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Meehanical properties of thermal ly sprayed coalings diffcr i n  comparison 
with properties of bul k malerials.  Different mClhods are used for resid ual slrcss 
measurements. Presenled work discusses capabi l ities and d ifl'erent aspecls of x
ray difl'raction residual stress measlIremenls on the bas is  of pre l i minary 
experiments on metal l i e  and ceramic eoatings. 

The last 20 years have scell a great at\ention bcing paid to thcrmal ly spraycd matcria ls  
[ 1 ,2] . Thc techno logy can be used for prodllctkm of spec ial protcetive coatings on various 

components for a wide range 01' appl ications. Plasma spraying uti l izes very high tcmpcratures 

and high ve10cities of plasma, tlowing trom a spec ial  pla�ma toreh. and thereforc materials 

with high melting points can bc deposited . Sol id  partides. mched and aecelerated in  thc 

plasma jet, impact the sllbstrate or prev ious laycrs ol' i mpacted partie les, Oatten and sol idify 

with a vcry high rate of 1 05 - 1 06 K.s· ' .  Conseqllen tly, a typica l lamellar microstructurc 

eonsisling of many Oat splats develops with  a re lati"ely large number oť defccts, quite 

different from thc m icrostmctllre of bulk materiaJs. Charaeteristie lor thc spraycd struelures 

are the pores. callsed by various processes such as the volume changcs during sol id i fication, 

phase changcs during coo l i ng i n  the solid state, etc . The pores are randomly oriented and their  

shapes vary from largc irregular voids through spherical pores 10 "planar" break-down of 
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cohesion between two splats. In addit ion to pores. the stnlctllre is o !len directional ly  sol id i fied 

in  the course of the heat transfer to the substrate aud therefore exhibits an isotropie properties. 

The thermally spraycd materials, ei lher coatings or scft�support ing parts, are under res idual 

elastic stresses, origi naling ti·Otll the deposi t ion process. These stresses can negativcly a/lcet 

the deposit properties and become espeeial ly im(lOttant i n  thick coatings (> I mm). Therefore. 

an i ncreased attent ion should bc given to thei r  ful l  descript i o n  and understand ing. 

Origin 01" residual stresses 

Residua! stresses in sprayed coati ngs arisc from t\Vo mai n SOllrces I )  lntrinsic stresscs 

arise from the rapid quenching of mollen droplets upon i mpact on the substrate with rcstricted 

contraetion. Sueh a large tcrnpcrature drop (- 2000 0c) would l cad to a strcss l eve! that the 

matcrial  could not withstand; therefore, the resu lting l e ve l  i s  l imited by thc splaťs i ntri nsic 

strength and adhesion to thc underlying substralť. 2)  Secondaly stresses are Irom the coo l ing 

of the coat ing  / s ubstrate couple trom the deposi i ion to  the ambicnt temperature. when the 

stresses develop due to d iťtcrences in the thcrmal contract ion . C lync ang G i I I  [3]  reportcd 

l evels up to I GPa for the i ntrins ic  stresses and Ievel s  about 1 00 M Pa for thc sccondary oBes. 
ln addit ion. thc stress levels  are affected by a Bum ber ol' other factors. such a� : tem peraturc 

gradients during and after deposition, strcss re laxatioll processes (plastic deformatilllJ. 

cracking, intcrsplat s l id ing, etc .).  di fľusion procc:sscs and J.lhase trans formations, compl iancc 

o f  the substrate and coating, etc. 

Strcsses measurement 

Many authors havc measured thc residual stresscs i n  meta l s  and al loys and several 

attempts have been made to measure these stre�ses in bulk engincering ccramics. Howevcr. 
very few authors are dealing with the residuul  strcsses i n  the thermal ly sprayed dcpos i ts 

because of the above described complcxity of the structurc. Thc same rcason i s  behind  the ťact 

that even data on mechanical properties of plasma spraycd deposits i n  general are scal'Ce. 

S imultaneous occurrcncc and complex interaction of the above mentioned phenomena 

i ntluencing residual stress. together with l i mited knowledge of thc constituent " s  propcrties 

(which vary a great deal with processing parametcrs). h inders aclvancement o f rel iablc model s 

to predict the stress levels and underl ines thc importance of experimental methods. There is a 

number oť approaches to experi mental stress detcrm i nat ion i n  plasma sprayed dcposits. each 

of which has ccrtain advantages, drawbacks and I im i tations [3  J .  

