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Thispaper presentsthe selected investigation results of the D-gun spraying method
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applied to the deposition of titanium coatings on the ceramic substrates. The

process of D-gun thermal spraying has been characterized. The presented results
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cover the microstructure of deposited metallic coatingson the ceramic substrate,
microhardness profile across the coatings and residual stress analysis. The
technology requirements of the D-gun spraying method have been developed

taking into account the service properties of deposited coatings.
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1. Introduction. Thermal spraying of metalsonto ceramic
substrates has the potential to become cheaper processing
method comparing to common but expensive and complex
techniques used for ceramic metallization. The proper
application of the thermal spraying method can provide many
savings when used in electro-technical, electronic, and
electron industry. The metallization of advanced ceramic
materials is often necessary in the advanced science and
technology. But joining of ceramic to metalsreveals several
problemsresulting from thedifferencesin material properties.

The ceramic-to-metal joints are used nowadays in many
aress.

— optoel ectronics (multilayer ceramic-metal substrates,
housing for semiconductor digital and neon devices, housing
and other partsused in theliquid crystal technique),

— investigation of fuel cell (non-conducting fuel barriers
made of bAI,O, and austenitic steel, conducting fuel barriers
made of ZrQO, joined with nicke -chromium steels),

— laser techniques,

— semiconductor industry (housing for diodes and
thyristors and microwave semi conducting € ements),

— lampindustry (elements of microwavelamps, delay lines
made of alumina cerami cs and molybdenum),

— ultra high vacuum techniques (current passages,
windows made of sapphire and copper alloys)

The metallic layers thermally sprayed on the ceramic
substratescould al so be used asan intermediatelayers applied
for brazing or friction wel ding of brittle materials.

2. Detonation spraying. There are several methods of
thermal spraying used in surface engineering industry. The
choice of a proper method depends on the reguirements for
surfacematerias, the possibility of their application for agiven
coating and substrate material's, thelevel of coating adhesion
and the costs and availability of the spraying techniquein a
specified condition.

Thedetonation gun technique (HV OF D-Gun) isbased on
thecontrolled detonation of thegas mixture (mostly acetylene
with oxygen) started by the electric ignition between the
electrode sparks. The detonation of the gas generates the
shock wave heating each particle of coating material and
acceleratesthem in aspecial gun up to 1200 m/s[1]. Dueto
the high temperature of the heat source and high kinetic
energy of transported particles the deposited coating is
characterized by theeven, well compressed and multilayered
structure. The structure of the deposited surface layer may
change depending on the kinetic energy of the particles[3].
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Fig. 1. The scheme of D-GUN thermal spraying method [2]

The scheme of the equipment used for the D-Gun spraying
isshown in fig. 1. The coating layer isbuilt up in a discreet
manner e.g. each shot (detonation) makethe heated particle
toclutch tothe substrate on asmall areacovering thediameter
of around 20-25 mm and thethi ckness about 10 mm.

The detonation frequency is controlled in the range
between 1 and 12 Hz. Other main processing parameters
include the energy gas pressure, oxygen pressure, powder
material fluidization gaspressure (nitrogen), spraying distance,
length of detonation tube and the velocity of gun movement
against deposited substrate.

The D-Gun spraying technique hasbeen selected in this
research becauseit allows generating high kinetic energy of
transporting particles which makes the strong adhesion
between coating and substrate reaching up to 80 MPa[2].
Thediscreet manner in which particlesaretransported in this
method allows the coating/substrate system to heat up to
much lower temperatures comparing to the other thermal
spraying methods.

3. The residual stress analysis in metallic coatings
deposited onto ceramic substrate. The state of residual
stresses together with the adhesion level of the coating is
very important and affectsthe service properties of deposited
layers. Thedistribution of residual stresses havetheimportant
effect on the coating adhesi on because the unfavorable stress
state may |ead to the coating delamination or cracking during
production and servicelife. The sourceof theresidual stresses
in coating/substrate system results from the difference in
thermal, physical and mechanical properties of applied
material swithin a given temperaturegradient.

During the deposition process the coating material is
heated up to a certain temperature (depending on the process
conditions) which decreases after the process is completed.
Upon cooling of the coating an uneven shrinkage devel ops
within coating and substrate which leads to formation of
thermal residual stresses at room temperature. Asaresult the
compressiveor tensile stresses may exist in coating/substrate
sysemwiththelevel exceeding thestrength of material swhich
may lead to the coating self-destruction.

