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\berract--This caper oncenirates on laser coatung of 1 Suptex steel 3AF 2205 v dnnging 1 muxture
i 50, and Fa powder inio 1 .aser seam. Alter the aser treatment the Dupiex steel ‘ransforms ‘nto 1
7.0.2. SiMUCTure. TITANSMUSSIon zeciron MICTOSCODY Dservatons indicate 1 iroper >onding “etween
substrate ind coaung onsisung of 1 spinel structure iround e compositon F2CnL0, near the interface.
in :ddinon, parugies vitll 1 soumel structure nave Seen sbserved in the b.o.o substrate. Crvsiailograpaic
cnentation ceillionsps nave 2een identifed for she interracss of tne spinei structure with the 7.6.¢. matnx
using slectron Jdifracuos,

Résume— 2t 1rticie 251 consacre au revétement par ‘aser -3 un acter hipnase 3AF 2203 par irmadiation d'un
melange Je poudre de Cry O, 2t ae Te sous un ‘usceau laser. Apres . irallement par laser, Uagier biphasé
arend uipe structure o.o. Jes observauons par microscopte dectromigue 2n iransmussion ‘ndiquent une
daison correcte 2ntre ¢ substrat 2t e revétement qui consiste =0 une structure spinetle de composition
voisine de FeCr.Q, stude ores de Minterface. De pius. Jes narucules de structure spineile sont abservéss
dans ‘e subsirat s 2ar difraction 2lectromique. oo 1 denuné les reiauons cnstailographiques
i'onentadon des interraces :ntre .4 structure spneile =2 2 matnce .o

Zusammeniassung—{iese Arceit dehandeit die Laserdeschicaiung des Dupiex-Stailes SAF 2205, Hierzu
wicd 2ine Miscaung von 2,0, mut Fz2oin anen Laserstranl zebracht. Nach Jer Laserbehandlung ‘st der
Dupiex-3tanl . #ne <oz, Struktur umgewandeit. 3eoccachtungn m Surcastranlungseiektronen-
TuXroskep zeigen =ne zule 3indung rwischen Substrat una (berzug; =s indet sich sne Spineil-Struktur
:n der Nahe der Grenzldche mut siner Zusammensetzung am ~2Cr, O, Zusdtziich werden Tellcaen mit
sner Spwneil-Struktur ‘m .r.20 Substrar becbacatet. Die knstailograischen Crienterungsbezenungen an
Jer Grenzildche owiscaen Sowued-Struktur und oz Mamx werden muttels  Elekronenbeugung

aurgexiar,

. INTRODUCTION

The laser/particie injecuon procsss Sas proven o e
1 versatile rechmique of coating metais wth ceramic
partcies to meet extreme requurements of wear ind
:orrosion resistance. Because of its tugh spergy den-
sity, the laser beam is atle o meit the metailic
substrate ind may sven partly meit the ceramic
powder. As a resuit, a solid bonding can be formed
setween the ceramic and the metal. However, as the
ohysical properties between ceramic and metallic
materiais are much different. z.g. the crystallographic
structure and the thermal sxpansion, cracks usuaily
develop at the ceramic-metai interface as weil ag
inside the coating during the rapid soiidification
and cooiing processes. In this saper, the orien-
tation relatonship and the coherency of laser meited
Dupiex steel 2205 intertace with Cr,0, is investigated
by transmission eclectron microscopy. This system
was chosen because of -he small dirference in thermai
:xpansion coetficient between the vxide and Dupiex

steel. The thermal sxpansion :ceficient of Cr,0; is
3.5-107 1] rom 20 o 1400°C. of Dupiex 2203
3.8 - 077 2] from 20 <o 100°C. The chemical compo-
sition 2 the Duplex SAF 22035 s listed in Table I.

