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Summary:

One of the factors for a successful application of ceramic coatings on
biomedical implants is the compatibility of the physical and mechanical
properties of coatings with the metal substrates of implants.
Temperature and temperature gradient in the coating during powder
deposition play an important role in the final quality of the coating. The
coefficients of thermal expansion and thermal conductivity of the
coating and the substrate are different, which affects the growth of
residual stresses in coatings. To reduce the difference between the
physical characteristics of the coating and the substrate to a minimum,
the coating surface temperature and the substrate surface temperature
must be kept under control during the deposition of powder. It is
therefore of particular importance to control residual stresses in
ceramic coatings in order to secure service life of coatings and
implants. The paper describes a model of plasma heat transfer and
predicts the distribution of residual stresses in the deposited
coatings; it also describes the radiography techniques for measuring
residual stresses in ceramic coatings. The aim of this paper is to
describe the effect of powder deposition rates as well as the effect of
the changes in the thickness and the thermal conductivity of the
Zr0O,Ca0 coating on the level and the sign of residual stresses.
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The paper also presents the influence of the bonding coating, and the
changes in the thickness of bonding and the ceramic ZrO,MgO coating as
well as the heat treatment on the level and the sign of residual stresses. It
was found that the increase of the total thickness of the coating increases
the proportion of residual stresses on the surface and the edges of the
coating.

Keywords: residual stresses, positive tensile stresses, negative
compression stresses, ZrO,Ca0, ZrO,MgO, heat treatment.

Introduction

Distribution of residual stresses in biomedical ceramic coatings
based on hydroxyapatite (HA), TiO,, Al,O3, ZrO,Y,03, CaO and MgO is
of decisive influence on coating adhesion, cohesive strength and
toughness which define coating quality and service life. The share and
the distribution of residual stresses in coatings is directly related to the
ratio of coefficients of thermal expansion of substrates and coatings. To
minimize the influence of thermal expansion coefficients of the residual
stress in the coating layer, it is necessary to reduce the temperature
difference AT between the substrate and the layers during powder
deposition. During the plasma spray process, there is a large
temperature gradient between molten powder and base metal substrates.
Heat shrinkage during coating curing is hindered by the base metal, so
that residual stresses are formed inside the coating. Because of the low
thermal conductivity of ceramics, powder particles which melt in the
plasma before they hit the substrate surface cool rapidly from 10°°C/s do
10° °C/s. During the deposition, primary cooling of layers and secondary
cooling of the coating are performed to the substrate temperature to
minimize the influence of thermal expansion of the coating substrate.
Residual stresses in coatings can be kept under control by constant
cooling of the substrate from the back side and by an additional air-
cooled front on which coating layers are deposited (Limarga et al, 2011).
For the substrates of implants based on Ti6Al4V superalloy, the
coefficient of thermal expansion is a = 8.7-9.1x107%°C. For coatings
used in biomedicine, the coefficients of thermal expansion are
approximate values, and their values are: hydroxyapatite (HA) (a =
10.6x107%/°C), TiO, (a = 8.5x107%/°C), Al,O3 (a = 8.8x107%/°C), ZrO, (a =
9,0x107%/°C), ZrO,Y,03 (a = 10.0x107%/°C), ZrO,MgO (a = 11.0x107%/°C),
ZrO,Ca0 (a =1 0.5 x107°°C) (Miyazaki et al, 2008, pp.1463-1466),
(Mrdak, 2017, pp.924-936). Besides the physical properties of the
substrate material and the powder to be deposited, powder deposition
parameters significantly influence the stress states in coatings. The study
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of stresses in layers by nondestructive testing and the examination of the
coating morphology using tensile testing can show the optimum
parameters of powder deposition. The residual stresses in coatings are
distributed in the middle of the sample (negative compression stresses),
and on the edges of the sample (positive tensile stresses). The
examination of residual stresses includes their distribution and their
values, s well as the way how their control can affect the life of coatings
(Hobbs & Reiter, 1988, pp.33-42). Residual stresses in plasma sprayed
coatings are commonly measures by the X-ray diffraction method and by
the tensile testing method. High resolution of X-rays through intense long
wavelengths offers a significant potential for the measurement of residual
stresses in coatings. Other methods used are neutron diffraction (Kesler
et al, 1998, pp.215-224), (Matejicek et al, 1999, pp.607-617), the method
of measuring the curvature, the method of removing material layer by
layer and by tensile testing (Teixeira et al, 1999, pp.209-216), (Greving
et al, 1994, pp.379-388), (Clyne & Gill, 1996, pp.401-418), (Zhu et al,
2014, pp.127-136). These methods make it possible to establish the
average stresses in coatings. However, the distribution of residual
stresses through the coating thickness is rarely published (Otsubo et al,
2005, pp. 2473-2477).