In the selection process of compatible coating and
subgtrate material swe should takeinto account their thermal,
physical and mechanical properties(e.g. thermal conductivity,
coefficient of thermal expansion, the Young's modulus) that
mostly affect the residual stress state.

The residual stresses generated during the first stage of
thermal spraying can beroughly estimated by the following
formulaapplied withintheeagtic range[2]:

Sq:ac(Tm'Tc)ECy (1)

where: a,—coefficient of thermal expansion of acoating, T, —
melting temperature of a coating, T, — temperature of a
substrate, E_—Young Modulus of a coating,

The presented equation is valid when heated materia
particleshit the substrate material whosetemperatureislower
that the coating temperature. We may supposethat an initial
preheating of the substrate material could help to reducethe
stress leve in this system.

Within the next stage of this process, during cooling of
deposited layer the residual stresses are generated resulting
from themismatch of material properties.

We may cal culate these stresses by asimplified equation

[4:
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where: T, — temperature of deposited layer, T — ambient
temperature, a— coefficient of thermal expansion of acoating
(c) and substrate (s), E—Young Modulus of acoating (c) and
substrate (s), t — thickness of a coating (c) and substrate (s).
Thefinal stresslevel in the coating/substrate system will be
the sum of the stresses created in the spraying phase and
stresses generated during cooling of the coating to the room
temperature. The stress level aso depends on the mutual
thicknessrel ation between coating and substrate. Theformula
presented above are used as a simplified solution of residual
stresses generated in a plate model composed of a uniform
coating and substrate materials and is valid for isotropic
material within the eastic range. It is aso to note that the
substrate temperature depends on the coating thickness
according tothe Fourier law [6]:

qt
Ts :Tf - Kf y (3)

where: T_—temperature of a substrate, T, —temperature of a
deposited coating, g — the velocity of heat transfer, t. —
thickness of a coating, k—thermal conductivity of asubstrate,
A-— substrate area.

The more advanced and precise methods of stress
analysisin such systems arebased mostly on thefinite e ement
method. Thistechnique has been performed to study thermal
residual stressesin anumerical model of Ti coating deposited
on AIN ceramic. Thesubstratematerial consisted of AIN disk
shape sampleswith 100 mm diameter and 2 mm height.
Thefiniteelement numerical analysishas been preformed by
using the commercial code LUSAS FEA. The problem has
been solved as a nonlinear, thermal, e astic-plastic with the
isotropicvon Misesyield criteria. It was assumed that coating
and substrate are cool ed down together loaded with different
temperaturegradients (DT=1000°C for coating and 250°C for
substrate).

The calculation results show that the tensile residua
stresses s, (radial) areformed in thewhole coating while the
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Fig. 2. Distribution of radial (s,) and axial (sy) stresses in Ti/
AIN model calculated by FEM (Ti thickness=0.2 mm)
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Fig. 3. Axial (s,) and radial (s stress profiles across the
coating thickness calculated in the Ti/AIN system for three
coating thicknesses (left- along line 1, right - along line 2 in
fig. 2)

tensile axial stresses s, are concentrated in a small region
laying in the substrate material near the model edge towards
theinterfacewith Ti layer (fig. 2).

Thechangesin theresidual stress profile can be seen on
themodel edge. Inthisregion theaxial stresses are dominating
and they have very smilar digtribution to the maximal principal
stresses. Also, the tensile stress concentration can be visible
within the ceramic part (about 0.1 mm from the interfaceline)

aswell aswithin the coating material near the bonding line
with ceramic substrate (fig. 3).

The axial stresslevd isincreasing with the increase of
the coating thickness and may result in coating del amination
starting at the edge of the model. Additionally, high tensile
stressesin the ceramic part can also be the source of cracking
initiation in thisarea. Fromfig. 3 wemay seethat themaximal
axial s stresshasincreased almost 60% with theincrease of
the coating thickness from 0.1 to 0.3 mm both in the AIN
substrateand in the Ti coating near theinterface.

