Characterization of Advanced Ceramic Materials Thin Films
Deposited on Fe-C Substrate
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Complex ceramic superficial ceramic layers (Al,0, SiO,, YO, ZrO,) were obtained by atmospheric plasma
deposition, industrial wide application method, on a metal support Fe-C (FC 250). The substrate was
sandblasted mechanically prior to depositing 6 successive layers of ceramic material. The obtained layers
were analyzed structurally (scanning electron microscopy, SEM), chemical (spectroscopy of X-ray, EDAX)
and mechanically (scratch tests) to characterize the new compound material obtained (thin layer-substrate).
It was observed from the experimental results that there was a relationship between the state of the
surface of the substrate and the adhesion of the ceramic layers to the metal surface.
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The friction between two dry surfaces moving relative
to each other is known as Coulomb friction and even if it is
a phenomenon that occurs several times a day friction
forces can only be estimated from previous experience
and experimental results. In the case of braking systems
(for any type of vehicle using braking systems) the contact
surfaces are often covered with different materials to result
in a sliding process and are not just two metallic materials
sliding on each other [1-5]. The metallic surface will be
affected by abrasion, adhesion of compounds other than
the base material, or deformation of the material during
sliding through which metallic fragments of material and
other particles will be created [6-8].

During the braking process, the materials of the plate
and of the rotor disk are subject to severe stress and the
behavior of these materials depends on the microstructure
of the material and the nature of the chemical constituents.
Changes in tribological and mechanical behavior depend
largely on the nature and size of metal compounds that
are generally quite complex metal systems [9-12]. The
scientific understanding of the friction phenomenon has
advanced much on the basis of experimental results, but
the complicated nature of brake friction involving very high
energies, very high temperatures, very high speeds and
pressures makes this process an inexact yet based on
knowledge and power the understanding of the specialists
[13-19].

In order to obtain metallic brake discs used for consumer
vehicles, low-cost materials such as FC 250 [20] are used.
Vehicle speeds are steadily increasing and braking
demands have increased greatly over the last decade.
Meanwhile, various solutions are being sought to improve
the braking characteristics of vehicles by replacing
classical materials with higher alloys, different geometries
of the brake discs, or deposition of thin layers with special
properties [21, 22].

The method of plasma spray deposition in air uses gas
jets with extremely high temperatures to melt the material.
This jet is formed by heating the inert gases in the electric
arc to the plasma state of the materials. Plasma
temperature usually exceeds 15.000 K [23, 24]. The plasma
deposition process is considered to be the most widespread
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method of all sputter deposition and has numerous
applications at the industrial level as well. New research
shows that the thin layer obtained has a high density (>
97%) than the theoretical and the oxygen content is below
400 ppm [24]. Plasma deposition can be performed in
different media, such as vacuum, low pressure, inert gas
or atmospheric plasma. To apply plasma spraying at
industrial level, plasma spraying in the atmosphere is one
of the greatest opportunities at this time. Throughout the
world, the thermal deposition technology market is very
diverse, with coverage in areas such as wear, thermal
barriers, atmospheric corrosion protection, corrosion
protection at high temperatures and oxidation control
tolerances, moving parts, conductivity and electrical
insulation, biomedicine, or dimensional restructuring [25-
29].

This paper proposes a solution for improving the surface
properties of a cast iron with industrial applications, FC
250, by depositing complex ceramic layers by thermal
spraying into the air. The obtained layers were analyzed by
electronic microscopy, spectrometric analysis and
adhesion tests.