The aim is to explain the residual stresses in the ceramic coatings
on the basis of ZrO,CaO and ZrO,MgO used in biomedical applications
to improve the mechanical properties of hydroxyapatite (HA). This paper
presents a model of heat transfer from plasma to the coating, powder
deposition rate impact, changes in the thickness and thermal conductivity
of ZrO,CaO coatings on the level and sign of residual stresses. It also
shows the effect of bond coating, changes in the thickness of the bond
and the ceramic ZrO,MgO coating and heat treatment on the level and
sign of residual stresses. Generally, with increasing the total thickness of
the coating, the proportion of residual stresses on the coating surface
and its edges also increases.

Model of plasma heat transfer and the prediction of
the distribution of residual stresses in ceramic coatings

To connect residual stresses in coatings with the deposition
parameters, a model of heat transfer, shown in Figure 1, was developed.
Research conducted for ZrO,5Ca0 ceramics may be applied to another
type of coating (Rickerby et al, 1988, pp.267-276). As mentioned before,
the powder deposition process by plasma consists of the injection of
powder particles into high-temperature plasma made of inert gases
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(Ar/He) with an electric arc in the nozzle cooled with water. Powder
particles injected into the plasma jet melt and then hit the surface of the
substrate where they are cooled at a speed 0f10°°C/s to 10%°C/s. Molten
powder particles arrive onto a stable surface where they collide, deposit
and bind to the surface to be cooled. These sites are graded and
increased while powder particles deposit on the surface. The thickness of
the coating increases with speed (n). During the deposition, there was a
simulation of a model of transferring heat from the coating to the
substrate surface and the heat transfer by radiation from plasma to the
deposition surface and by radiation of the deposition surface into the
environment. When defining the heat transfer model, the basic
assumption was that the plasma spray process is continuous, the
thickness of the substrate is greater than the thickness of the coating, the
heat loss is presented with a standard convection and radiation, and
thermal and electrical properties are temperature-invariant.

// Coating particles
*/

Heat transfer ~ x

tusubstrate / ‘
/ x+dx Velocity n
/ A
/
7,
7 Heat transfer to
? and from surface
/

-
|
o

. x=h Instaneous position
substrate of bounaary

Figure 1 — The basic elements of the model of heat transfer in the process of deposition
Puc. 1 — OcHogHble anemMeHmbl menioobmeHa 8 npouecce HaHeCceHUs NOKPbLIMuUs
Cnuka 1 — OcHosHU enneMeHmu modesia npeHoca mornnaome y npouecy denosuyuje

In order to achieve the above mentioned cooling rate (10°°C/s -
10°°C/s), methods of rapid heat removal were used together with a
controlled stream of dry air (primary cooling). The main parameters used
in the modeling of residual stresses in the plasma deposited coatings are
shown in Table 1.

