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Elastic and Inelastic Effects in Compression in
Plasma-Sprayed Ceramic Coatings

V. Harok and K. Neufuss

(Submitted 2 December 1999; in revised form 29 February 2000)

Four-point bend tests of a plasma-sprayed zircon (ZrSig) coating are presented, the coating being prepared
by atmospheric plasma spraying (APS) spraying onto a titanium alloy substrate, using a water-stabilized
plasma (WSP) torch. The mechanical behavior in compression of the coating material is nonlinear, including
hysteresis (9% of the maximum strain) and permanent deformation. The effective in-plane Young’s modulus
is about 13 GPa for very small strains and doubles for a compressive strain 60.18%. Possible
micromechanisms to explain this behavior are proposed, and some general protocols concerning the testing
of plasma-sprayed ceramic coatings are deduced.

Keywords elastic modulus, mechanical properties, micromech- If the strains are S0 small thgt racroscopic damage does not
anism of deformation, and zircon coating appear, the mechamca_ll behavior is freq_u_ently caalla_slt_lcbe-
havior because ceramics generally exhibit no plasticity at room
temperature. Although inelastic effects are rarely analyzed in ex-
1. Introduction perimental studies on ceramic coatings, a forpselidoplastic
behavior at room temperature is mentioned in Ref 1 (p. 246).

In the process of plasma spraying, materials are produced The effective Young’s modulus of plasma-sprayed ceramics
whose properties differ substantially from the bulk; the differ- is much lower than that of the bulk due to microcracks and
ence is induced by their unique microstructure. porest? Kroupa and Dubsk§ have predicted ancrease of the

For plasma-sprayed ceramic coatings, successive spraynoduluswith increasing compressive strain, due to successive
passes create a lamellar microstrudtundgth micro areas of im- complete closing of microcracks, by analogy to the elastic be-
perfect adhesion between lamellae. In the course of processinghavior of rocks. Numerous studies in the field of geomechan-
highresidual stresseare generated in the materigtimary or icg*% could be extended to plasma-sprayed ceramics.
guenchingstresses as a result of intense cooling of splats subse-
guent to solidification angecondarystresses as a result of dif-
ferent thermal expansion coefficients of the coating and of the2. Test Specimen
substrate. The residual stresses relax partially by the formation
of numerous microcracks perpendicular to the coating plane. The test specimen was prepared by atmospheric plasma

This material is generally as follows: spraying of zircon (ZrSi¢) powder onto a grit-blasted tita-
nium alloy substrate. Zircon plasma-sprayed coaffirey® in-
dustrially used in thermal and diffusion barriers as an
Also, microscopic defects such as microcracks and roughlyinexpensive subs_;titute of Zi@or less sophisticated applica-

sphérical pores may be considered as inhomogeneities tions. The deposits prepared by plas_m_a spraying of zircon are
" composed of tetragonal ZgOmonoclinic ZrQ, and glassy
+ macroscopically inhomogenausnce there is a gradient of  5j0, phased’® Selected properties of the bulk materials are
properties across the coating thickness. The cooling rate ispresented in Table 1.
higher for splats close to the metallic substrate than for  The substrate material was T110 wrought titanium &ltby,
splats on the surface of a thick ceramic coating (Ref 1, Sec-whose properties (Table 2) and applications are similar to Ti-
tion 6.2). Thus, the phase composition, residual stressesgA|-4V alloy 114 The choice of the substrate material was made
and microcracking may be different. with respect to its high maximum elastic strain and low elastic
«  anisotropig since the material properties are different in the stiffness, to increase the accuracy of the measurements. The ma-
spraying direction and in the deposition plane.,(trans- terial was machined to the dimensions given in Table 3. The sub-
verse isotropy). The elastic behavior is, therefore, com- strate surface was grit blasted with 0.6 mm alumina grit.
pletely described by five independent elastic consténts. Zircon powder was sprayed with a water-stabilized plasma
torch PAL 160. The characteristics of this plasma torch are pre-
sented in Table 4; the feeding powder characteristics and spray
V. Harok andK. Neufuss, Institute of Plasma Physics, 182 21 Praha 8, Process parameters are presented in Table 5; and the final coat-
Czech Republic. (Mr. Harok has since left the Institute of Plasma ing thickness is presented in Table 3. The thickness of the coat-
Physics, and can now be contacted at Bontaz Centre CZ, V. Novehdng and of the substrate were measured with a mechanical
973, 33701 Rokycany, Czech Republic.) Contact e-mail: neufuss@ micrometer at 12 points. The spray process was controlled with
Ipp.cas.cz. the assistance of a thermocouple situated on the back side of the