Experimental part

Thin ceramic layers (60 um) were deposited on a cast
iron substrate (FC 250) using the air spray method using
SPRAYWIZARD 9MCE. The deposition material is a
combination of yttrium oxide stabilized zirconia powders
(80% Zr0./8% Y,0O, - Metco 204B-NS) and 20% alumina
(ALO, - Metco 120538FP), wear resistance at temperature
[3

To increase the adhesion of the deposited complex layer
it is necessary to prepare the surface by sandblasting. For
this stage, the Rosler equipment was subjected to a dry
powder sandblasting operation for the low roughness test
and one with aluminum oxide (AL,0,) Fepa 40 (430 pm)
for the higher rugged sample, both with a 3 bar pressure. A
Bruker EDS detector (PB-ZAF mode) was used to determine
the chemical composition and the surface state was
analyzed using the SEM VegaTescan LMHII (SE detector,
30 kV) scanning electron microscopy [31-33]. Mechanical
determinations were performed on a MTU (Universal
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Micro-Tribumer: a 150 mm programmable maximum track
atarate of 0.001- 10 mm/s, a 1 um decoder with a specific
resolution of 100 nm) [34].

Results and discussions
Modification of the surface of the standard material by
mechanical blasting

Athmospheric thermal spraying requires surface
processing of the material through a blasting operation to
increase the adhesion of the substrate to the substrate.
Surface splicing can be accomplished by various chemical,
physical or mechanical methods, depending on the results.

In order to cover with a ceramic material with high
thermal insulation properties and with high wear resistance
properties, the FC 250 cast iron base material with the
surface shown in figures la and b was subsequently
machined by mechanical sandblasting. The sanding
yielded a fine surface (0.34 mm roughness) in which the
lamellar graphite formations and their homogeneous
distribution were also emphasized.

For the deposition, two samples were prepared by
mechanical sandblasting with two types of different
powder to modify the surface. Two samples, P1 and P2,
were obtained with the following surface roughness values:
P1: Ra - 2.47 um and Rz - 18.37 um respectively P2: Ra -
4.25 pum and Rz - 32.08 pum.

Figure 2 shows the state of the alloy surface FC 250
after sanding by 2D and 3D electronic microscopy. figure
2a and b show the state of the sample surface P1 by 2D
microscopy at different amplification powers in figure 2¢
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Fig. 1. Surface of FC 250 cast iron after sandblasting: a 500X
and b. 1kX
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and d the state of the sample surface P2 by 2D microscopy
at different amplification powers, figure 2e and f the 3D
surface of the samples P1 and P2 respectively; and figure
29 and h variations in the light intensities characteristic of
the two surfaces. A change in the surface is observed by
forming and modifying the indentations left by the blasting
material.

Surface analysis revealed the formation of processing
traces with mean depths of 5-10 um (standard deviation
of + 1 um) for sample P1 and 25-30 um (standard deviation
of £5 um) for sample P2 (it was measured 50 sandblasting
traces in 3D microscopy using the VegaTescan program).

After the samples were prepared by sandblasting, these
were used as a substrate for making plasma jet deposits.
The raw material deposited, a ceramic powder material,
has a particle size of 35 um. From the particle morphology
of the deposition powder, at least two types of some
rectangular particles and the other spheroidal particles,
constituting this ceramic material, are observed and which
are transformed into a compact layer after spraying.

From the qualitative chemical analysis carried out on
the experimental powder we have identified the elements:
0, Zr, Al Y, C and Hf (fig. 3b). These belong to the oxides of
the powder (Zr, Aland Y oxides) and Hf was identified due
to the impregnation of zirconia powders (ZrO,), a particular
feature encountered in Zr-based powders used in industrial
applications. Carbon appears only as a carbonation impurity
element on which the experimental dusts were located.

Structural and chemical analysis of the surface of the
metallic material after deposition of the ceramic layer

After the deposition of the complex ceramic material
based on oxides of Al, Zr/Hf, and Y (generally zirconia and
yttrium) by passing five times with the plasma jet, compact
layers with estimated thicknesses of 50-60 pm, the
thickness of the layer being an approximately linear
function by the number of passes (1 - 12 um). Figure 4
shows the states of the deposited layers.