Figure 2 shows the diagram providing the variants of distribution of
residual stresses in the plasma deposited ZrO,5Ca0O coatings as a
function of the powder deposition rate (Rickerby et al, 1988, pp.267-276).
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Table 1- Parameters of the modeling of residual stresses in plasma coatings
Tabnuya 1 — Napamempbl MOOenupo8aHusi 0OCMamoYHbIX HaMPSXKeHUU 8 MOKPbIMUSIX
M1a3MeHHO20 HarlbllIeHUSs
Tabena 1 — Napamempu modenupar-a 3aocmarnux HaroHa y rnia3ma rpesnakama

Process parameters Parameters of the coatings / surfaces
Deposition speed Thermal conductivity of the coatings, specific
Surface temperature Coating density and Poisson number

Final coating thickness Capacitance and the coefficient of the

Ratio of the coating surface and the thermal expansion of the substrate
substrate surface

Type and morphology of the

substrate
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Figure 2 — Residual stresses in the ZrO,5Ca0 coating as a function of deposition speed
Puc. 2 — OcmamoyHbie HanpsixeHusi 8 nokpbimuu ZrO25Ca0 e 3asucumocmu om
CKOpoCmu ocax0eHusi
Cniuka 2 — 3aocmarnu HaroHu y npeenayu ZrO25Ca0 y ¢pyHkyuju 6p3uHe denosuyuje

The diagram shows that the increase of the deposition speed of
powder in ZrO,5Ca0O coating layers produce a change of state of
calculated stresses. For low powder deposition speed of 6 g/min and 12
g/min, negative compression stresses are present in the layers. With the
increase of the powder deposition speed to 18 g/min, stresses change
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the sign from negative to positive tensile stresses (Rickerby et al, 1988,
pp.267-276). Also of great importance is the effect of coating thickness
on residual stresses. It is noted that a coating does not meet the
requirements at a critical thickness which can be defined as the moment
when the coating itself begins to separate from the substrate.

Figure 3 shows the change in the sign of residual internal stresses
with the change of the total thickness of the ceramic ZrO,5CaO coating.
For coating thicknesses from 0.5 mm to 1.0 mm, residual internal
stresses in the layers are negative compression stresses. By increasing
the coating thickness, it is possible to create different zones of internal
tensions, so that negative compression stresses remain in a part of the
deposited layer on the boundary with the substrate, while in the zone
close to the coating surface, positive tensile stresses can occur (Rickerby
et al, 1988, pp.267-276).
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Figure 3 — The change of stresses with changing the thickness of ZrO,56Ca0O
Puc. 3 — IameHeHue HanpsxeHUs npu U3MeHeHUU mMOWUHbI C105 MOKPbIMUS
Zr0,5Ca0
Cnuka 3 — lNpomeHa HaroHa ca npomeHom debrbuHe crioja ZrO;5Ca0

One of the important factors that influence the level of residual

stresses is the thermal conductivity of the coating. Figure 4 shows how
small changes in the thermal conductivity of ZrO,5Ca0O coatings can
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have a significant effect on the level of residual stresses. Deviation
values of thermal conductivity from 1 W/mK to 0.75 W/mK can be
achieved by changing the degree of porosity in the ceramic coating which
affects the value and sign of residual stresses. The increase of the
thermal conductivity of the coatings from 1 W/mK to 2 W/mK leads to an
increase in the value of negative compression stresses. Such increase
can be beneficial to the life of the coating as a counter-balance to
positive tensile stresses occurring in exploitation. However, a large
increase in negative compression stresses can cause cracks in the
coating during the coating deposition phase. Bearing in mind different
conditions regarding the temperature of the outer surface and the
ceramic coating heating rate, deposition conditions must be carefully
chosen since they affect internal residual stress in order to obtain an
optimal state of stress in the ceramic layer upon which the coating
service life depends. Therefore, recommendations for thermal
conductivity as low as only 0.5 W/mK can be found in the literature
(Rickerby et al, 1988, pp.267-276).
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Figure 4 — Influence of thermal conductivity of residual stresses in the ZrO,5Ca0O coating
Puc. 4 — BnusHue mernmnonpogodHOCMU Ha 0OCMarmoYHbIe HarpsiXXeHUsi 8 rMoKpbImuu
Zr025Ca0
Cnuka 4 — Ymuuyaj monnomHe nposodrbusocmu Ha 3aocmarie HaroHe y rpesaayu
Zr0,5Ca0
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The effect of bond coating and changes in coating
thicknesses on the level of residual stresses

