that significantly deviate from the bell-shape. These re-
gions are located around the perimeter of the imperfection (x = 6 mm
and x = 12 mm, respectively), indicating that some challenges may arise
for the film formation in case of the used pPAD spot deposition. Yet, at
no point, the observed film profile reaches values below 3 pm, meaning
that even for the most pronounced film thickness drops at least a pro-
tective film of 3 pm in thickness is present. Since the thickness does not
fall below the initial film, this circumstance should not limit the proper
function and lifetime of the reprocessed coating. Nevertheless, the repair
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a) blank copper

substrate

Type I

Cu substrate with
perforated Al,O; film
(hole, @ =5 mm)

Type I1-a
PAD-AlL,0; on Cu -
hole covered by PAD

Type II-b
PAD-Al,0; on Cu -
hole covered by uPAD

Fig. 4. Image of the samples at different manufacturing steps: a) blank copper,
b) coated with the initial PAD alumina film excluding a hole in the center (type
D), c) hole covered by conventional PAD (type II-a), and d) hole covered by
HPAD (type II-b).

coating formed by conventional PAD seems less affected from the
transition “initial coating — hole” than the one formed by pPAD.

The general differences in the shape of the profiles originate from the
different nozzles (slit nozzle for the conventional PAD and de-Laval
nozzle for the pPAD). While the converging slit nozzle leads to an
even coating as particles are distributed uniformly over the nozzle outlet
within the y-direction and by the continuous scanning movement within
the x-direction, a de-Laval nozzle consists of a converging and diverging
part. The critical diameter (smallest diameter in the nozzle) of the used
de-Laval nozzle is 3.5 mm, which correlates very well to the plateau-like
area of the profile measuring 4 mm in diameter. As all particles have to
pass the critical diameter, a bell-shaped particle distribution over the

a) blank Cu substrate

T 12f

10+

- S+

D er

2 4r

o 2 A A
= 0 L .

c 0 2 4 6 8 10 12 14 16 18
—

a x (mm)

b) Cu substrate with Al,O; film (Type I) &

profile height (um)
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cross-section of the nozzle is given. The total diameter of the pPAD spot
coating is about 16 mm, which deviates from the nozzle’s orifice of 10
mm. We assume a beam expansion that leads to the larger coated area.

3.2. Oxidation test

Fig. 7 shows the results of the thermal treatment at 400 °C of all
samples described in section 2 (type L, type II-a, and type II-b).

All samples show an oxidation from Cu to CuO at the uncoated
handlebar on the right side (also acting as thermal treatment indicator).
Type I shows additional oxidation of the artificial imperfection within
the uncoated (previously masked) region. The surrounding initial
alumina film is gas-tight and the substrate keeps its metallic appearance.
Type II-a shows a whitish, opaque film surrounding the imperfection
while for the imperfection itself, the metallic shine remains. The reduced
translucence is a result of the higher film thickness surrounding the
imperfection (see Fig. 6a) [33]. The circular coating of type II-b can be
identified by the brownish curved edges left and right to the imperfec-
tion. The coating of the imperfection of type II-b is opaquer compared to
type Il-a, a result from the higher film thickness. The white sparkles of
the type II-b coating originate from a higher surface roughness. Both
coating methods, as used for type II-a and type II-b, enable the formation
of a gas-tight film and therefore achieving the set requirement for the
oxidation protecting coating. Apart from the reduction in the trans-
lucence, which is a result of the increased film thickness, no indication of
the oxidation of the artificial imperfection can be found.

3.3. Film morphology

Fig. 8 shows the cross-sectional SEM images in different preparation
steps for the type I sample: from the blank Cu substrate to the initially
coated and perforated alumina film.

