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Abstract

The paper was focused on research of selectedtasgfeceramic coatings prepared by thermal
spraying with water plasma arc stabilization. Befepraying, the steel substrate low carbon
steel of grade S235JRG2 was pre-treated by blastitly using the brown corundum as a
blasting media. A ceramic matrix of coating - zincsilicate was used in two types: ZrgiO
applied by flame thermal spraying on nickel intgglaand composite of ZrSiQwith different
addition of nickel (6, 12 and 16 wt. %). The baskaracteristics of ceramic coatings were
determined by thickness and microhardness measnteniehe fracture surfaces were
documented by SEM. Adhesive and abrasive propestizs evaluated by pull-off adhesion test
and abrasive wear test. The results showed thatoimposite coatings on ZrSj®@asis with the
addition of Ni meet the increased requirements dbrasion resistance while maintaining
sufficient adhesion. The addition of Ni to a cerammatrix of coating improved the final
structure of coatings and it had a positive effattthe resulting adhesion. On the other hand,
with the increasing of Ni addition the microhardsn&alues of coatings decreased.

Keywords: composite ceramic coatings, plasma spraying, adhgsiear

1 Introduction

The most important properties for using thermaflyaged coatings in engineering practise are:
wear resistance, excellent tribological propertiesjstance to oxidation, corrosion, attacks by
environment and their resistance to extreme tenp®® The great advantage of these coatings
is that they can be applied to all conventionaidies or nonferrous metals [1, 3 - 5].

The coating formation can be classified as theihgand melting of additional material. Molten
or semi molten particles are accelerated, propeltetl sprayed on prepared basic surface. The
particle impact on the substrate surface causes ghetial or complete deformation (flatting),
quickly cooling, solidification and finally transfmation into lamellar heterogeneous structure
[2,4,6,7,8].

A Plasma spraying is an innovative form of thers@laying processes, which is characterized
by high concentration of heat and working tempegatéor spraying of powdered materials
there are available many types of different equipiserhey consist of complex parts, where the
powerful spray unit is a plasma torch. Accordingatdype of stabilization media there are
plasma torches with gas and water stabilizationis Icharacterized by higher temperature
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plasma, high performance of coating application @tied This technology is particularly suitable
for spraying of high fusible ceramic and compositatings based on ceramic basis [1, 3, 5, 9,
10].

Commercially produced water stabilized plasma teschonsist of arc chamber, rotary-cooled
copper anode and graphite cathode. The mechanisarcoplasma formation is based on
evaporation of inner cylindrical wall of water vext which surrounds the arc column.
Evaporation is induced by absorption of part theleddeat arc. The steam does not flow; its
heating creates the pressure in the inside of laaenber and the plasma is accelerated to the
nozzle hole. The properties of arc are controllednd) processes that influence evaporation
from the wall and by radial transport of energynfrthe centre of arc to walls (inner surface of
the water vortex). The resulting properties of gemerated plasma beam are strongly dependent
on a stream [1, 6, 9].

Typical material for plasma spraying is oxide cei@mwhich consists of one or mainly one
refractory oxide. Some of basic substances aradyran nature in the form of oxides; others are
prepared chemically or by thermal decompositionaFproperties of coatings are substantially
different such as properties of raw materialss idue to many factors that enter into the process
from the flight of sprayed particles by plasma beamd in the process of coating formation. To
enhance the properties of thermally sprayed costingre are used besides the basic component
the “dopants” (plastic, metallic, ceramic) [1, &, A zircon silicate (ZrSiQ) exhibits properties
such as high thermal shock resistance, good comrasisistance, low wettability, etc. Its major
application is the production of rocket enginescraift turbines, as a structural material in
nuclear reactors and other similar applicationscdti is one of the technologically important
oxide ceramic materials used for its refractorinésslow thermal expansion and low thermal
conductivity [12 - 20].

The main aim of our paper is to study the structured selected aspects of ceramic coatings on
ZrSiO, basis which was applied on nickel interlayer asdcamposite coating with different
addition of nickel (6, 12, 16 wt. %).