Three main groups of  methods are used t o  investigate residual stresses. The widely used 

and most popular method is measuring lattice strains of a selectcd phase using an X-ray or 
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neutron ditTraetion. Commonly used methods are the material removal ones [4,5 ] .  They are 

based on measuring maeroseopic ehanges of slra in due to gradual removal of their layers Ol' 

near a dri l led hole. These changes are moni tored during removal and evaluated 10 gi"e 
stresses. Th i rd l11ethod oť stress monitoring is based Oll shape changes oť matcria l  during or 

after dcpositioll. Thi s  curvature method is  successťully used for stress evaluation in plasma 

sprayed coatings i n  the last time [3 , 6] .  Some othcr methods wcn: devcloped for measurement 

of strcsses based on di fTerent techniques (Raman spcctroscopy. mechanical methods . . . .  [7 ] )  

Princip les  of the  d im-action methods are wcl l  known. The most popular is the "s in\(' 

method . This method i s  based on determination of ch:.lCl,=!-c� in crystal plane spacing in 

d itTerent d i rections with respect to the specimen �lIrťace, whkh exhib i t  thcmselves as sh ifts in 
angular posit ions of thc rcspective ditTraction pt'aks .  From cxperimenta l ly  obtai ned strain of  

latticc in  d i fferent directions to  the sample surtace. the strcss c a n  b e  ea\culatcd w i th  the use of  
appropriate elastie eOl1stants. The s impl ified ťonn oť the ľormula i s  

r. = 1 /2 S2 O",p Sin2 \11 -+ S ,  ( cr l l -I (j"�l) 
wherc E is the stra in in a partieular dircetion, 

i s  thc angle betwcen the sample surface normal and the crystal plane norma! . 

S2 and S ,  are crystal lographic elastie eonstants which are in i sotropic maleria ls  rclated 

to thcYollng 's  modulus and Poisson's ratio, 

O"'p is the stress in the surfaee plane in the ineasuremcnt d irection 

0" 1 1 +0"22 is the sum of princi pal stresses in  tne surfacl! plane. 

The layer rcmoval method lIses a biaxial strain gage attuched to the uncoated substrate 

s ide, whieh measures thc substrate dcfleetion as the stressed coating layers are being removcd 

by grinding. There are two major problcms with th i s  mcthod. Fi rst d ifl1culty i s  to contro l  the 

material removal und ťurthermore the removal must not i nduce additional stresses or damage 

the measllred sample. The seeond problem appears with a re lat ively complex analysis ol' thc 

obtained gage data. Reccntly, the eurvature method is  being uscd lol' evaluation of  stresses in  

thermally sprayed coatings [3.  6] .  This invo lves mcasuring of  curvature of substrate/deposit  

couple and gives a possibi l i ty to mcasurc the stresses during the time oť deposi t ion. 

This  work is concentrated on stress measurement in plasma sprayed coatings using lhe 

X-ray d iffraet ion - sin2\1' method. Prel iminary experiments we re made and the obtained resul ts 

pointed us to snares of evaluation from obtaincd vallles. 
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lnstrumental effects. Artificial effects on diffraction peak.s have to be separated from 

those caused by stresses on ly. One important phenomenon occurring during this kind ol' 
measurement is the loss ol' locusing when the angle �, *- O, with subsequent decrease in peak 

height and increase in width. This effect could be minimized by usi ng (hkl)  retlections with 
high di ffraction angle. In order to assess the inf1 uence of defocusing on thc peak position, 
measurements on stress-free reference (starting powder) at exactly the sanie conditions as 

stress measurements on coatings should be performed as cali bration. Thi s  procedure. as wel l 

as proper instrument alignment, helps to avoid artificial i nfluences on measured stress. 
Texture and anisotropy. There are threc d i ll'erent phenomena usual ly involvcd under 

"texture" 

I )  Preťerred orientation (cl)'stal lographic texture) - non-random distribution of crysta l 

orientations with respect to the specimen. It mani ťests itsel ť by intensity variation of a 

particular (hkl) retlection in diffcrent directions . This phenomenon frequently occurs in 
coatings, espec i al ly those produced by CVD and PV D techniques. ln thc ease ol' plasma 

spraying, rap id coo l i ng may result in preferred crystal growth in the heat tlow direction. 

This phenomenon was measured and confirmed in plasma sprayed alumina [8l 

2) Shape of crystal grains - columnar grain structure is  often observed in plasma sprayed 

coatings, which slowly d iminishes towards the coating surface, where the grains become 

more or less equiaxed . In addition, ultrafine structures may occ llr as a result of grain 

recalescence. 

3)  Lamel lar structure of the coating, consisting of thin, c10ngated splats and vo ids of various 

shapes, size and orientat ions. This i s  a major factor contribut ing to the macroscopic 

anisotropy. 

Triax;al stress. Usual ly it is assumed that thc stresses are the same in al l d irections oť 

the coating plane . This was confirmed for our specimens. For th ick coatings of largcly 
unequal x and y dimensions (paral lel to  the coating surface) and for more complex shapes 

(e.g., cylinders) this may not hold true, therefore measurement in both directions is  

recommended. The stress in z-direction (perpcndicular to  the coating plane) wa� also 

determined from our measurements, fol l owing thc procedme dcscr ibcd in  [9] . The value was 

effectively zero. This was expected, in view of coating structure and low pcnetrat ion depth oť 
x-rays. Nevcrtheless, non-zero values of crz within the pcnetration depth can occur i n  

multiphase materials and after certain surface modifications. 
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Surface tiflects. Because of thc . low penetration of x-rays (about ten! of �m), the surface 

state of the specimen CJln influence tbe results. For example. if the surface roughness is 
comparable to the penetration depth, stress re laxatioll on the asperities can contributc to lower 

measured values than would be observed under a smooth surface . When comparing the 

roughness witb tbe effective penetration deptb, we concluded tbat the values determined by x
rays may be slightly underestimated with respect to stress deeper below the surface. On thc 

other hand, surface modification techniqucs, likc grind ing and po l ishing, that decrcase the 

roughness, can aIter tbe stress state to a sign ificant degrec. Thc magnitudc of this effccl 

depends on various faclors, e.g. the loading force, speed, direction of motion and roughncss of 