Fig. 8a—c shows the cross-sectional SEM images of the blank Cu
substrate in different magnifications. The embedding resin appears dark
gray at the top of Fig. 8a while the Cu substrate is visible in lighter gray
at the bottom. The horizontal lines at higher magnification within the Cu
substrate originate from the polishing steps of the SEM sample prepa-
ration. Fig. 8d-f shows the initial alumina film (type I) in different
magnifications at in the middle of the film denoted as SEM spot 1 (see
Fig. 8i). A dense and well-adhering Al,O3 film is formed. Gaps, pores,
and detachments are not found between the film and the substrate nor
within the film itself. The edge of the artificial imperfection is resolved
in Fig. 8g and h in different magnifications (SEM spot 2). The alumina

(um)
12.5

10.0

SOSNNBERON

0 2 4 6 8 10
x (mm)

12

14 16 18

Fig. 5. Surface profiles taken by laser scanning confocal microscopy of a) the blank copper substrate and b) after applying the initial alumina film using masked PAD

(Type D). Line profiles were extracted in direction of the arrow.
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a) hole covered by Al;0; PAD (Type II-a) b) hole covered by Al,O; PAD (Type II-b) ( - )
pum
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s 2 4 6 8 10 12 14 16 18 S 0 2 4 6 8 10 12 14 16 18
a x (mm) o x (mm)
¢) Only contribution of the PAD film d) Only contribution of the pPAD film =
(Type I subtracted from Type II-a) (Type I subtracted from Type II-b) (um)
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Fig. 6. Surface profiles taken by laser scanning confocal microscopy of a) the coated artificial imperfection (hole) using the conventional PAD (type II-a) and b) using
the pPAD (type II-b). The sole contribution of the reprocessing step to the film thickness (type I's surface subtracted from the surface of the sample type II-a as well as
type II-b) are shown in c) and d), respectively. Line profiles were extracted in direction of the arrow.

film decreases its thickness over a short length of 60 pm (Fig. 8g) and
comes to a well-defined stop (Fig. 8h). At the end of the hole, the initial
alumina film shows the same good adherence as on the previous SEM
spot 1.

Fig. 9 shows the type I sample after oxidation at 400 °C at two
different spots: the initial alumina film and the oxidized Cu in the center
of the hole.

Fig. 9a-c shows the initial alumina coating (type I) after the

oxidation at 400 °C in different magnifications at the SEM spot 1 (see
Fig. 9f). Even after the thermal treatment, the film shows no pores, no
detachments and still exhibits a good adhesion to the Cu substrate. In
contrast to the well-adhering alumina film, the oxidized Cu (CuO) at the
center of the hole (SEM spot 2) shows a large horizontal crack and a
delamination from the blank Cu substrate occurs (Fig. 9d-e). Further-
more, pores in the CuO can clearly be noticed as darker spots within the
detached layer. Presumably, void formation at the interface of the
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Samples after oxidation at 400 °C

Typel

Cu substrate with
perforated Al,O; film
(hole, @ =5 mm)

Type II-a
PAD-AL,0; on Cu -
hole covered by PAD

Type II-b
# PAD-ALO; on Cu -
5 mm | hole covered by nPAD

Fig. 7. Images of samples after oxidation at 400 °C in ambient laboratory at-
mosphere: hole not covered (type I) or covered by conventional PAD (type II-a)
and PPAD (type II-b), respectively.

growing copper oxide film to the copper substrate led to a film peel-off in
accordance to Ref. [34]. The low adhesion of the formed oxide film
could also be observed at the handle bars where the dark copper oxide is

Substrate: blank copper

embedding resin f§ b)

Cu Substrate

embedding resin

Al,O; PAD film

Cu Substrate

2)
ALO; PAD film

*MIZUE Cu Substrate

Cu Substrate
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prone to flaking even at low mechanical stresses when touched with a
nitrile glove.

Fig. 10 shows the SEM images at two different spots (see Fig. 10f) of
the type II-a sample (conventional PAD).