2 Materials and Experimental Procedure
The substrate material was low carbon steel gra2ie53RG2. Chemical composition and
required mechanical properties of substrate mat@rgashown irrable.1 andTable.2

Table 1 Chemical composition of substrate material grade53RG2

Chemical composition [wt.%]

Cmax Mnmax Nmin Pmax Smax Fe

0.17 1.400 0.009 0.045 0.045 balanced

Table 2 Required mechanical properties of substrate magmaale S235JRG2
Mechanical properties [MPa]

UTS Y Siin

363 - 441 > 235

Before thermal spraying, the substrate material prastreated by blasting on the pneumatic
blasting equipment TJVP 320. As a blasting medéahitown corundum with grain size 1.2 mm
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was used. Blasting media was applied with a pnegrsptay nozzle@ 9 mm) at air of pressure
of 0.4 MPa. Immediately after blasting, the selddteermal spraying technology was used. The
Ni interlayer was applied by traditional flame spre and then the layer of zircon silicate
ZrSiO, with plasma torch WSP PAL - 160 with water plasane stabilization was deposited.
The composite coatings ZrSj® 6 wt. %, 12 wt. %, 16 wt. % of Ni were creatgdtbe already
mentioned, plasma torch, which was characterizeitisilyigh performance (up to 160 kVA) and
high enthalpy plasma [2]. Distance deposit of sasftom the hole of the torched nozzle was
300 mm.

The thickness of ceramic coatings was measured thittkness gauge type QuaNix Keyless,
Germany. The microhardness measurement HV0.1 vedigzeé according to standard STN EN
ISO 6507 - 1. The indentation was carried out fatentation load of 980.7 mN (10 g) and
indentation time of 15s. The selected structuresesmic coatings were documented on the
scanning electron microscope JEOL JSM 7000-F.

Specific characteristics of ceramic coatings westednined by adhesion pull - off test (STN EN
582) and abrasive wear test during sample wadiragniabrasive mixture. The adhesion strength
was expressed as a tensile stress (MPa) whichgsiregl to coating destroying. For the
realization of this test, the blasted cylindeps26 x 95 mm) with applied coatings were prepared
and glued with the ChS EPOXY 1200 to the testechtmypart. The test was realized on the
equipment ZDM 10/91 at 10 % of deformation ratee Hivrasive wear test was realized on the
equipment type Di-1. New experimental samplés20 x 10 mm) were clamped in a plate
rotating head which was moving on a circular ofbitan abrasive with the same peripheral
speed. As an abrasive the brown corundum with giaim 1.2 mm was used. The sample speed
in abrasive was 1.74 nign =123 rpn), an impact angle 45° and 75°, a depth of sample
immersion in abrasive was 60 mm. The results of thethod were determined as coating
weight losses per unit wading distance during Hrage wading in an abrasive.

3 Results and Discussion

The results of thickness and microhardness measmesnmmarizdable 3 andTable 4 The
thicknesses of ceramic coatings vary from 138 at ZrSiQ, with Ni interlayerto 178 at
ZrSi0, + 6 wt. % of Ni. Measured values of thicknesses ar tolerance of thickness
requirements for this type of coatings.

The average values of microhardness for selectatings vary in the range from 459.3 HVO0.1
to 572.6 HVO0.1. The microhardness decreases witin@easing addition of Ni dopant in the
base matrix. The microhardness of interlayer dagsomer the average value of 145.3 HVO.1.
The highest microhardness 773.3 HVO0.1 is measutedr@iO, applied on Ni interlayer;
microhardness value represents only a coating stimgiof particles of ZrSiQ

The structure of ceramic coatings documents SEMysisawith EDX spectrums of selected
fracture areas. Plasma sprayed coatings are cheract by their specific sandwich structure. In
Fig. 1 and Fig. 2we can see the complex and detail view of sele@i@eture surfaces of
composite coatings ZrSiOwith Ni addition. All composite coatings have hegeneous
lamellar structure with the flattened particlesr(rea in literature as splats) of various shapes
and sizes. This is a typical for thermal sprayiBg4, 11, 18]. The nickel particles are placed in
the figures as bright areas which are alternatéld @gramic component.

The chemical composition of studied ceramic coatidgcuments the selected fracture areas.
Data from EDX analysis are summarizediab. (s) 6, 7, 8, 9.Their EDX spectrums shofig.