* microscopically inhomogenoufRef 1, p. 155), since dif-
ferent phases are formed within the coatieg( Ref 8).
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Table 1 Selected bulk properties of the feeding powder 250

material (ZrSiO,) and of the phases present in the de-
positi®79 (t—tetragonal, and a—amorphous) 200
ZrSiQ, softening point 2018C
ZrSiO, phase decomposition temperature 1626 6 150
ZrSiO, density 4600 kg m o
t-ZrO, Young’'s modulus 10 GPa ~
t-ZrO, Coefficient of linear thermal expansion *10°K™1 < 100
a-Si0, Young's modulus 75 GPa
a-SiQ, Coefficient of linear thermal expansion *x30°K™1
50
Table 2 Basic properties of the substrate materi&p-*2 0 A ) ; . .
Specification T110 alloy 0 5 10 15 20 25 30
Chemical composition Base Ti, 6% Al, 3% Mo, 2% Cr :
Young’s modulus 110 GPa ¢ (mln)
Yield stress Ry02= 800 MPa
Maximum elastic strain =0.7% Fig. 1 Record of the substrate temperature in the course of spraying
Coefficient of linear thermal expansion 2106K™?
S L/4 L/2 L/4
Table 3 Specimen dimensions } }
Specimen length 1180.5 mm 2t
Specimen width B 19.4+0.1 mm
Substrate thickness H 2.59+0.02 mm Bl
Coating thickness h 1.69+0.04 mm B
L |
| N ]
Table 4 Basic parameters of the plasma tordH! E!l e I
Specification, supplier PAL 160, IPP Prague 2
Work medium HO
Arc current/voltage 490 A/305 V
Plasma mass flow rate 0.299 s . . .
Centerline density 0.98 g Fig. 2 Test configuration
Centerline temperature 26,000 K
Centerline velocity 5600 ms

Table 6 Parameters of the four-point bend test fixture

Table 5 Basic feeding powder characteristics and plasma and of the deflexion gauge

spray process parameters Fixture support span L 94.0+£0.2 mm
] N ] Fixture loading span L/2 47.0£0.1 mm

Feeding powder composition Zrsjo Fixture bearing cylinder diameter 5.0 mm

Feeding powder size 40-T0n Deflexion gauge hangers span t 2  320+05 mm

Process: plasma torch APS; PAL 160

Feeding rate 24 kgh

Preheating 120C

Number of spraying cycles 20 the figure plane, to uniformly distribute the loading force. Three

Feeding/spraying distance from the exit nozzle 25 mm/365 mm  Of the four supports swing around the axes parallel to the spec

men axis to avoid torsion of the specimen. Hardened steel cyli

drical bearings are used.

substrate. Initial preheating of the substrate with a plasma jetwas The deflection gauge consists of two hangers and an Instrg

followed by 20 spray cycles (Fig. 1). strain-gauge displacement sensor, Catalog No. 2620-603. It i
hung on the tested specimen, independently of the fixture (Fig

. 2). For small deflexionw, the curvature R of the specimen is
3. Experimental Setup given by

An Instron 1362 (Canton, MA) electromechanical testing 1_ %W (Eq 1)

machine was used, equipped with a 1 kN load cell, a four-point

bend test fixture, and a deflection gauge (Fig. 2). The system wawhere 2 represent the hanger span (Table 6). The deflectio

designed to provide high accuracy in testing of substrate-coatinggauge was calibrated by the insertion of a small plate standa

plate or beam specimens. between the displacement sensor and the testing specimen. T
Parameters of the fully articulating four-point bend test fix- thickness of the standard was (0.250.005) mm. The calibra-

turd'4l are presented in Table 6. The loading arm is swinging in tion was checked after testing.
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Table of Symbols

‘& mean longitudinal strain in the coating (1)
& longitudinal strain at the substrate-coating interface

(1) F(w)
n strain biaxility factor (1)
v substrate Poisson’s ratio (1)
0, mean longitudinal stress in the coating (Pa) LT.|
71, shear stress in the deposition plane (Pa)
2a  microcrack length (m) =
B specimen width (m) fao]
2b  microcrack opening displacement (m) @)
C slope of the load-deflection curve (N*)m bq
Csec  secant stiffness of the specimen (N)m
E substrate Young's modulus (Pa)
E* effective substrate Young's modulus (Pa) Csec
E effective in-plane Young’s modulus of the coating

