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Abstract

Fhe cffect of surface modifications by 1on assisted
deposttiont of - platonan lavers o the ovidation
hehat tonr of dense sthieonnintride ywas exammed Gas

prossuce smitered sitieon nitride contanng neodynna
or vt and alimma as siatermyg ards was coated wiil
wp to Dy Probye magnetton sputtermyg - The
morphology. residual stresses, chenncal composition
and crystal parameters of the coatmgs were character

ced by SEML XRD and clectron bean naeroanaly sis

The oxtdation behaiomr was mvestigated ar 11O C,
1300 C and 1450 Cin flovemg an b comparisonwath
ancaated surfaces the P eodted surfaces swere, after
ovidation, less damaged by crackmg bubbles form

attontand spathng The ovidation reaction was mashed
My the decomposiion of platimane oxide and crystall:

atton processes Experomental vesults indicate that the
observed mprotenient of oxidation vesistanee of the
wrestigated materials s carsed by the change of the
omposttion and properties of the grovwng ovide
vers, by the change of diffusion—aned oxudation -
nrocesses and by promonon of the selectn e crvstalh:

o of stheates m the oxude Taver

Es vwarden die Ausnorhungen der - Oberflachen
wmodifrzwernung durch wonengestut 2 tes Beseluelieen it
Platin anf das Oxidationsterhalten dichier Solez i
aitridh eramih untersucht Deackgesmtertes Stliznim

mvid it Neodvar bowe Yoo und Ao xid
als Suerfnlfsnetel wurde nue DS e Prodeeh
Muagnen onsputtern besehichier Morphologie, Ergen
spamngs ustand, chennsehe Zusananenset:ung wund
Catterpararieter der Sprtterseluciren wurden onthro
shopisel, durelt Rontgenbengungs  wnd lonensh alil
Mihvoanalvse  charakterisiers Das Oxwdationsier
halten wurde bec OO C 1300 C und 1O C i h
Anslagerimg we Luft wntersuche Die O viudselueliten
Prgesputicrter Oberflachen vwaren nach der Oy
duation sterher und fewmer hvostallsiert und dewthel
nwemeer dureh Refy und Blasenbildung sovs e dbplut
sngen peschadiet, als wmbesehcliiore Oberflachen
e O vidationseeak on vwar duecle Knistallisations
prozesse wnd die Zevsetzung ton PO uberltugert Die
expertnentellon Ergebmsse cewgen, dafd die beobach
tete Verbesserung des Hoclitemperatr O xadations
verhaltens der imrevsuchton Silcziunntridmaierialion
aif cwer Verandenime con Zusaniiensel zung und
Erecnschatten  der entsechenden Ovudselncliien,
el ceranderten Diffustons  haw Oxidations
chavakteristth wnd - der Forderiung — seleh e
Kewstallisationsprozesse e den Oxidseluchiien beruh

O dtudiee mfluence dun travtement en surface par
déposition omque de platne s Foxvdanon d'in
mtrure de sthenmn dense Par pid évisation may
Nt ol ond recorent i ntiaee de stlieian frifieé sous
prossion, condenant des additrfs de trittage tels que de
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Foxvde de néodvine, dvetrmm, on de Palunnne, par
une conche de Ptpowcant attemdre 1S pon d'épaisseur
On o caracterisé la morphologie, les contramtes
resiductles, la compaosttton clunnque et les paraniétres
cristallms di revétement par MEB, diffraction X ot a
la nucrosonde de Castemg On a étudic Toxydation
souns arr a LLOO-C 300" Cer 1450 € Compardées ann
surfaces non traitées, les surfaces recom eries de Piose
sont o rovelées, apres oxvdation, moiny  fissurdées,
cealllées, endonmmagdes par la formation de cariteés
La réaction d'oxvdation est masqudée par une décom

posttton de Foxvde de planne, suce de processis de
custalhsation Les résultats e xpeérmentaus indiquent
que Faméhoration observée de la 1ésistance a
Foxvdation des matériaus Studics provient d'un
changement dans la composttton of les propriétés des
couches d'oxvde g se forment, d'une modification deys
processus de diffuston—ct d'oxyvdation—et du fait que
la cristallisation de stheates dans la conche d'oxyde est
Jatorisee