(s) 3-6.
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Table 3 The results of thickness measurer

Type of Coating ZrSiQ with | ZrSiG, + ZrSiOy + ZrSiO, +
interlayer 6wt% of Ni | 12 wt. % of Ni | 16 wt. of Ni
Thickness [Im] 138.4 17¢ 166.3 126.2

Table 4 Vickers microhardness HV 0df experimental ceramic coatir

Type of coating HV0.1
ZrSiQ, with Ni interlayer 789.3
ZrSiO, + 6 wt.% of Ni 572.6
ZrSi0, + 12wt.% of Ni 499.6
ZrSiO, + 16 wt.% of Ni 459.3

Fig. 1 Complex view on structure of

COMPO 150KV X500 10zm WD 11.3mm

Fig. 2 Detail view on structure of

composite coating ZrSiQwith Ni composite coating ZrSiwith Ni

addition, SEM

addition, SEM

The results of adhesion pull - off test shdable 5. To destroying the coating from the substrate
material occurred in 3 of 4 studiembramic coatings in the force range 16-16.5 MPa. The
greatest adhesion 23.5 MPa wasiaced atZrSiO, with 12 wt. % of Ni. The appearance of
coating fractures was studied in resence of adhesive residu

Table 5 The results of adhesion pulbff tes

Type of ceramic coating

Adhesionstrength [MPa] | Fracture evaluation

ZrSiO, with Ni interlayer

16

ZrSi0O, with 6 wt. % of Ni

16.5 Cohesion fractures in

ZrSiO, with 12 wt. % of Ni

23.5 adhesive

ZrSiO, with 16 wt. % of Ni

16.5

Table 6 The chemical composition z
ceramic coating with Ninterlaye B

Spectrum 1

Element | Wt. % At. %

OK 28.05 62.02

SiK 11.56 14.56

ZrL 60.39 23.42

Totals 100.00
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Fig. 3 EDX spectrum of ceramic coating
ZrSiO4with Ni interlayer
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Table 7 The chemical compositon off , speem
composite coating with 6 wt. % of ZZZ
Ni
Element | Wt. % At. %
OK 43.10 74.18 _
SiK 11.96 11.73 N
Ni K 3.18 1.49 3 z W
Zr L 4175 1260 Full S \i‘TFC‘tZIC UéEIUEI :‘ EI é ! é kg
Totals 100.00 Fig. 4 EDX spectrum of composite coating
ZrSiO, with 6 wt.% of Ni
Table 8 The chemical composition of Spectumss
composite coating with 12 wt. % of| .
Ni I
Element | Wt. % At. % o
0K 19.35 41.63 s e
ALK 13.84 17.65 S ﬂ—h
Si K 2.83 3.47 Zr Fe Ny
Fe K 51.04 31.45 1 2 : : FAR 7 5 5
R Full Scale 577 cts Curzer: 0.000 ke
;‘; IL( ggi igg Fig. 5 EI_DX spectrum of (_:omposite coating
Totals 100.00 with 12 wt. % of Ni
Table 9 The chemical composition of| Specium?
ceramic coating with 16 wt. % of|
Ni
Element | Wt. % At. %
ALK 0.75 1.52 o N
Si K 4.31 8.41 Tos
CrK 9.71 10.24 A m
Fe K 4.40 4.32 1z 3 4 s 85 7 8 8
R Full Scale 845 cts Cursor: 0.000 ke
$cl)t|;|s 81063400 7551 Fig. 6 EDX spectrum of ceramic coating

ZrSiO, with 16 wt.% of Ni

The evaluation criterion for abrasive wear test welative resistance to abrasive we@j. (A
reference sample was the Zrgi@ith Ni interlayer with relative resistance to abive wear of

1. The results of relative resistance to abrasigarat impact angle 45° and 75° are summarized

in Table 10
Table 10The results of relative resistance to abrasive weanpact angle 45° and 75°
Impact angle
Type of ceramic coating | 45° | 75°

Relative resistance to abrasive weay

ZrSiQ, with Ni interlayer 1 1

ZrSiO, with 6 wt.% of Ni 0.62 5.29
ZrSiO, with 12 wt.% of Ni | 1.12 3.47
ZrSiO, with 16 wt.% of Ni | 3.10 6.04
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The increasing of Ni dopant content in the ceramatrix was demonstrated in all coatings at
the impact angle 45° except of coating ZrSuiiith 6 wt. % of Ni, whose value of relative
resistance dropped to 0.62. At the impact angle if%fas also registered an increase of the
abrasive wear resistance with an increasing thamtagontent.