(Pa) _—
Ese¢  effective secant “modulus” of the coating (Pa)
F  loading force (N) xC |
F., average loading force in a hysteresis loop (N) Kj{%}
H substrate thickness (m) \)‘05 I
h coating thickness (m) '5 I
K flexural stiffness of the specimen (N)m
R radius of curvature (m) 3
Rw. substrate yield point (Pa) DeﬂeXIOH w
2t deflection gauge hangers span (m) Fig. 3 Evaluation of the load-deflection curves in the case of nonlinear
w deflection (m) behavior of the coating
7 position of the neutral axis (m)

Forlinear elastiomaterials of the coating and of the substrate,
the curvature R of the specimen loaded by forEds given by

Table 7 Mechanical sensors. Specifications after Instron

1_FL/8 (Eq2)
Specification Load cell Displacement sensor R K q
gf‘at;‘ff’a‘;zg‘)' Eﬁ?\]zm iisnz]g; 003 whereL/2 andL represent the loading and the support span, re-
Repeatability 0.2%(a) 0.05%(b) spectively. ConstarK is giveri*! by the thickness of the sub-
Linearity +0.4%(a) -0.07%(b) strateH, thickness of the coatirtg width of the specimeRB, and
Hysteresis 0.2%(a) ~0.05%(b) by material constants (coating),E, andv (substrate):
(a) Maximum error in percent of reading 244 2144 2 2
(b) Error in percent of full scale displacement K = Eh* + E**H" + 2EE* hH (2h +2H" + 3hH) B Eq 3)

12(hE; + HE*)

In the equatior:* = nE, whereE is the Young’s modulus of the
In the four-point bend test fixtures, the bending moment is Substrate ang is a constant; the value gflies between 1 and
generated with a total error less than 1.5%. Maximum errors of1/(1-V?), for H <<B (plane stress) dd >> B (plane strain), re-
the load cell are presented in Table 7. The individual errors of Spectively. The terr, represents the effective in-plane Young's
the deflection gauge are given by the repeatability of the dis-modulus of the coating. Taking into account the experimental er-
placement sensor (Table 7). The total error of the determinationors, distinction of the coating stiffness under the conditions of
of 1/Ris 3%. This error arises mostly by the error of the hangers the plane stress/plane strain is of only limited interest; and there-

span 2and by the error of the calibration. fore, E, is used in Eq 3.

The crosshead speed was set to 0.060 mrt,mihich cor- The load-deflection curve for linear elastic behavior is repre-
responds to the strain rate o&3L0¢ s within the coating. ~ sented by a line with slop@= dF/dw:
Loading programs are detailed in Section 6.

Lt?

4. Application of the Elasticity Theory Positionz, of the neutral axis is

Deformation in four-point bending of the coating-substrate _ H2E* -h’E,
specimen is cylindrical between the inner (loading) supports. ~ 2(HE* -hE,) (Ea 5)

128—Volume 10(1) March 2001 Journal of Thermal Spray Technology



é

a0 — . Ry
€1/1 =06 )
350 — D
L
- 0 S
S,
250 D
< S
s 0 P—1 8
E <
- Al
150 E
100 cb — -0 r
S
50
A A5t
0
0 0.020 0 0.020 0 0020 0.040 0.060 0.080 0.100
Deflection w {mm)
Fig. 4 Load-deflection curves measured in four-point 1bendiag: ( 20
first four loading cycles b partial unloading program, and) (partial
hysteresis curves. In part (a), the loading curve for the substrate without
coating is added
-25
-0,20 0,15 -0,10 -0,05 0,00
from the substrate-coating interface. The longitudinal strain at g1 (%)
the substrate-coating interfage and the mean longitudinal
strain in the coating; are Fig. 5 Mean coating stress-mean strain curves for the coating mater
ial
2 —_2 h
a=5%W and elzt—z(zo+é)w (Eq 6)

. . . . Figure 4a shows where the test specimen was loaded to 40

e B e, 1 (fom AoBvia a, en oo zeo fore i b

flexi oF In Fia. 3 gg is displaved toaeth reloaded (to Bria cb, and unloaded againié bg. Then, two
exion curv W) h Fg. 5, acurv (w) is disp ayed together other loading cycles were performed; the loading and unloading

ywth the Iogd-deflecnop curve for the subgtratg without the coat- ., ves were stiltb andbc, respectively.