I Introduction

The densifcation ol nonoxide ceramics with pre
dominantly covalent bonding character requrres the
presence of a liguid phase during sitering  Alter
sintering 1t exists as a glassy or partially erystallized
‘prain boundary phase” This phase plays o crucral
tole n the oxidation processes There are different
methods for the improvement of the oxidation
tesistance of sthcon nitride ceramies:

—Crystathzation of gram boundary phases.,

— modification of the composition of the gram
boundary phase [or the purpose of promoting
the crystallization ol the phases, which are n
the thermodynamic equilibrium with $10, and
S1yN,:

—surlace modification of the ceramic with the
purpose ol
—echmmating surlace Haws,

creating protecting luyers

The manulacturmg of such lavers on the surface of
monoxide ceramics 1s known by chemical vapour
deposttion (for instance, CVD S1 N, and SiC lavers
on the surfaces of porous RBSN ceramic!) Mayor
disadvantages of this process are the high deposition
temperatures and residual stresses, leading to the
cracking and spalling of coatings Methods using 1on
beams tor sutface modification. like 1on implant
ation, 1on-beam sputtering and 1on beam mixing,
have recently been developed.? lon implantation
processes reach only a depth of some nm, while the
1on-beam sputtering methods allow deposition rates
up to 100nm/s * These techniques have many
advantages, viz. shght temperature exposition of the

specimen, high density, good adhesion, purity and
stability of the coating, and they allow desnable
compuositions with gradients ol concentration and
properties to be produced

The purpose of the present work was erther o
build a diffusion burrier or to modily the ceramic
surface in such a wav. that the growimg surlace oxide
layer gets an mmproved passivating character and
theretore leads to o longer lifetune and;or a higher
workmg temperature of the cetamice The oxidathion
behaviour of dense, smitered sihicon nitride (SSN)
with magnetron spattered Ptcoatings ol a thickness
up to 15 um was investigated

2 Experimental

Dense SSN bars with alununa and vitria o1
neodymia additives were prepared by gas pressure
sintermg (I8S0°C, SMPa N, | Sh)* Their compo
stion and properties are presented in Table | In
material A (SN, with Y,0and AL Oy as sintering
aids), apart from SN traces  of melihte
(Y,5,Q0,N, "y were lound (Fig 1) A hittle amorph
ous halo s caused by the glassy part ol the gramn
houndary phase. No secondary crvstalline phases
were detected momaterial B (SiyN; with neodymia
and alumina as sintering mds),

The specimens were ultrasonically cleaned 1n
trichloroethylene and alcohol and dried (90
Wmin) before sputtering Pt was magnetron
sputtered on the surfaces (working pressure (08 Pa
Ar, energy. TOOW (material A) 250 W (material B):
target. PO by the Institute of Electron Physics at the
Humboldt University, Berlin Material A was coated
with Pt layers of 405 nm, 810 nm and 1500 nm and
material B with 650 nm and 1000 nm thick Pt layers
The bulk matenal and sutface layers were mves
higated by surface  roughness  measurements,
electron beam microanalysis and X ray diffraction
(XRD) The a-and texture analyses were carried ont
on a horizontal diffractometer with ¢ gontomelter
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Table 1. Compostions and properties ol the silicon mitnde materals inder stods

Vel Comtent (s ") Specinen

.o, NO Yo ity

A 10 )
B 0 11 [ ]|

and Fek, adiation T or the phase analvses and the
erazing madence angle mvestigations a horzontal
diffractometer with Cuk' radintion was used

The specimens were oardized by evehicalanneahing
modey an o with a Qow rate of 200itres hat 1100 ¢
1300 C and 1450 C for a total time of up (o 150h
The test bars were placed onan ALO | plate moan
alumma tube Prwires were used to present contacts
between the alumma plate and specrmens during
oxtdation The bars were removed [rom the furnace
alter vanous tume mitenvals and weighed with a
mictobalance capable of 10 "¢ resolution The
ovdized specimens were characterized as belore
ovidition For mcrostractural evaluation ol the
curlace layer polished cross secthions were exinmined

For the separation ol the mfluence of the
osdizing atmosphere from the mfnence ol high
temperature on the Pesurlace layer, the specimens
were annealed tor ap to 40 h at 1100 € m Nowimg
mirogen Atter different annealing times the surlace
ol samples was analysed