Cbviousiv, 1 zood idhesion of the ceramic-metal
interface may prevent the formation of interfacial
cracks. Chemical reactions between ceramics and
metals may iead 0 1 jood wetting. Therefore a
reaction bonding technique has been developed in the
ceramic-meral joining {3]. A spinel phase has been
reported [4] to form at the interface between liquid
iron and the oxide Al.Qh. Using X-ray diffraction we
reported recenty [5] on the presence of a FeCr,0,
spinei structure n Co.O, laser coated steel. [t was
conciuded thart a2 zood adhesion and crack free
ceramic coatings cao 2e obtamned i this spinel is
formed at the ceramic-metal interface. Cn the other
hand it shouid be noted that in some systems, =.g.
alumina-nickel there s a2 critical thickness above
Wwhich Tacture accurs at oc aear :he spinei-metal
intertace ;6]
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1. EXPERIMENTS

A LIXW CO.-aser. Spectra Physics 320, was
appued Jor the laser :oauing, viich was operated at
KXW owith 1 oscan veiocity of 20 mmus. Jeam diam-
2er of 1.5 mm 1nd 0% of sveriap under a protec-
ave itmospnere of Ar s siteiding zas, A sowder
mix-
wre of Cry0, and pure iron was brought into he
:aser Seam instead of pure Cr,C; in order 0 Jorm 1
spinel structure inside the coating. The composttion
of the precursor powder mixturs is Fe:Cr,0y = 1:2
(mol w#t). The size distnbuuon of the Fe powder
peaks around [0 um whereas Cr,0, nowder shows 1
Jroad disttibution manging rom 3 o 45 um. Tae
melting soint is 1335°C {or Fe and 2266°C rfor
C:,0,. Tae composition analysis of :he laser pro-
cessed coating by EDS (energy dispersive X-ray
spectrometry, ses [31) indicates that about 30% of
*he available iron powder has been diffused into the
oxide particles. [n :his way, iccording :o the zom-
position, the product of the reaction betwesn Cr.0,
and Fz wiil e FeCr0,. or (F2,,Cr.y;Cr.0,.

Duplex steei SAF 1205 was used as substrate
matenais. After [aser srocsssing, the surface struc-
wre of Duplex 3AF 2203 transforms into 2 single
poase of ..o, A cross-section through the coating
and substrate can de found in (3]. The ‘hickness of
the coating s in the order of (00 um. The structurs
was investigated bv X-ray diffraction and then
‘denufied oy zlectron diffraction. A transmission
=lectron microscope ' TEM) operating at 200 kV was
ased (JEM 200 CX). The TEM specimens were
dimpied o about 20 um ‘n the centre and thinned
9y ion miiling afterwards.

3. EXPERIMENTAL RESULTS
.1 Microsiructure of the coating

Both 5y X-ray diffraction and ziectron diffraction
it was found that the :oating consisted largety of
grains with a spine!l structure of FeCr.0,. Here we
shouid emphasize that ‘he crystal structure, but aot
the composition, is that of FeCr,0,. EDS data znd
the phase diagram are presented in Ref. {5] from
which it may be conciuded :hat iarge deviations
rom stoichiometry are presumablv due to this far
rom z2quilibrium processing route.

vigure | shows typical spinei grains inside the
coaung. Still there remain iron particies inside the
cozting which are distributed between the spinef
grains. Figure 2 displays such 1 d.c.c. iron particte
dound “y spinei particles. During the phase trans-
‘ormation many plapar faults, =.g. stacking faults
and winning, were induced in the spinel particies,

g [. Dark deid TEM image of a jew spinet Irains inside
the aser coated layer on Dupiex stest.

some of which !ie on the closest packed zianss of
(111} spinel. Cracks couid e observed iong some
grain boundaries. No ¢racks appear ‘n the spinei-
D.c.c. interface, probably because of the zood wel-
ing between spinet and liquid iron. iithough
stresses due to solidification and coedicient 31 iher-
mal 2xpansion mismatch could dominate :his De-
haviour as well. The wetting angle of liquid ron
with FeCr,0, spoinei s 72° ar 1600°C in ur .}, L2
smailer than 307 for wettng o occur.

In some <cases, 1 cubic-on-cudic onentaucn
relationship could e observed at :the interfaces
Setween iron ind spinel particles. Figure 3 s a
diffraction pattern which i3 identfied :0 Ze :he
srientation relationsnip of ¢111) spunel/ (110) s.c.c.
and 110 spinel/[111] b.c.c.