ing. At a given deflectiom, the mean longitudinal stress in the After the first four simple loading cycles, the loading accord-

coatingF_1 must be the same as if the coating_ materi_al were lin- ing to Fig. 4(b) was performed: loading to 100 N (from C to D
ear elastic, with a Young's modul&(w), which is given by via cb), unloading to zero force (from;Bo Cvia dic, which co-

Eq 3 and 4 foC=*{w) =F(w)/w. The position of the neutral axis  jiqe \yithcbin the figure), loading to 200 N (from C to Zia
Z(w) may, therefor.e, be calculated from Eq 5, §ubstltutlng cb), unloading to 100 N (to &via d.g,), loading to 300 N (from
tE 'g’tv) .f(lE" Fur(;cft]onﬁo(w) may be substituted fas in Eq 6 G, to D; via gd, andch), unloading to 200 N (from fio G; via
0 obtaing (w) and finally dsgs), loading to 400 N (from €30 Bvia g:d; andch), and finally
(W) = E=(w) &(w) (Eq 7) unload_ing (from B to C\‘/i_a bg.
. ) - In Fig. 4(c), the specimen was loaded to 100 N (from C;to D

The coating mean stress-mean strain Cubigs,) are deter- s cpy “unloaded to zero force (from B Cvia dic). Then, it
mined bydr(w) together withgr(w). In this way, experimental  \y 55 |0aded to 200 N (from C to,Dia cb), unloaded to zero
load-deflection curves of the substrate-coating specimen aré,,ce (to Cvia dye), loaded to 300 N (from C to,ia cb), un-
transformed into the proper coating characteristics. loaded to zero force (to @a dyc), loaded to 400 N (from C to
D;via cb), and finally unloaded (from B toda bg.

The coating material can not be described as linear elastic fa

5. Reference Test the following two reasons.

A reference four-point bend test was made on the substrate 1. Inelastic effectsThe deformation of the testing specimen
before grit blasting. The experimental load-deflection curve wasis generally dependent on the loading path. This effect is gene
highly linear (nonlinearity lower than 0.3%), and the hysteresis ated by the coating (the substrate is linear elastic, as discussed
was lower than 0.04% of the maximum load of 291 N. Maxi- Section 8) and it is similar to the cyclic plasticity of metals, as

mum deflexion was 0.123 mm. The resulting mod&usf the follows.

substrate wak* = (114+ 6) GPa. a. Initial loading curve When initially loaded, the loading
curve is different from that of the next loading.

6. Experimental Results b. Hysteresis loopFor cyclic loading, the loading and un-

loading curves form a stationary hysteresis loop, determined b
Experimentaload-deflection curvesf the substrate-coating  the maximum-minimum load.
specimen are presented in Fig. 4. The coating was on the com c¢. Permanent deformatiorThe permanent deformation of
pression side of the specimen. the specimen is given by the position of point C in Fig. 4(a).
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o) Fo) Fig. 7 Effect of microcracks on the mechanical behavior of plasma-
0 sprayed coatings
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induced residual stress is 1.5 MPa. The hysteresis represents 9%
of the maximum compressive strain. Globally, the stiffness of
the coating material increases with the compressive strain.

5 F 7. Effective In-plane Young's Modulus

Although the Young’s modulus has been defined for purely
elastic materials, various approaches are used in technical praxis
to obtain its effective value in the case of the presented inelastic
behavior. Four examples are presented in Fig. 6:

A 1 1
0 1. The secant modulus for the initial load-deflexion curve
. N . . Taking the slope of the line AB (Fig. 4) @sn Eq 4, we obtain,
0’20 0,15 0’10 0,05 0'00 from Eq 5 and 6, the value & = 13 GPa. The strain range
U (7 should be presented together with the value of the modulus.
51 ( O) 2. The secant modulus for the hysteresis lobgking the
slope of the line CB (Fig. 4) &in Eq. 4, we obtain, from Eq 5
Fig. 6 Effective in-plane Young's modulus of the coating material cal- and 6, the value &, = 15 GPa. The strain range should be pre-
culated by different methodsa)(secant modulus (from points ABR)( sented together with the value of the modulus.
ﬁ)e;;%m‘)dums (from points CBY) verage curve, and)partial un- 3. Average of the two branches of the hysteresis. [dbp
moduluskE,(w) is calculated from Eq 4 to 6 by the substitutibn
=dF,/dw, whereF,(w) represents the average of the actual load
in loading and unloading branches. The funcigw) is trans-