The level of residual stresses in deposited coatings is significantly
influenced by bond coatings, changes in the thickness of bond coatings
with respect to the outer ceramic coating, as well as changes in the
thickness of ceramic coatings. Overall, the increase in the total coating
thickness increases the proportion of residual stresses on coating
surfaces and coating edges. Residual stresses in coatings can be
significantly reduced by heat treatment (Zhuang & Gu, 1988, pp.277-
284). D-9C is one of the instruments with which residual stresses are
successfully measured with a change angle of 0.01° in coatings by the X-
ray diffraction method. The theory of measuring residual stress in the
coating is such that, when passing through the coating, the X-ray is
reflected from a particular crystallographic plane and reduces its
intensity. The measuring parameters are: operating voltage KV,
operating current; CuK, radiation and filter material (Zhuang & Gu, 1988,
pp.277-284). During measurements, the angle (¥) between the X-ray
and a vertical line on the sample surface is changed. Stress
measurements are carried out in two directions ¥ = 0° and ¥ = 45°, so
that a corresponding dual angle of ray reflection of 26 can be obtained.
Using the theory of elasticity and the Bragg formula, the values of the
residual stress along the (W) direction can be calculated using the
formula (1):

o :_L.i.ctgg 8(26) (1)
v 2+v) 180 P alsin?y)

where is: E - modulus of the coating elasticity, v - Poisson share for the
coating, 26 - standard Bragg angle without stresses, 26 - double reflected
angle and ¥- X-ray angle direction.

The effect of the bonding Ni20Cr coating of a thickness of 0.2 mm
with a change in the thickness of the ceramic Zr0O,24MgO coating of: 0.1;
0.2; 0: 3; 0.4 and 0.5 mm on the level of residual stresses is shown in
Figure 5. The residual stresses were measured in the middle of the
samples by the X-ray diffraction method. Increasing the thickness of the
ceramic coating increases the value of positive tensile stresses. Residual
stresses are partially absorbed on the samples with the bond coating,
which is a reason why two-layer coating systems have a much lower
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share of residual tensile stresses compared to deposited coatings of pure
Zr0,24MgO ceramics (Zhuang & Gu, 1988, pp.277-284).

Figure 6 shows the influence of the thickness of the ceramic
Zr0,24MgO coating of 0.3; 0.4; 0.5; and 0.6 mm without the bond
coating on the level of residual stresses in the middle and on the edge of
the samples @55x5 mm. An increase in the thickness of ceramic coatings
increases the values of negative compressive stresses in the middle and
on the edge of the samples, which reach a maximum value for the
thickest coating of 0.6 mm (Zhuang & Gu, 1988, pp.277-284). Figure 7
shows the influence of the change in the thickness of the bond layer of
0.1; 0.2; 0.3; 0.4 and 0.5 mm on the residual stresses in the two-layer
system with a ceramic ZrO,24MgO coating with a thickness of 0.2 mm.
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Figure 5 — Effect of the bond coating with a change in the thickness of the ceramic
coating on residual stresses
Puc. 5 — BriusiHue cesi3yroueeo rnoKpbimusi ¢ USMEHEeHHOU MonwuHol Kepamu4eckoz20
MOKPLIMUSI Ha OCMamOoYHbIE HarpPsXXeHUs
Cnuka 5 — Ymuuyaj sesHe npesnake ca npomMeHom 0ebrbUHe KepaMuyke rpeessiake Ha
3aocmarie HarloHe
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Figure 6 — Effect of the change in the thickness of the ceramic coating without the bond
coating on residual stresses
Puc. 6 — BniusHue usameHeHUss moswuHbl Kepamu4ecKozo nokpbimusi 6e3 cesasyu,eeo
MOKPLIMUS Ha OCMamOoYHbIe HanpPsKeHUs!