3.2. Spinel particles in 1 b.c.c. matrix: Dupiex teef
SAF 2205

In contrast to the Fe oarticies inside the coaung,
the spinel particies Jound in :he jtesi matrix have a
spherical shape. Here we mean the spinei 2articles
completely 2nclosed by the matrix. Figure I shows
one spinel particle surrounded by :the b.c.c. matrix.
Simtlar to the spinet suructure of the coatng, many

Fig. 2. Dark field TEM image of a b.c.c. iron particle :nside
the !aser coated 'ayer on Duplex steei.
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g, 3. Sleciron diffraction pattern of 1 3.¢.2. iron Jarucie
in 1 somet matrix showing the >nentaton celationsuip of
(EiD sownel, 11700 o.ce. and L] soper (111] Dz

planar auits are soserved nside the  parucie.
which Are mainiv on the closest packed plane or
LLLY spinel. However, oniv a few aults couid e
observed n some smail spinel particies which ire
much smailer than the smallast size >0 :he particles
of the orecursor (Cr,0, powders. Thev may De
formed rom cthe solidifving liquid. Sometimes, 2
superiattice auffraction pattern could be detected
‘rom the spinet particles, This datlern may Se caused
5y the of-stowchiomettic disorder of "he spinel pay-
acles in comparison with the perfect F2Cr,O, spmel
structure. Figure ¥ dispiays such 1 pattern. Several
wypes of crystallograpnic ocenwaton elationship
nave 2esn Jetermuned ‘n Jur eXxperiments 1t :he
:ntertace Jetween the spinei narucies ind the b
matnx. Taoie 2 compiles the resuits. However, in
most cases the reladon of (111 spinel/ {110} h.cc.
could e [dentified. This means that the spinel-0.2.2.
interrface s mamiv parailel o the :losest packed
olanes of | 111} spinei and 7110} 2.c.c. Very often, a0
crystatlographic orientauon relatonsiip could be oo~
served. No cracks were observed ar the spinei-b.c.c.
intertaces irrespective 1s o woether in orientation
relationsip =xisis.

Fig, 4. Dark deid TEM image of a spicel Irain insice ihe
b.c.e. matnx of Duplex sieel.
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4. DISCUSSION

There are two types of sprned, tormal spinel 1nd
‘nverse sotnel (71 in aormal soinel with the stowchio-
qetric compositicn of A3.0,, the oxygen dtoms [orml
1n 7o, subiattice whersas A osccuptes etrapedrad
‘nterstices and 3 octahedrai Haes. ininverse spinel of
ABYQ,, 2aif of 3 occuples etranedral intersucss
and :he -est 3f 3 ind A ire 1t octahedral sies.
According o the size of Yoth the mrersuces and e
ions of iron ind chromum. he inverse spinei s
more avourable at ‘he ;lOICAIOMEINC SOMPOSILON
F2Cr.0,. However. in zenerail. audes xaibit devi-
anons {rom the stoichiometnc composition (3], Fir-
‘hermere, sincs it our case the spinei does not match
with F2Cry0, stowchiomerry, sased on EDS obser-
vation, ind s heavily idistocted. there s not much
of 1 pomng in disungwsning whether the spimel s
of ihe normal or :he nverse type. Table I ilisis
iwo references of the ASTM Jata ibout this spinet
Te(:.0,. One is cubic 2nd another is terragonal. Our
¥-rav diffractzon data suggest that »oth of the spinels
axist. For simplicity, :he cubic spinei was selected Jor
aur discussion, decause there :s only iirte difference
as far as :he lattice constants ire concsrned.

According o the EDS results ;Tom which it vas
concluded that 30% of Fe nas diffused into the Cr-0;,
the sroduct of :he ~eacton setween F2 and Co:5,
could e :Fe, ;CrgCo.O, [n comparison with tne
stoichiometry F2Cr,0,, "wo thirds of :he interstices
‘or irom are sccupied by chromuum. [f the intersuce
for Fe in the oxide is a0t occupied 5y Fe, some Cr:0,
cell may e preserved “ecause the product 5 1
10a-stoichiometric and inhomogeneous spinei. Here
the stacking sequence of aexagonai Cr,0s om :ibe
closest nacked plane is ABABAB ..., and that of
spinel is ABCABC ... Supposing the spinei is
directly transformed {rom the closest packed piane
of Ctyy, i.e. some planes of the hexagonai struc-
wre will move :(112) 5y shearing to form 2 cubic
structure of spinel. Twinning may be induced Jduriag
the shearing and some hexagonai ceils or 2laaes
remained in the spinei crystai may act as stacking
faults on the closest packed piane of {111} spinel. For