d. Deformation-induced residual stress&he permanent  formed toE, (;). The modulus increases from 10 GPa at the
deformation of the coating should result in additional residual mean strain — 0.008% to 20 GPa at the mean strain -0.183%.
stresses in the coating and in the substrate after unloading. If thc 4. Method of partial unloadingin Fig. 4, partial unloading
coating has been loaded in compression, the deformation-in-curves are represented by liigs. The mean modulls is de-
duced residual stress is tensile in the coating. These residustermined from Eq 4 to 6 by substituti@h= C;, whereC; are
stresses contribute to the residual stresses already present in tislopes of the unloading curves on particular intervais. &te-

coating. sulting E, (€) increases from 13 GPa at the mean strain of
2. Elastic nonlinearityNeglecting inelastic effects, the load- — 0.008% to 25 GPa at the mean strain of — 0.183%.
deflection curve is still nonlinear. The estimated total experimental erroEpis + 2 GPa, which

. L . . represents 8 to 18% of its value.
To obtain quantitative results concerning the coating mater-

ial, the load-deflection curves were transformed Bsitess-

strain curves The evaluation was made in terms of the mean 8, Confirmation Tests

longitudinal coating stress and the mean longitudinal coating

straing; according to Section 4. The resulting curves for Fig. Two additional four-point bend tests were carried out on an
4(a) and (c) are presented in Fig. 5. The maximum load corre-as-machined substrate and on the same specimen after grit blast-
sponds to a mean strain-€9.183% and to the mean stress of ing, to detect a possible influence of grit blasting on the experi-
-23.9 MPa. The permanent strairr-008%; the deformation-  mental results. The material, the specimen dimensions, the
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experimental conditions, and the loading programs were identi-local and mean values of longitudinal strain is proportional to thg
cal with those in Sections 2, 3, and 6. In both cases, the load-decoating thickness. Thus, the most correct material characteristig
flection curves were linear (nonlinearity better than 0.4%) and would have been obtained theoretically for a thin coating
the hysteresis was negligible (less than 0.2%). The difference be (& / & =1). In this case, the experimental errors would increasq
tween the slopes of particular lines was less than 1%. The nondrastically; a compromise on the coating thickness should therg
linearity and inelastic effects observed on the substrate-coatincfore be found.
specimen, therefore, are generaggdlusively by the coating It should be pointed out that nonlinearity and hysteresis ma:
be expected also fdensileloading of the coating, due to the
growth of the microcracks and their interconnection into macro-
9. Discussion scopic cracks. This completely different effect is not studied in
this paper.

The sensitivity and accuracy of the experimental setup al-
lowed at the detection and quantification of the phenomena tha
are unexplored experimentally and only incompletely explained
theoretically in plasma-sprayed coatings.

As a result of the presence of microcraékihie experimen-
tal values of the effective in-plane Young’s modulus of the coat-
ing (11 to 25 GPa) are small compared to bulk material (on the
order of 100 GPa, Table 1). This fact is well known in plasma-
sprayed materials although it is frequently presented rather in re-
lation with the total porosity (Ref. 1, p. 185) than with the
microcracks (the microcracks contribute slightly to the total
porosity?).

Theincrease of the effective in-plane Young’s modoitise
coating in compression has been predicted as a pure elastic e
fect in Ref 3j.e., the microcracks orientated perpendicularly to
the principal stress (Fig. 7 a and b) close in compression. The
closing stress is proportional to the rdila. As there is a great
number of microcracks with differebta within the material, the
effective Young’s modulus increases with the compressive
strain. This experimental study represents direct proof of this
phenomenon.

The inelastic effectsncluding the permanent deformation
and hysteresis have not been generally considered to take plac
in plasma-sprayed ceramics. We suppose that the phenomena a
caused by internal friction, by analogy to the behavior of r&tcks.
Thus, consider a microcrack orientated as in Fig 7(c). Shear
Sr;::aenséeasioire tr?:rr]ﬁiggec?a?:ﬂ 'tligicifi’cggﬁ;r}lgé:fg‘éf\/\ggﬁlf‘rgunder different conditions allows the relation between the spra
faces of sugh microcracks rgsult i.n macroscopic hysteresis an(prc_)cess parameters, microstructure, residual stresses, and pr

. - . . erties of these materials to be understood.
permanent deformation. The inelastic effects are observed in
rocks under uniaxial compressiBhUnder hydrostatic pres-
surel¥ pure elastic behavior is observed in rocks because there
is no shear stress present within the material. Acknowledgments
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10. Conclusions

The mechanical behavior in compression of plasma-spraye
ceramics may be generally considered nonlinear and inelastic.