Fig. 10a—c shows the starting edge of the PAD repair coating on the
initial PAD film (SEM spot 1) after oxidation at 400 °C in different
magnification. Due to the seamless bonding of the repair coating to the
underlying initial alumina film, not resolvable by SEM, a dashed line as a
guide-for-the-eye is added. The repair coating is of such high quality that
only the increase in the film thickness indicates the starting point of the
second deposition.

Similar to the starting point of the repair coating, a decrease in the
film thickness at the edge of the artificially damaged spot (see Fig. 10d-
e) marks the coating of the artificial imperfection (SEM spot 2). Again, a
dashed line is added as a guide-for-the-eye to indicate both coatings. The
initial hole as well as the edge towards the initial PAD film are fully
covered by the second film, without any gaps nor pores or delamination.
Instead, a seamless transition of the repair film over the edge of the hole
is observed. The latter is crucial to achieve the necessary oxidation
protection. In contrast to the oxidized sample I, it is remarkable that no
signs of oxidation flaws like void formation or flaking are visible
although this sample was heat treated at 400 °C, too. This underlines the
capability of PAD films to form gas-tight ceramic films not only on flat
surfaces but also in regions with transitions from uncoated substrates to
preexisting films.

Fig. 11 shows the repair coating manufactured by the pPAD (type II-
b).

Unlike the type II-a sample, only a single SEM spot is analyzed (see

“SEM spot 1”: (d-f)
initially coated area

“SEM spot 2”: (g-h)
edge to uncoated substrate

Fig. 8. Cross-sectional images taken by SEM of a) - c) the used blank Cu substrate without coating, and after applying the initial alumina film by PAD: d) - f) at “SEM
spot 1” in the middle of the film and g) — h) at “SEM spot 2" at the edge to the uncoated substrate. The cross-sectional images are taken at different magnifications:
images vertically arranged one above the other use identical magnifications. A top view of the sample, marked with the different SEM spots, is shown in i).
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Type I : Cu substrate with perforated Al,O; film (hole, @ = 5 mm) — after oxidation at 400 °C

a) embedding resin
initial AIZOifAD film

Cu Substrate

d) embedding resin

oxidized Cu

Cu Substrate

e ——_——

f)  “SEM spot 1”: (a-c)
mitially coated area

“SEM spot 2”: (d-e)
center of the hole (oxidized Cu)

Fig. 9. Cross-sectional images of the oxidized sample taken by SEM of a) — c) the initial alumina coating at “SEM spot 1” and d) - e) the artificial imperfection at
“SEM spot 2”. The cross-sectional images are taken at different magnifications: images vertically arranged one above the other use identical magnifications. A top
view of the sample, marked with the different SEM spots, is shown in f).

Type IIa: PAD-AL,O; on Cu - hole covered by PAD — after oxidation at 400 °C

a) embedding resin

Al,O; PAD film (covering)

Al,0, PAD film (covering)

initial Al,0; PAD film
Cu Substrate

embedding resin
Al,O; PAD film (covering)

~ -

initial Al,O;
PAD film

S
initial AL, O,
PAD film

Cu Substrate

C?’ ‘ '1&1203 PADgilm (cove;in'gf

f)  “SEM spot 1”: (a-c)
begin of covering PAD film

“SEM spot 2” (d-e)
edge of initial hole

Fig. 10. Cross-sectional images of the oxidized type II-a sample taken by SEM of a) — ¢) “SEM spot 1” at the begin of the PAD repair coating on the initial PAD coating
and d) - e) “SEM spot 2” at the edge to the initial hole. The cross-sectional images are taken in different magnifications: images vertically arranged one above the
other use identical magnifications. The dashed line is a guide-for-the-eye to distinguish between initial PAD film and covering PAD film. A top view of the sample,

marked with the different SEM spots, is shown in f).