For identibication of the various reactions and
reaction temperatures thermogravimette and dil
lerental thermal analysis (DTA TG) together with
differential scannmpe calormmerry (DSC) investig
attons were carred ot nitrogen and anoup 1o
1500 Cowith heating and cooling tates of TOK mm
(AL, crucibles, specimen mass about 20mg) For
the same putpose ligh temperature XRD myvesnip
attons were carried ont m osidizing atmosphere with
a heatmy rate of TOK mm up to 1200 ¢ For these
tests plates (3« d < Oymm'y were prepared from
vars ol matenial B and sputtered on hoth sides with
[OO0 N Pt

¥ Results and Discussion

3.1 Characterization of the coatings

Optical and clectron mictoprobe analyses ol the
coated specimens showed o all coses dense and
coherent, tully ¢losed Pt lavers The tesults ol the
oughness measurements belore and alter the Pl
sputtering are shown in Table 2 The surlace
‘oughness ol the ground specimens was shightly
mproved. In the range ol measuring accuracy the
~onghness ol the polished surlaces was not changed
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by coating and was independent from the Pt layer
(hick ness

The energy ol Proons at the moment ol the
colliston with the substrate surtace under the
sputtening condiiions that were used was about
[ 10eV Pushing and esction processes e the
substrate surtace can lead to the fTormation ol new
phases datmg sputtermyg - Macroscopieally. this
enerey additionresults momereasimg temperature up
to 100 Comeasured at the substrate holder XRD),
stress analvsis and thin Alm analyses were used to
determime the lormation ol new compounds at the
platmam stheon nitnde miterface and 1o stady any
change m the platimum lattice constant as a function
ol the distance from the StyNy surlace The XRD
patterns of the uncoated and Pt coated specimens ol
material A measured in Bragge-Brentanoe geometry,
are shown i bigo | The pattern of the P coated
surlace shows apart from the peaks ol /1SN, and
the peaks ol cubie Ptaddimonal peaks which belong
to o POSE Alter changimg the measaring peometry
Brom Brage Brentano mto grazing X rav imcidence
angles at imadenee angles ol o2 10 new peaks
appeat at o = 03046 nm 02681 nm. 0 2106 mn and
O175dnm The peak at o = 02681 nm probably
belongs to POy, The other addinonal peaks cannol
be telited 1o a known phase The appeatance of
P1 St shows that sputtermg processes may lead to
the Tormation ol new phases at the substrate lavel
mterlace Such tormation ol bimary and ternary
metal sthades as products ol reactions between
SE NG and metals has been reported - The tormation
of Praihicides proceeds in the low temiperiature range
200600 CH AT o ncroscopie locahized lesel this
temperature can be rcached dunmg sputtermg
processes tegardless ol the Tower macroscopie
temperature ol the saimple holder Expermients with
Procoated glasses conhirmed that these progesses
depend on the sputiening condiiions (workmy

Table 2 Surlace roughness belore and alter spattering

Rourhness U ncowted s faces Ptocoated surbnes

Polisheid
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R, o Liny)
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power'working pressure). The [ormation of Pt
stheides in SiyNy ceramics was also dependent on
power and pressure. The rise of the working energy
from 100 to 1000W leads to the increase ol the
siheides content