Considering the presence of the inelastic effects, a special a
proach in preparation of test specimens, in the test design, and
the evaluation is necessary. Test specimens should be carefu
prepared, transported, and stored to avoid deformation of th
coating. The loading history of the specimen should be recorded
since the material has its “memory” represented by permane
deformation and residual stresses.

The evaluation method should always be specified. Values
of the effective Young’s modulus may differ considerably for
the same test and specimen using different evaluation method
Without the elimination of the inelastic effects, measured val-
ues of the Young’s modulus may depend on the experimentg
technique, and, in many cases, they do (Ref 1, p. 241). Th
method of partial unloading, presented in the paper, should
give values of the Young's modulus comparable to ultrasonig
tests.

A complex model of the mechanical behavior including in-
elastic effects is necessary to (1) define the Young’s modulus o
physical basis and (2) quantify the inelastic effects.

Mechanical testing of plasma-sprayed coatings prepareg

The evaluation was made in terms of mean values (mean 1. 'L. Pawlowsk'l:The Sqence and Engineering of Thermal Sprayed Coat-
ings John Wiley, Chichester, 1995.

stress ar.]d mean Str.am) across the _co_atlng thICkne_SS' One_cons: 2. F. Kroupa, and M. Kachanowroc. 19th Riso Int. SympJ.V.
quence I1s th"?‘t p_OSSIbIG macroscopic inhomogeneity (_SeCt'on L Carstensen, T. Leffers, Torentzen, O.B. Pedersen, B.F. Sorensen, G.
of the material is neglected. Another consequence is that the  \yinther, eds., Riso National Laboratory, Roskilde, 1998, pp. 325-30.

curve representing the strain dependence of the effective in- 3. F. Kroupa and J. Dubskgcripta Mater, 1999, vol 40 (11), pp. 1249-
plane Young’s modulus is “smoothed.” The difference between  54.

Journal of Thermal Spray Technology Volume 10(1) March 26031



4. J.B. WalshJ. Geophys. Resl965, vol. 70 (2), pp. 381-389. F.H. Froes, eds., ASM International, Materials Park, OH, 1990, vol. 2,
8 5. J.B. WalshJ. Geophys. Resl965, vol. 70 (2), pp. 399-411. pp. 586-91.
> 6. P. Chraska, K. Neufuss, and H. Herm&nThermal Spray Technopl. 12. S. LampmanMetals Handbook10th ed., C.T. Liu, J.O. Stiegler, and
2 1997, vol. 6 (4), pp. 445-48. F.H. Froes, eds., ASM International, Materials Park, OH, 1990, vol. 2,
q>_, 7. A. RudajevovaSurface Coating Technpll994, No. 64, pp. 47-51. pp. 592-633.
g 8. J. Dubsky, K. Neufuss, and B. Kolmahhermal Spray: A United 13. M. Hrabovsky, M. Konrad, V. Kopecky, and V. SembEEE Trans.
q‘_) Forum for Scientific and Technological AdvancésC. Berndt, ed., Plasma Scj.1997, vol. 25 (5), pp. 833-939.
5} ASM International, Materials Park, OH, 1997, pp. 473-76. 14. Anon.:ASTM Designation C1161-80—Standard Test Method for Flex-
Q 9. T. Allen, J. Cotton, P. Dragun, R. James, A. Marsh, M. Ori, B. Pace, B. ural Strength of Advanced Ceramics at Ambient TemperaA8€M,
Swindells: The Technical Ceramics Handbgdkade Advanced Ce- Philadelphia, PA.
ramics Ltd., Burslem, Stoke-on-Trent, United Kingdom, 1993. 15. J. Dubsky, B. Kolman, and M. Vysohlidnited Thermal Spray Conf.
10. Anon.: TPC 204-140/71, SONP Kladno, Czech Republic, 1971 (in E. Lugscheider and P. A. Kammer, eds., Verlag fur Schweissen und
Czech). verwandte Verfahren DVS-Verlag GmbH, Dusseldorf, 1999, pp. 659-
11. J.D. DestefanMetals Handbook10th ed., C.T. Liu, J.O. Stiegler, and 63.

132—Volume 10(1) March 2001 Journal of Thermal Spray Technology