Cnuka 6 — Ymuyaj npomeHe 0ebrbuHe KepamMuyke rpeesrnake 6e3 eesHe ripesnake Ha
3aocmarie HaroHe
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Figure 7 — The influence of the change in the bond layer thickness in the system with a
ceramic coating on residual stresses
Puc. 7 — BrnusiHue uameHeHul mosnuUHbI C8513youUie20 NMOKPbIMUS 8 cucmeme ¢
Kepamu4deCcKUM NMokKpbimueM Ha ocmamoYHble Harpsi>XeHus
Cnuka 7 — Ymuuaj npomeHe 0ebrbuHe 8e3Ho2 crioja y cucmemMy ca KepaMuyKkom
rpeesniakoM Ha 3aocmare HarloHe
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Figure — 8 Distribution of residual stresses along the depth of the ceramic coating
without a bond layer
Puc. 8 — PacnipedeneHue ocmamoyYHbIX HanpsiKeHul no anybuHe KepaMu4yecKux
nokpbimut 6e3 ces3yowe2o cros
Crniuka 8 — Pacnodena 3aocmarnux HarloHa rno 0ybuHu kepamuyke ripesnake 6e3 ge3Hoe
cnoja

Residual stresses on the edge of the samples were positive tensile
stresses, while negative compression stresses were present in the
middle of the samples. The distribution of residual stresses in the
direction of the growth of coating thickness or coating depth is of great
importance (Rickerby et al, 1988, pp.267-276). To determine the
distribution and the sign of residual stresses in the coating depth, a layer
after a layer was removed by 0.1mm grinding after each measurement.
Figure 8 shows the stress distribution in the depth of the ceramic
Zr0,24MgO coating of a thickness of 0.5 mm and without the bond layer,
deposited on the 5 mm thick substrate. The highest values of residual
stresses are found on the coating surface. Stresses on the surface and
on the coating boundaries are negative compression stresses whose
values decrease with the decrease of the coating thickness. When the
coating thickness is reduced to 0.1 mm, the stress sign is changed, i.e.
negative compression stresses change into positive tensile stresses. The
highest value of positive tensile stresses is found in the coating on the
interface with the substrate (Zhuang & Gu, 1988, pp.277-284). Significant
reduction of residual stresses in coatings can be achieved by heat
treatment. Figure 9 shows the effect of the heat treatment of the two-
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layered Ni20Cr coating of a thickness of 0.2 mm and the ceramic
Zr0,24MgO coating of a thickness of 0.4 mm on residual stresses.
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= the residual stress in the middle of coating
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Figure 9 — Effect of coating heat treatment on residual stresses
Puc. 9 — BrniusiHue mepmuy4eckoli 06pabomKu MOKpbIMUs Ha 0CMamoYHble HanpsiKeHusi
Cnuka 9 — Ymuuaj mepmuyke obpade rnpesrnaka Ha 3aocmarsie HaroHe

The thermal treatment of coatings at 100°C; 200°C; 300°C; 400°C;
500°C and 600°C for a period of 2h, followed by coating cooling in the
furnace to room temperature, brought about a significant reduction in
residual stresses. Residual stresses in the coating decrease with the
increase in the heat treatment temperature. The curves of residual
stresses in the middle and at the edge of the sample are identical,
indicating a more uniform stress distribution in the middle and at the edge
of the coating after heat treatment.

Conclusion

The paper presents the modeling and prediction of residual stresses
in the plasma sprayed ceramic ZrO,CaO coating as well as the analysis
of the stress state in the ZrO,MgO coating. The analysis found out that
the residual stresses in the ZrO,CaO coating are significantly affected by
the deposition speed. For low powder deposition speed values, negative
compression stresses are present in coating layers and they change the
sign into positive tensile stresses with the increase of the deposition
speed. The increase of the coating thickness over 1mm results in
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residual stresses changing values and the sign from compression to
tensile. The increase in the coating thermal conductivity leads to an
increase in the value of negative compressive stresses, which can cause
cracks in the coating during coating deposition. The bond coating in a
combination with the ceramic ZrO,MgO coating partially reduces residual
stresses in a two-layered coating system, which is why the coating has a
lower share of residual tensile stresses compared to deposited coatings
from pure ceramics. The highest stresses are on the surface of the
coating. For up to 5Smm-thick substrates, stresses on the surface and the
edge of the coating are negative compression stresses whose value
decreases with the decrease of the coating thickness. With the reduction
of the coating thickness to 0.1 mm, stress changes the sign and negative
compression stresses change into positive tesile stresses. The highest
value of positive tensile stresses is found in the coating on the interface
with the substrate. Significant reduction of residual stresses in coatings is
achieved by heat treatment. The increase in the heat treatment
temperature leads to the reduction of the residual stresses in the coating
and their distribution is more uniform in the middle and at the edge of the
sample.
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AHANN3  OCTATOYHBLIX HAMPSXEHMA B BUMOWHEPTHBLIX
HEOPIrAHNYECKNX KEPAMMNYECKUX MOKPbLITUAX,
HAHECEHHbIX NMMA3SMEHHbIM HAMBIJIEHVEM