Fig. 11a) because the bell-shaped repair coating over the artificially
damaged spot allows no localization of the edge of the imperfection
anymore (see Fig. 6b). The chosen SEM spot is in the middle of the
imperfection, so Figs. 11b and ¢ show the repair coating in different
magnifications. The type II-b sample shows, similar as the type II-a
sample, a dense alumina film with excellent adhesion to the substrate,
yet with an increased film thickness of about 8-9 pm as described within
Fig. 6d. Sparse pores in nanometer range are visible on the right side of
Fig. 11c. Nevertheless, the film can be considered gas-tight, as otherwise
oxidation would have taken place (see Fig. 7).

The results clearly show the capability of PAD and pPAD to manu-
facture gas-tight ceramic protection films on substrates and preexisting
coatings. Even for transitions from uncoated to previously coated areas

as present in damaged surfaces, an additional passivation film is suc-
cessfully applied. While pPAD seems to be limited in terms of deposition
areas in the first place, and therefore in its repairing capabilities, the
PAD feature of film growth on nearly any previous surface is the key for
larger area processing. A mobile pPAD chamber can be placed anywhere
on the flawed part as long as the chamber is closed hereby. Multiple
spot-depositions with slightly overlapping coating areas enable the
reprocessing of larger damaged regions, especially since coating dura-
tions per spot are quite short.

4. Conclusion

Repair instead of discard - following this motto, we propose the
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Type IIb: PAD-AL,O; on Cu - hole covered by pPAD — after oxidation at 400 °C

a) SEM spot: (b-c)
center of covering tPAD film

Cu Substrate

UPAD film (covering)

©)  ALO; uPAD film (covering)

Cu Subsh‘afe 2

Fig. 11. A top view of the oxidized type II-b sample, marked with the SEM spot, is shown in a). Cross-sectional images, taken by SEM in different magnifications are

shown in b) and c).

powder aerosol deposition as an application-oriented method to repair
damaged coatings with ceramic films at room temperature. Initially,
identical samples were prepared by coating blank Cu substrates with an
artificial imperfection (a Kapton® masked artificially damaged spot)
with alumina. Hereinafter, two different setups were used to repair the
imperfection: a conventional PAD apparatus with a moving substrate
holder and a slit nozzle as well as a pPAD apparatus with an immobile
substrate holder and a de-Laval nozzle. Both setups for the repairing of
damaged coatings comply with the requested film properties: a dense
and well-adhering film, no matter whether the interface of the repair
coating is the initial alumina film or the blank Cu from the imperfection.
The quality of the repair coating is so high that no distinction can be
made between it and the initial alumina film. Furthermore, crucial re-
gions like the different height levels at the transition from the initial
alumina layer to the hole were coated without suffering in terms of film
quality.

While no differences between the PAD apparatuses can be found in
terms of film quality, the shapes of the coatings are different. The con-
ventional PAD adds a constant film thickness on top of the initial
alumina film and the hole, therefore the surface of the repair coating
resembles to the underlying structure. In contrast, the pPAD film
thickness is bell-shaped. The artificially damaged spot disappears un-
derneath it leaving an elevated, tableau-like repair coating.

Both repair coatings and an unrepaired sample underwent a heat
treatment at 400 °C in oxidizing atmospheres in a muffle furnace. While
the unrepaired artificially damaged spot oxidizes to CuO (black surface),
both repaired samples show no signs of oxidization proving a gas-tight
coating.

Summarizing the conducted experiments, the conventional PAD and
the pPAD enable high quality films being suitable to repair damaged
ceramic coatings at room temperature. The different apparatus types do
not only enable to repair potentially large coating damages within the
conventional PAD apparatus, but also demonstrate the mobile usage of
the pPAD.

For future approaches, the direct implementation of a preceding
cleaning treatment to remove oftentimes existing surface or film resi-
dues with low adhesion is of high interest, e.g. already formed copper
oxides. This possibly can be achieved by using the pPAD device with a
second aerosol container filled with coarse silica powders as utilized in
sand blasting applications. Process parameters may be altered to support
abrasion followed by an operation with solely carrier gas to remove the
blasting material from the part’s surface.
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