The X ray investigations of residual stresses were

carnied out using uncoated and coated samples of

matettal A (Pt layers ol 405 nim, 810 nm and 1500 nm
thickness) For the determimation ol texture and
residual stresses interferences of several lattice
planes were mvestigated ® The elastic constants,
necessary for the calculation of stresses, were
estimated from the Young's modulus and the
Porsson constant Residual compressive stresses ol
about SOMPa were detected on both uncoated
ground and polished Si1,N, surfaces. The Pt layers
were also under compressive stresses and showed
a L fbre texture This texture was sharp at
lower layer thickness and weak for thick layers
and after annealing i nitrogen (caused by recrysial
hzation) For Pt layers of 40S 1o 810nm thick
ness the compressive residual stresses were high
(2450 MPa) They could be originated lor mstance
bv grain growth mechanisms or 1on bombardment
and interstitial solution of Ar atoms during the
sputteriyg process For high layer thickness up to
1500 nm, produced by longer sputtening time, the
stresses decreased to 3 220 MPa. Alter annealing of
the specimen with K10nm Pt laver i nitrogen
(20 htres:h, 2 h at 1100°C) the restdual compiessive
stress changed to 2 200 MPa rensile stress (appatent
vield pomtag, , of Prat 20°C s 88 IMPa') This s
caused by the difference ot thermal expansion
coeflicients of Prand SiyNy (og, = V- 107K
p =9« 107" K™Y In Prolayers, deposited by
electron beam evaporation, tensile stresses were also
observed  For the nvestigations with grazing
incidence angle matertal A with a 1500 nm thick Pt
layer and the difitaction planes (1T, (33 yand (422
were selected By changing the Xeray grazing
incidence angle o) the penetration depth of X-rays
vartes ind 1t 1s possible to get mformation about
depth dependent chunges of crystalline phases,
luttice parameters and residual stresses The mves
tigations were carried out with «w=05-16 . The
lattice parameters a were caleulated by using the
positions of the centre ol gravity of the peaks in
accordance with the equation
a=dh’ +4°+17)

s the lattice spacing.

The results showed nosignificant changes of o and
luttice parameters with penetration depths Figure 2
shows the dependence of the relative lattice constant
changes on the ungle i between reflecting plane and
specimen surface Peaks strongly influenced by
texture are marked by “r’

From the 'method of
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Peakys influenced by texture o« 03923 nm, Pt lattice constant
lrom Rel K

stram-free measuting dicection™ ' for all inves

tigated peaksa residual stress [ree Ptlattice constant
ol =073927 £ 00001 nm was obtamed, which 1s
preater  thun  the  data pubhshed (o1 Pt
(ap,, = 03928 nim'*) The residual stretching of the
Pt lattice should be caused by chemical ellects
(incorporation of Ar or Stinto the Pt lattice) In the
cubic fuce centred Prlathice the large Aratoms could
oceupy the [151] places, while the Si could occupy
the tetrahedral sites with the coordmates [} !
After anneahing at T100°C in mittogen the stress
free Pllattice constant decreased to o = 03923 +
00001 nm The same value was obtamed lor a Pt
layer ol 1000 nm thickness produced by election
beam evaporation. The sputtering occurred i this
case 1 vacuum (voltage 6kV, vacuum 107 ' Pa)
This suppotts the hypothesis that the changes ol Pt
lathice constant should be caused by incorporation
ol Al

3.2 Oxidation

The surtace quality of the Pt coated specimen alter
high temperature exposure was better thun that of
the uncoated specimen. The PLcoating serves not as
a protective laver ina direct way, because the
specimen surfaces alter high temperatute exposition
are not covered by a closed Pt coating (independent
from the atmosphere) but by sohdified melted
structures (meandrous nels, drops), as shown in Fip
3. The oxide lavers on coated specimens show lower
density and size ol microcracks and bubbles and a
higher crystallization degree (for 'Y or Nd sihcates)
than arises with uncoated specimens The micro
cracks in the oxide scale are formed due to the f- to
v transtormation in cristobalite, whereus macro
cracks and spalling ol the oxide layer are a result ol
the volume expansion during the oxidation of Y or
rare earth oxynitiide crystalline phases, like melilite
or wollastonite.'* The change of the crack structure
occurred mnoconnection with a higher content of
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Fig 3 Back scattered eleciron (BSE)Y amaves ol specimen
anlaces ol materal Boalter osddation (00 C 1000y ()
uneoated (hy coated with Aoy e Pi

M.SHO (M =Nd YY) and o lower cristobalite
content m the oxide iver ol voated specimens, The
ratto ol mtegral intensiy ol the (101) ¥ cnistobalite
to the (DO8) A Nd,S1, O XRD peaks and so the
ratio ol the amount of cnstobalite to Nd siheate
decrensed atter ostdaton (1300 C 10O L) Ttom O 25
(uncoated matertal B) to 0 15 (650 nm P sputiered
materl By This leads 1o the supposttion that the
mcrease ol oxidation resistimee 1s caused by the
chimge ol crvstallization mechamsm and compo
stiion of the oside laver Table ¥ shows the phase