Muxauno P. Mpaak
LleHTp uccnegosanun n passutusa A.O. «MMTEJT koMMmyHMKaummy,
r. benrpag, Pecnybnuka Cepbusa

OBJNIACTb: xumn4yeckme TexHomnormm
BWO CTATbW: npogeccroHanbHas ctaTbs
A3bIK CTATbW: aHrnuickuin

Pe3some:

OO0uH u3 @hakmopos ycriewHo20 MpuUMeHeHUs1 6uomeduyuHcKoU
KepaMuku 8 obnacmu MOKpbIMUS UMI/IGHMO8  3aK/yaemcs 8
coomeemcmeuu  QU3UYECKUX U  MEXaHUYECKUX  Xapakmepucmuk
MOKpbIMUST € Memarudeckoli OCHO80U uMmriiaHma. Becbma 6axHyto
ponb  pu  HaHeceHuu  ropowka uspalom  memnepamypa U

877

Mrdak, M., Analysis of residual stresses in bioinert inorganic plasma sprayed ceramic coatings, pp.864-879



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

memrepamypHbIl epadueHm roKpbimut, mak Kak om Hux 8 6onbwel
Mepe 3asucum KOHEeYHoe Kadecmeo rokpbimus. KoaghgbuyueHmnl
mepMUYeCcKoe0 paclupeHus U meryionpo8ooHOCMU  MOKPbImMus U
OCHOBaHUS pa3u4aromcs, a 3mo e/usiem Ha yeesiudeHUe 0CmarmoYHbIX
HarnpspkeHuld 8  MOKpbIMusx. [nsg  MUHUMU3UPOBAHUSI  pPasHUUbI
QU3UYECKUX U MEXaHUYECKUX Xapakmepucmuk MOKPbIMUST U OCHOBaHUS,
HeobxoOumMo eecmu MOCMOSIHHLIU KOHMPO/b 3a memrepamypamu
MOKPbIMUST U OCHOBaHUSI 8 IMeYeHUe 8ce20 rpouecca HaHeCceHUsi
rnopoweka u e2o ocaxOeHusi. B uernsix npoOlrneHuUsi cpoka Cryxbbl Kak
MOKPbIMUS, Mak U camMo20 umraHma Heobxodumo obecriedums
coomeemcmeayruull KOHMPO/Ib 3@ OCMAaMOYHbIMU HarpsKeHUsIMU 8
KepamudecKkux rnokpbimusix. B daHHol cmambe ripedcmasrieHa moderib
mennoobmeHa asMbi, C  PedyCMOMPEHHbIM  pacrpederieHuem
OCMAMOYHbIX HarnpsKeHUl 8 HaHeCEHHbIX [OKPLIMUSX, a mMmakKxe
mexHuKa peHmeeHozpaguu 051 UBMEPEHUsT OCMAamOYHbIX HanpsXKeHUU
8 Kepamu4ecKux rnoKpbimusix. Llenbo GaHHOU cmambu 6bIro onucaHue
aghchbekma cKkopocmu OCaxOeHUsI MOPOWKa, U3SMEHEHUS MOWUHbI U
mernnonposodHocmu  ZrO,Ca0O nokpbimulli K YPOBHIO U 3HA4YeHUSIM
OCMamOoYHbIX HarpskeHuUl. B cmambe makke npedcmasneHo KaKum
obpa3om cesasyruwue MOKPbIMUS, USMEHEHUS MOWUHbI C8A3YWUX U
Kepamudeckux mnokpbimul ZrO.,MgO u mepmudeckasi obpabomka
8M1USIIOM Ha yPOBEHb U 3Ha4YEHUSI OCMamOoYHbIX HanpskeHuUU. BbisieneHo,
4Ymo npu yeenu4yeHuu obwiel MosWUHbI MOKPbIMUS MPONOPUUOHAIBHO
ysenu4ueaemcsi 0019 OCMaMOYHO20 HarpsKeHUs1 Ha nosepxHocmu u
Kpasix MoKpbIMUs.