From the fig. 3 it is seen that the axial stresses are
diminishingin areasfar from the coating/substrate interface
line. The plastic strains that developed in the metallic part
helped to partially reduce the stress level in this area. The
magnitude of the stress redistribution depends on the yield
stress of the applied coating material.

4. The microstructure of deposited coatings. Fig. 4
presents the mi crostructure of titanium coating sprayed onto
the AIN substrate. It is seen that the structure of deposited
layer is uniform and consists of multilayered squeezed and
tightly packed particles of coating material. The coating shows
good adhesion to the substrate filling each visible surface
micro roughness. The measured thickness of the deposited
coating shownin fig. 4 varied in therangefrom 185 up to 200
mm

It is also possible to obtain smaller thicknesses of
deposited titanium coatingsasshownin fig. 5 wherethe layer
thicknessranged between 55 and 65 mm. Wemay al so seethe
enlarged area of theinterface between titanium and aluminum
nitride.

Also, fig. 5 presents the results of AIN-Ti interface
analysis observed by the scanning microscope (SEM) in the
cross-section perpendicul ar tothe surface. Thelinear element
distribution profiles indicate that there was a mutual
penetration of AIN and Ti which waspartially confirmed by a
good adhesion of titanium to ceramic substrate.

5. Conclusions. Theapplied D-Gun techniquehas shown
the potential to become one of the unique methods for a
successful thermal spraying of metallic materialson theceramic
substrates dueto relatively small level of heat inputted into
the substrate. The deposited coating particles are receiving
high kinetic energy helping them to reach good adhesion to

Fig. 4. The microstructure of titanium coating deposited
onto the AIN substrate by the D-gun technique (rr100)

46

ISSN 1729-4959. MawmHo3HaBcTBO, 2009, Nel (139)



Fig. 5. The microstructure of titanium coating deposited onto the AIN substrate
by the D-gun technique with linear distribution of Ti and Al elements

the substrate. To increase the service life of the coating we
shall put a special attention to ensure low level of residual
stresses in the coating/substrate system.

The sdlection of the coating and substrate materials
should be performed in accordancewith the main criteriaput
on the mismatch of material properties (e.g. thermal
conductivity, thermal expansion coefficient, Young modul us)
which should be kept at minimum. Also, low yield stress of
metallic coating material may help to minimize the residual
stresses through the stress redistribution. Other techniques
which could possibly reduce the residual stresses in the
thermally sprayed coating/substrate system may utilize the
substrate preheating, which would also alow theincrease of
the free energy of this system [7] and reduce the activation
energy required for the thermal spray processing. The
thickness of sprayed coatings could be another important
factor affecting the strength of the coating and should be
kept at low value.

By utilizing the above aspectsin the design of materials
for thermal spraying it could be possible to perform the
metallization of advanced ceramic materials. This approach
would allow depositing coatings that may be applied in the
surface modification of ceramic components or play therole
of intermediate layersfor joining ceramicsto metalsor metal
matrix composites.
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OTtpumana 20.09.08

T. Xminescki, []. l'onaHbcki, B. BucoyaHcbKul
HaHeceHHsi TMUTAHOBUX NMOKPUTTIB Ha KepaMiyHy OCHOBY
MeTOAOM PO3NUNEHHSA
Bapwaecbkuli mexHosnoaiyHull yHieepcumem,
M. Bapwasa, lNonsbwa

Y cmammi HagedeHi pe3ynibmamu O0C/iOKeHHST 3acmocy8aHHs
D-gun memody po3numntoeaHHs 0/ HaHeCEeHHs MmumaHo8UX
rnokpummie Ha KepamidHy ocHosy. Oxapakmepu3oeaHull npoyec
D-gun mepmidyHo2o po3nunteaHHsi. HasedeHi peaynbmamu
OXOMIIMb MIKPOCMPYKMYpPY HaHEeCeHUX MemarsniyHux roKpum-
mie Ha KepaMidyHy OCHO8Y, Mikpomeepdicmb npoghin eaniub
nokpumms i aHasi3 3anuwKo8UX HarnpyXeHb. TexHoso2ivyHi
moxnueocmi D-gun mMmemody po3nunteaHHs O0ns HaHeCeHHSs
rnokpummie pPo38UHEHI 3 8paxyeaHHAM Cryxbosux xapakmepuc-
MUK rnokpummis.
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