The discontinuities of the deposited layer of any kind:
pores, cracks, exfoliations, etc., are detrimental to the
subsequent mechanical, chemical and physical properties.
For these reasons, it is not recommended that plasma jet
deposition be performed without prior macroscopic sample
preparation to improve the adhesion of the deposited layer.
On both surfaces there are microscopes. On P1 sample,
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Fig. 2. The state of the surfaces of the two experimental
samples P1 and P2
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Fig. 3. Morphology of the particles making up the
deposition material and the energy spectrum of the
constituent elements of the proposed powder for
castings
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Fig. 4. SEM micrographs of deposited layers: a and b on sample P1
(500X or 2000X); ¢ and d on sample P2 (500X or 2000X)

they are more numerous and have submicron thicknesses
and lengths of 15-20 um.

Figure 4c and d show the morphology of the layer
deposited on the harder sandblasting, using alimin oxide
particles, at two amplification powers. It is observed that
a compact layer on the surface has been formed, without
interruption or exfoliation, and which has local micro-
cracks with micrometer lengths (fig. 4d). The cracks are
on the surface, without penetrating the entire depth of the
layer and are based on temperature differences between
the last layer which is almost cooled and the last layer
deposited at a very high temperature.

In both cases, the layer is generally composed of molten
material areas (the powders previously analyzed) forming
a compact ceramic mass by increasing the temperature
at which they are brought (12,000°C).

Table 1 shows the chemical composition of the thermal
spray coating. There is an increase in the percentage of

aluminum oxides and a decrease in zirconium (zirconia)
as compared to the percentage present in powders.

As far as the Y and Hf percentages are concerned, they
have not undergone major changes, Hf following a
decrease and confirming the loss of zirconium oxides
during the deposition process. Compositions obtained for
the layers deposited on the two samples P1 and P2 are
closely related from the point of view of percentage
confirmation of the stability of the deposition method even
if it is applied at the industrial level.

Analysis of adhesion of superficial layers deposited by
thermal spraying through scratch tests

To analyze the adhesion of superficial layers deposited
on the FC 250 substrate, scratch tests, two tests for each
sample, were performed on the two experimental samples
P1and P2.

From the characteristic variations of the forces applied
to the layer it results that for the P2 sample a higher force
is needed to perforate the deposited ceramic layer 15 N
respectively.

The application force is continuously applied to the
deposited ceramic layer until it is perforated. From the
time-force distribution (fig. 5a and b) a higher resistance
of the layer deposited on the sample 2, especially the first
layer deposited directly on the material, is observed, the
breaking force increasing sharply in the last 4 s of loading
(fig. 5b - interval 56 -60 s).

Figure 6 shows the SEM images of the metallic +
ceramic coating surface after the scratch test performed
for the two samples P1 (less roughness) and P2. Figure 6a
and d show the whole scratch image in figure 6b and the
deformed ceramic layer in the middle of the test and in
figure 6¢c and f the area where the ceramic layer was
pierced and the cast iron substrate was reached. The

Element Pl P2
wt. %o at % Error Yo wt.% at. % Error Y4
0 5235 72.14 1.12 50.10 7032 1.58 CHEMICAL?S;/?P%SITION o
= Bl T

Al 78.40 7328 038 7838 2361 D.:ﬁ CEPOSITS ON SAMPLES P
Zr 16.66 102 061 18.01 143 072 (R.: 2.47um) AND P2 (R,; 4.25m)
Y 1.20 046 012 1.01 048 013
Hf 0.50 0.07 0.05 0.70 0.08 0.05
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Fig. 6. SEM images of the surface of the ceramic after the scratch %~ ™
test: sample P1; d.-f. sample P2 ::" -
scratch test is about 12 mm (fig. 6a and d), advancingata .| e ”
rate of 0.2 mm/s. _ _ o Y e .
Figure 6c and f show the penetration areainthe material .. W -
at 12 N and 15 N forces, this process being approximately - I e
0.5 mm apart. At the edges of the material depositedinthe ...\ 3 b
penetration zone, no macro-cracks or exfoliations of the <o oo ¢ E
material are observed since the deposited layer is compact it )
and brittle which leads to a fragile layer breakage without .%- .
visible elastic manifestations of the ceramic material. The = W ‘ "
trace left by the tip of the test equipment does not show ... ™ **-*«.w‘“-.,\ ’ s
adjacent cracks, pores or exfoliations but only areas of Nk W oy
deformed material, (fig. 6b and e). 4 LAY 'y A s
~ Surface traces left in the deposited layer were - e " o
investigated by profilemetry inthree zones on their 12mm ., “""f‘n,‘wﬂ.ﬂ., =
length, namely at the beginning, middle and at the end of <« g~