Ihe grinding med ia. Tbis phenomcnon is not so signi ficanl in cerarnics coatings. Neverthclcss, 

changes in stresses due to grinding were observcd i n  stabil ized zr02 coalings [ 1 0] .  

Stress Gradient. Tbc differenl penelration of x-rays at  ditferent incidence angles allows 

for assessment of stress gradient in tbe thickness direction. If there are significant stress 
gradients present in the surface layer, the usual I inear fit i nto E vs. sin211' data is no longer 
appl icable and . at least approximative procedures [7J for gradient evaluation should be used . 

As noted above, this value is I imited by the yield stress and thc splaťs adhesion; it can be also 
affected by tbe surface preparation . 

Correlation to macroscopic deformation. In order to correlate the dcformation 

measured wilhin individual crystal grains to tbc macroscopic dcformation of the coating, 
serics of measurements were taken during three-point bending of coatings. 'l1lc measured 

strain vs. applied strain dependence showed initial increase, but atler a rclativcly small strain 

(in the elastic range of the substrate) exhibited random osci l lations with no c1ear corre lation to 

appl ied strain. Atler un loading, the measured slrain remained approximately tlle same as at 

maximum load. Low strength of the coatings and possibly loose of some bond ing places of the 

top layer of splats is thought to be responsible for this behavior. Diffraction methods measure 

strain in the unbroken crystal1 ites i nside tbe splats. This strain needs to be correlatcd to the 
macroscop ic strain of the whole coating (which can be imaginated as a compositc of splats 

and different types of voids), in order to facilitatc comparison with mechanical stress and 

strength data, which is necessary for cngineering appl ications. 

Conc:lusions 

Tbe capabilities and Iimitations of x-ray diffraction method are discussed for the case of 

applieation to tberma1ly sprayed deposits. The assllmptions underlying the use of common 

"sin21j1" metbod are discussed on the baSis of preliminary measurements. Tbe results show that 

90 



most of them are appl icable; however, the eoatings' uniquc strueture makes their use 

somewhat complicated and tbe simple routincs lIsed on bu lk materials should not be 
mechanically reproduced. 

Compari son of d i/ferent methods for residual stress measurcment necd to  be done to 

better understand the strcss-strain relationships in plasma sprayed coatings. 

Acknowledgement 

lbis work was supported by Grant Ageney of thc Czeeh Republic under grant 

No. GACR 106/97/0775). 

References 

[ 1 ]  R. McPherson: Thin Sol id Fi lms 83(1981 )297-3 1 0  

[2] H. Herman :Scientific American 9( 1 988)78-83 

[3] T. W. Clyne, S.C. GiI I , ;  .J .  Thermal Spray Tech.,  5(1 996)40 1 -4 1 8  

[4] V .  Dolhot� J .  Musil , M .  Eepera, J. Zeman: Proceed. o r  the 81h Nat. Thermal Spmy 

Conference, Houston 1 995, ed. by C.C. Berndt and S. Sampath, ASM 1 995, p. 445-449 

[5] H.-D. Tietz, B. Mack, St. Bohm, U. Gieland, H. Kockclmann, Th. Schwartz: Proceed. Ol' 
the Thermal Spray Conference, Essen, Germany,ed. by Lugscheider, DVS, 1 996, 2 1 6-2 1 9  

[6] . O.C. Brandt: Proc . of the 8th Nat. Thermal Spray Conference, Houston 1 995, ed . by C.C.  

Berndt and S .  Sampath, ASM 1 995, p. 45 1 -455 

[7] I .Kraus, V .  V.  Trofimov: X-Ray Strcss Measurement, Academia., Praha ( 1 988)(in czech) 

[8] J. Dubsky, J. Zeman: unpubfished results 

[9] I .C .  Noyan, J .B .  Cohen: Residual Stress - Measuremcnt by Diffraetion and lnterprctation; 

Springer-Verlag. New York ( 1 987) 

[ 1 0] 1. Zeman. M. Čepera, J .  Musil,  1.- Fil ipenský : .TTST 2( 1 993)35 1 -356 

Jiří Dubský, Ing . .  CSc. 
Ústav fYziky plazmatu A V ('R 
Za Slovankou 3, 182 00 Praha 8, CZ 
02-66053427, dlJbsky@ipp. ('a.�.cz 

Jiří Matějíček, Ing. 
Thermal Spray Lahoratory Stole Univ. oj Nel\' York, 
Slony 8rook, USA 
jmatejic@ic.sunysb.edu 

9 1  