Final weight losses of studied coatings per univaéling distance at various impact angles (45°,
75°) are plotted irFig. 7 and 8. The results show, that the process of abrasivar vgeclosely
related with a roughness and porosity of thermagiplied coatings. After the initial increasing
of the abrasive wear, the values began stagnatk aiitstabilizing the linear functional
dependence. Differences of dependence were prolzaiged by non homogeneous coating
structure or potential structure defects (unmepedticles, oxide inclusions and etc.) At the
impact angle 45°, the abrasive wear was the higeZrSiQ with 6 wt. % of Ni. The other
coatings reached significantly lower values, b@ frocess of wear was very similar. In the
initial stages of testing, the coatings with 12 %t.of Ni reached the lowest value, in the later
stages of test the lowest value recorded coatitig ¥ wt. % of Ni. This fact can be attributed
to presence of coating porosity and coating hainas the impact angle of 75°, the highest
value of wear was reached at ceramic coating witteadition of metal components. The
achieved weight losses were significantly highantthe coatings with Ni component. The wear
values of doped coatings in a freely abrasive hsithdar process; the higher removal of coating
was at coating with 12 wt. % of Ni. In comparisdrttte wear values of both impact angles, it is
necessary to say that higher weight losses werairaat at the impact angle 75°. The higher
removals of coatings were achieved at the impagleart°. The addition of metal component in
a ceramic matrix was very positive, because theghtelosses were smaller. The initial
increasing of abrasive wear was than alternatech ulie gradual stabilization with an
approximately linear functional dependence. Diffexes from this dependence can be probably
caused by surface topography of coating or by sbaierogeneity of coatings. Other factor
which can influence the resistance of coatingsni®pen porosity, which can be a potentially
place for fixation of abrasive particles under tloating splats. This abrasive particle can ripped
out these splats from the coating structure. Theaddiition to matrix can increase the density
and cohesive strength of coating, so we can saytlieaNi increase the coating resistance in
abrasive wear conditions.

—&— 7rSiO4 + 6 wt. % Ni

—eo— 7rSiO4 + 12 wt. % Ni
10

o

"

oWeight losges [mg]

0 1020 3Ra i mi%ark® iy 80 90

Fig. 7 The weight losses of coatings per wading distaneefreely abrasive at impact
angle 45°
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—— 7rSi04+Niinterlayer —A—7rSi04+ 6 wt. %

—8— 75104 + 12 wt. % Ni --B=--71Si04+ 16 wt. %
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Fig. 8 The weight losses of coatings per wading distaneefreely abrasive at impe

angle 75°

4 Conclusions

The contribution was focused on reseaofhformation, structure and selected properties of
composite coatings ZrSi@pplied on Ni interlayer anZrSiO, with different addition of nickel
component (6, 12, 16 wt. %Based on the experimental results, it is possibldotmulate
following conclusions:

1. SEM observation of ceramic coatings showed markeduyerogeneous lanlar
structure of fractures surfaces which were corgistedifferent shapes and sizes
disc splats. White particles of nickel were altéedawith ceramic basi- ZrSiO,. Only
occasionally, SEM identified on surface fracturég fpresence of partially elted
particles of additional material.

2. The highest microhardness vallwere measured at ZrSj@pplied on Ni interlayer
(773.3 HVO0.1). With the increasing amount of dogvolume the microhardness values
decreased, ZrSiO+ 6 wt. % ofNi = 572.6 HV0.1,ZrSiO, + 12 wt. % of Ni = 499.6
HVO0.1, ZrSiQ, + 16 wt. % ofNi = 459.3HVO0.1.