Fig 4 BSE nnape of 0nvnnn Prcoated surbce of matenal A
alter osidation at THoy €2

development of uncoated and coated specimens ol
materal A before and after oxdanon

From the microscopie mvestigations 1 can be
seen that the ' ostractures that torm durmg high
temperature oxnidation are assoctated with Yo or Nd
sthcate ersstals (Fre ) From the cross sechions ol
the oxidized specimen one can see that most of the P
drops lie at the outer surtace of the oside Taver and
are surrounded by prey crvstalline stheates (Fig. 9)
Pt owas seldom found berween the crystals, m the
diank glassy phase Such Pt drops sink through the
olassy phase to the Taver substrate mterlace

Meltmg of Prar low remperatures s caused by
alloving with St from the ceramne substrate during

Fig. 5 BSE maee ol the polished crows section ol matenal A
coated with S1omm Proabier osidation at 1450 ¢ 12 )

Table V. Results of the XRD analyaes o uncoited and with 810mm Prcoated speamens ol
materil A helore and alter ovadation

Betore ovulation

{onoated Conrted
Uncoatod Coated
FSEN, LY PSEN, 1SN,
P 1"
YoS 0N, « PL S off Crmtobalie i Crstabalite
1y, S1,0,N ) IHTRR Y S0 1Y .80
Y LSO Y SO

0100 Testure

Atier avudation

{0 1300 ¢ oo h
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Fig. 6. Oxidation tate of uncoated and Pt eaated polished
matenal B sersos temperature and tme

the sputtering process naccordance with the
reaction

WP+ SN, & 20N, + 3PS

Upto E4at ®o Stcan be dissolved in Pt This leads to
a reduction of melting temperature from 1769 C' to
830 C, corresponding (o the eutectic in the phase
diagram PL-Si between PCand P,St'™ Anan situ
mspection of the processes on 405 nm Pt coated
surtaces (matertal A) with o high temperature

microscope showed that melting and contracting of

the Pt (ot Pt silicides) occurred below 1000 ¢

Melting of the silicides leads to a lower viscosity of

the oxide Taver and so to a change of the transport
and crystallization processes m the layer

The oxmidation kinetics. re the vuriation of the
surluce specific mass gain with time and tempera
ture, were, m principle. the same for both maternals.
The oxidation kinetic curves for the uncoated und
coated spectmens of the material B obtained at
FHOO-C 1300 Cand 145 Care shownin Fig 6. The
uncoated material shows parabolic oxidation kine
tes, which gives evidence of o diffusion controlled
oxidation mechanism For the coated specimens at
all test temperatures a similar behaviour was
observed at the mnal stuge no significant (at low
temperatures) or a little positive (at high tempera
tirres) mass pain was detected and later a prowing,
mass loss occurred

Figure 7 shows the diffierence function that results
rom the difference W (r,T) = (1, T) between the
mass gain ol coated 11y, (1, T) and uncoated samples
W, Ty This funcuon is nearly hinear with a change
m gradient after the first 20h It contains the
contributions ol all occurring processes, except lor
the oxidation of uncoated silicon mitride, 1e. 1t also
reflects any contnbution from a change 1n the
oxidation kinetics of silicon mitride 1lsell’ The mass
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Fig. 7. Diflerence lunchion from coated and nncoated material
B versun oxidanon temperature and theoretical dec OmIposItion
lunction of platinum oxide (decomp’)

loss durmg oxidation at 1100=1300"C could be
caused by the decomposition of a platinum oxide
The reaction between Ptand O, starts at 900 C with
the formation of the solid PtO),. This oxide should be
stable untl about 12000 C and should then decom
pose at higher temperatures. The mass loss 1in this
case would be 00001 (00T mg;em*/h in 48 litres, h
Aowing air at 1000 (1400y 1 These tates of Nass
loss are prven in Frg 7 as *decomp’ The real rates in
the present case have (o be smaller with increasing,
tme because the reactive surface 1s reduced by (he
described melting and contracting of the Pt layer to
lorm 1solated structures By use ol o density
pee = 20 dg.em® one gets for matenial B with 650 nm
Pta mass of the Ptlayer ol ubout 6 ing According to
Rel" 15 there would be no Pt at the surlaces after
an oxidation time of about 7500h at 1100 C and
7SI ar 1400 Co Nevertheless, alter oxidation at
1450°C, 125 h some residual parts of Pt drops were
lound at the oxide lavers (Fig 4) This means that the
differences ol oxidation stabihity and oxidation
kimeties between uncoated and coated samples
cannot be explamed only by the meltung or
decomposition of the Pt luver