the stress when the deposited layer was penetrated.
Twelve profile shapes corresponding to the two samples
P1and P2 and two scratches on each sample were made.
Figure 7 shows the results obtained from the profiles for
each sample with details of the surface condition for each
test trace.
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Fig. 7. Profileometries made on samples P1 and P2 for the two
scratch marks: at the beginning of the trace - a and d; in the middle
of the line - b and e; at the end of the trace - c and f

2585



Profile geometries were made transversely to scratches.
The deposited layer is relatively rough and a depth variation
can be seen only at the end of the adhesion test, (fig. 7c
and f), where the penetrator pierced the ceramic layer and
reached the substrate. It is observed from the profile
geometry that the depth of the layer is about 60 pm.

Figures 8 and 9 show the distributions of elements
deposited on the deposited layer or the substrate after the
scratch tests for sample P1 or P2 sample. Figure 8 shows
the distribution of the O, Al, Zr, Y and Fe elements at the
scratch start, figure 8a-c and figure 8d-f at the end of the
scratch. For the first part of the scratch mark, no chemical
changes or exfoliations can be observed, it is only a slight
contour of the aluminum on the surface (fig. 8c). For the
end of the scratch, figure 8d-f, the substrate is touched,
figure 8e in which the iron element and locally the carbon
element appears, and figure 8f in which the deposited layer
represented in this distribution by the aluminum completely
disappears.

From figure 8b, the local appearance of iron is observed
on the edge of the scratch, due to the partial exfoliation of
the ceramic layer on very small surfaces due to the very
brittle nature of the ceramic layer and the influence of the
external force. It can also be appreciated that the ceramic
layer did not adhere perfectly to the material. Figure 9
shows the distribution of the O, Al, Zr, Y and Fe, C elements
at the end of the P2 scratch, where the ceramic layer was
pierced.
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Fig. 8. Distribution of the elements O, Al, Zr, Y and
Fe: at the beggining of the scratch, a-c; at the end of
the scratch, d-f.

Fig. 9. Distribution of Al, Zr, C and Fe elements at
the end of the scratch, where the layer was
pierced

From the total distribution but also from the individual
elements of the elements we can see the area where the
layer was perfored in this case, sample P2, there is a final
deterioration of the prolonged layer compared to the
sudden layer of the sample 1, which can be put on the
better adhesion between the substrate and the substrate
as a function of the roughness of the substrate.

Conclusions

Ceramic superficial layers (made of complex oxides of
aluminum, zirconium and yttrium oxide) were obtained by
plasma deposition at a powder temperature of 12000°C on
FC 250 cast iron substrates. The layers were obtained by
five successive passes and - performed 60 um thicknesses
on differently processed surface samples and different
roughness (0.34; 2.47 and 4.25 um). As a result of these
tests, compact layers were observed on experimental
samples with micro-cracks at the surface due to the
thermal gradient that occurs during the deposition
procedure. From the chemical analysis of the obtained
ceramic layers, avery good reproducibility of the deposition
method has been observed even if it has already established
industrial applications.

From the adhesion point of view, the highest roughness
test, ie P2, resisted the most until the layer was perfored by
approximately 15 N compared to the roughness of less
than 12 N. The scratch marks did not show cracks, pores
or exfoliations adjacent.
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