Tabie 3. ASTM dara of structures

Name Ci.0, FeCrQ,  FeCr0, Fe Fz
Shase R-3e. Tetra Fdlm 'm 3 Fm_.}m
1 1am) 3,-4959 1.3497 1337 ).23664 .I5918
s oam) 1.3394 231s
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nstance. che stacking sequencs o winning couid e
ABCIABAICBA, und those of stacking faults may e
ABCIABABC and ABCG{B)ABC. More detailed
TINSMISSION HeCiron MICTOSCOpPY s underway o Se
more speciic about the naturs of these raults.

According to the lattice parameters in Table 3.
the most favourabie interface of spinel-bco. is
(001) spinel//{CO1) h.c.c. in the direction of 1001
spined/, [110] b.c.c. {t has to be :dded that according
0 the X-ray diffraction data serformed on these
coatings (3} aon-stoichiometry of the spinel struc-
ture does not seem to affect the lattice parameter.
Therefore, the lattice mistit on this particular inter-
face orieatation is sstmated to be only about 3%,
However. this type of orientation relationship was
not observed. in most cases the interfaces are par-
allei to the closest packed pianes although the lat-
tice misfit on the (11D)spinel//(110) b.c.c. interface
is very large, of about 20% in :he direction of 113y
spiel//[111] b.c.c. and 2% in the direction of [108]
spinet//{010] b.c.c. Therefore, the spinel-b.c.c.
intertace may not be coherent. Similar resuits have
been reported by HREM and CTEM [9-12] about
the interface of an oxide and 2 mertal marrix. A
cubic-on-cubic orientation relationship was observed
but the interface was not coherent.

It is not exceptional that the ordentation relation-
ship does not coincide with the latucs mistit, since 2
lattice aaving almost identical atom matching often
exhubits no tendency for easy heterogenecus nucle-
ation and liquid-phase 2pitaxy may occur between
lattices or widely different lattice spacing instead [13].
As carly as 1955, Turnbull {14] has already pointed
out that the snergy of an interphase boundary has
both a2 structural and a chemical component. The
chemical component arises because atoms at the
boundary have a certain proportion of neighbours of
the “wrong” species across the boundary. Usually,
however, because of metal-metal interfaces interest
is mainly focused entirely on the structural com-
ponent {15]. Then the orientation relatonship shouid
coincide with the interface cohersnce to attain the
lowest free energy. In contrast 1o the metal-metal
interface, the chemical component may play a crucial
role for the oxide—metal interface, since thers might
exist a strong interaction between ions of oxygen and
metals, Beside ions, i particular structural defects in
ceramic materials carry localized charges and conse-
quently a substantial bonding is expected based on
image charges of these localized defects int the metallic
jelium. Therefore significant binding between metals
and ceramics can be attained even for incoherent
boundaries [16~18],

No cracks have been observed at the interface
between a spinel particle and the b.c.c. martrix irre-

speciive as to wiether 1 crystallograpiue 2dentauen
relztionsnup exists. This observarion is in line with the
Jbserved Jdificuity to zoat 38304 in sompanson with
Juplex stest {3, 19].

5. CONCLUSION

After laser processing, the hexagonal C:,0, nas
reacted with liquid iron and transformed o the spinei
ghase. As the coating is a rapid melting and solidifi-
cauon process, iron could not react with the Cr.0,
grain cornpletely, and the spinel becomes nonstoi-
coiometric. in which many planar faults axist mainly
on the closest packed piane of the spinel phase.

Crystallographic orientation relationsnips  have
Desn observed for the interfaces of spinek-b.c.c. But
these interfaces can not be compieteiv coherent
because of the large lattice misfit on them. Even
though no cracks have been observed at the interfaces
at which a crystallographic oreatation relationship
SXiSIS.
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