Knirouesblie crioga: 0CHOBaHUS, HanpsiXeHUsl, MOKPbIMUS, KepaMuKa.

AHATIN3A 3AOCTANUX HAMOHA M BMOMHEPTHVM
HEOPIAHCKM KEPAMWNYKM MITA3MA CIPEJ NPEBJTAKAMA

Muxauno P. Mpaak
WcTpaxusayku u passojHu ueHtap UMTEJ] komyHukaumje a.a., beorpag,
Peny6nuka Cpbuja

OBNACT: xemujcke TexHornoruje
BPCTA YJIAHKA: cTpy4HuM unaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

JedaH 00 chakmopa 3a ycrieluHy rpumeHy 6uoMedUUUHCKUX KepaMUYKUX
fpesriaka Ha umMmnaHmuma jecme  ycknaheHocm  ¢bu3UYKUX U
MexaHUYKUX Kapakmepucmuka rnpeenaka ca MemanHum rodnozama
umMmnnaHama. Temrepamype u memrepamypHuU 2padujeHm y rpeenakama
mokom Oerio3uyuje npaxa umajy 8axKHy yrio2y Ha KOHa4yHU Keanumem
npeenaka. KoedgpuyujeHmu moMIOMHo2 wWupera U  MOorIomHe
rpogodrpuoCcMU rpesrnake u nodrioge ce pas/ukyjy, Wmo ymuye Ha
rnosehare 3aocmasnux HarioHa y npeenakama. [a b6u ce passnuka
QQU3UYKUX Kapakmepucmuka rpeesnake U noodroae ceena Ha MUHUMYM,
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mewmriepamype rnospuwiuHe rpeesake u rnodrnoze mopajy ce dpxamu rnod
KOHmMposiom mokom Odenosuyuje npaxa. 3602 moea je 00 nocebHoe
3Hayaja KOHMpoOJia 3aocmarsnux HarioHa y KepaMUu4yKuM rpeenakama
YKOJIUKO ce xeru ocmuhu KOpUCHU 8eK rpesrnake u uMmriiaHma. Y pady
Jje onucaH molen npeHoca momniome rasMe ca npedsuharbem
pacriodenie 3aocmarsux HaroHa y OernoHos8aHUM rpesnakama U mexHuka
peHOz2eHozpachuje 3a Meper-e 3aocmanux HaroHa Yy KepaMuyKuMm
npeenakama. Lurb pada jecme Oa ce onuwe egekam 6bp3uHe
dernosuyuje npaxa, npomeHe 0ebrbUHE U MOMIoMHe MpPo8odsbUSOCMU
Zr0,Ca0 npesnake Ha HUBO U rnped3Hak 3aocmarux HarloHa. [pukasaH
Jje u ymuuaj eesHe rpeenake, rnpomeHa 0ebrbUHE 8E3HE U KepaMuyke
npeenake ZrO.MgO u mepmudke o0bpade Ha HUBO U npPed3HaK
3aocmarnux HarioHa. YcmaHoerbeHo je O0a ce ca roseharem yKyrHe
OebrbuHe npeesrnaka nosehasa y0eo 3aocmarnux HaroHa Ha nosplIUHU U

usuuyama ripeesiaka.
KJ'by'-IHe peyu: rodrioee, HaroHu, ripeesriake, kepamuke.
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