In order to investipate the influence of oxygen on
the described processes coated specimens of material
B were unnealed at 1100°C n nitrogen (dried,
20htresh, 1< 40 hy No detectable mass loss was
observed, but molten structures were built up rom
Prat the surfaces In contrast to the investigations
with oxidizing atmosphere these structures show
sttonger 1solated morphology like drops Non
isothermal DTA; TG —and DSC —mvestigations up
(o [500°C of 1000nm Pt sputiered specimens of
matertal B m nitrogen and in air did not lead 1o
measurable thermal effects or mass changes This
cun be caused by the fact that these processes relate
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Pig 8 BSE onaees of specimen surlices ol b gme PCcoated
materal Boatter nonsothermal anmealime up to 100 ¢ty
nitroven (e diy an

oo vers sinall volume and too small energy
hanges  Nevertheless e specimen surlaces
showed The same appearance as alter a long term
asidation o nittogen annealing (g §)

High tempetature XRD ncame ap 1o 1200 C was
tsed to show the phase development as o lunction of
the temperature Formation of civstalline phases
could not be detected Frgure 9 shows diffraction
patteris wineh were measred ar 300 C belore and
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Fag 9. High temperature XRD patierns of 1000 am Pt coated

mrateral B obtamed ac 300 ¢ durine heatinge and coolimg moan

total heatme was up to 1200.CF Not marked peaks helong 1o
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Fig, 100 Ravoobmteeial peak imtensstes ol Preetfecine planes
to SEN 0 e dependence Trome wenperature: Natenal B
coatd wath T T

alter ondaiion Startmg Trome about ~00 C the P
peaks changed to sharp and higher contours This
could be caused by the Tiealing of defects by atiess
relasation and or by growth ol the Pt ocrvstals
igure 10 shows the tatio ol varions PEto SN
300 mtegral peak mtensities as o function ol
temperature The rato mcreases with remperature
up to o about 800 C then decreases and remains
durig cooling at the Tower level The hist part
duning heatmg, can be esplamed by the above
mentioned  causes  Above 8O0 € the observed
mielhing processes occut, connedted with rearianging
ol the Prervstals and weakenmye ol the textne The
diflerent deeree ol deciease ol the peal mitensiy
ratios cansed by the diflerent mfluence on testure ol
the vinons reflecting planes

4 Conclusions

The presence ol 't on the surlaces ol dense stlicon
nitride mmproves its high temperature and long term
stabiliey i oxidizing atmosphere The mechinisn s
assoctated at st with o separation ol the ceranies
surlace from the oxidizing medmm and Later with a
change i the composition, the phise development
and the ervstallization behaviour ol the growimnyg
ovide laver. which icludes o lower tendeney to form
cristobalite and a lugher crystallization extent of Nd
o Y owtheates This promotes the Tormation of an
ovide Taver with fewer and smaller cracks and
bubbles

Bestdes that the Prosihicides will also ovidize
themselves  which can be deseribed as ke the
ostdation ol simlar metal sthades.'™™ by (he
decomposition of the Prsilicide mto Sio and Ptsy, |
o1 SO and POy, accordimg o

PISH 050, 2 o810 1 Pisy,

i

PISL +01 4+ 90, = S0 + POy,

I this case Prwould serve asa transport medium for
Stor S1I0 outwards and the ovde layer will become
poot by Stoor SO That Teads to changes ol
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composition and ol crystalhzation behaviour ol the
oxide lavers

The mvestigated mimimal Pt laver thickness of

405nm seems to be enough for chungmg the
oxidution behaviour in the deseribed way Further
mvestigations have to be done to provide a more
complete understanding ol the mechanism of the
oxidation changes. The proposed method can be
apphed to improvement of the oxidation resistanee
ol dense sihicon nitnde ceramies (in-applications
without abrasive wear) at temperatures above
1000 ¢
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