3. The greatest adhesion (23.5 MPa) after - off test was reached at the zircon silicate
with 12 wt. % of Ni as metallic addition componeAfppearance and character
fracturesurface was evaluated as a cohesive fracture iadhesive

4. Selected impact angles 45° and 75° significantfigcaéd the results of monitor
process of abrasive wear. The greatest weightdq€de8 mg) at given type of blasti
media and impact argl75° during wading in a freely abrasive was rea@alt zircor
silicate applied on Ni interlayer. The weight les®f other composite coatings with
addition were not over 20 mg for a given wadingatise. At the impact angle 45°, 1
greatest matal removal (35.7 mg) achieved the zircon silicati¢h the smallest N
additions (6 wt. %). Probably little addition of Ni and the impact angle 45° caused a
decrease of its microhardness.

References

[1] R. B. Heimann:Plasma -Spray Coatin: Principles and Applications2™ ed., WILEY-
VCH Verlag, Weinheim, 2008

[2] D. Jankura, D. Draganovska, J. BrezinoChemické Listy, Vol. 105, 2011, No. 16,
p. s542-s545, (in Slovak)

DOI 10.12776/ams.v19i1.85 p-ISSN 1335-1532
e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 19, 2013, No. 14850 50

[3] L. Pawlowski: The Science and Engineering of Thermal Spray Cgsti?™ ed., John
Wiley & Sons, Chichester, 2008

[4] D.Jankura, V. Béova: Kovove Materialy, Vol. 47, 2009, No. 6, p. 3566

[5] F. W. Bach, K. Méhwald, A. Laarmann, T. Werdodern Surface Technolog§® ed.,
WILEY-VCH Verlag, Weinheim, 2006

[6] J. Brezinova, A. Guzanova, M. Egri, J. Mé&i&j Chemické Listy, Vol. 105, 2011, No. 16,
p. s775-s776, (in Slovak)

[7] X. Q Cao, R. Vassen, D. Stoever: Journal of theofesn Ceramic Society, Vol. 24, 2004,

No. 1, p. 1-10

[8] T. Nakamura, Y. Liu: International Journal of Sslidnd Structures, Vol. 44, 2007, No. 6,
p. 1990-2009

[9] J. Brezinova, A. Guzanova, |. MamuziActa Metallurgica Slovaca, Vol. 18, 2012, No. 1,
p. 20-27

[10]J. Brezinova, A. Guzanova: Metalurgija, Vol. 51120No. 2, p. 211-215

[11]D. Jakubéczyova, M. Hagarova, J. Savkova: Acta Metaca Slovaca, Vol. 18, 2012, No.
1, p. 13-19

[12]P. Chraska, K. Neufuss, H. Herman: Journal of Tla¢/@pray Technology, Vol. 6, 1997,
No. 4, p. 445-448

[13]A. Kaiser, M. Lobert, R. Telle: Journal of the Epean Ceramic Society, Vol. 28, 2008,
No. 11, p. 2199-2211

[14]P. Ctibor, J. Sedé&k, K. Neufuss, J. Dubsky, P. Chraska: Ceramicmational, Vol. 31
2005, No. 2, p. 315-321

[15]G. M. Ingo, T. Caro: Acta Materialia, Vol. 56, 2Q080. 18, p. 5177-5187

[16]M. Suzuki, S. Sodeoka, T. Inoue: Journal of Ther@tay Technology, Vol. 17, 2008,
No. 3, p. 404-409

[17]M. Suzuki, S. Sodeoka, T. Inoue: Materials Trarieast Vol. 46, 2005, No. 3, p. 669-674.

[18]K. Holmberg, A. MatthewsCoating Tribology: Properties, Mechanisms, Techesand
Applications in Surface Engineering® ed., Elsevier, Oxford, 2009

[19]R. Vassen, X. Cao, F. Tietz, D. Basu, D. Stoveurdal of the American Ceramic Society,
Vol. 83, 2000, No. 8, p. 2023-2028

[20]R. Vassen, A. Stuke, D. Stover: Journal of TherSm@hy Technology, Vol. 18, 2009, No.
2, p.181-186

Acknowledgements
Authors are grateful for the support of experiménteorks by Grand Agency VEGA
No01/0510/10.

DOI 10.12776/ams.v19i1.85 p-ISSN 1335-1532
e-ISSN 1338-1156



