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tl riit eorL .b. didrrior 6.n.rio! ol borh IN!.i tlloy (,0 [d s.l.d
irr..a (Ii-rodiaBd .r.dl.r& .o.d!rJ ,s hv6ris.t d . rn h rt.
cepcErsE Ers. 7lo- rOO0 C. Tn. oid..ir *i i. ofnodt illo,6l).
r.n Ifi rd.rt tsl€m w foud to aollfl rh. prn}oli. lri. lrr!. vold. r.E
lo!trd tt. odd. mL+ b.lnl. lnl.lrE rd rr grdd or rt !nl!
6ourdrrl6, Tlir is du. lo lnc chEmlun d.d.rion in lhc .lloy. th.
h.$ori!D of void formarior ha oft.! b..n .tllibur.d ro rh. vr..!.y

Iilonel !llo, 600 Ea .o.r.d *nh PLmodlfl.d rlumi de u\ins 3ldglHl.,,
hirh. ni$ orcl c.m.irs,ion m.riod, {ts00 c,lhe D.mbolic rrr..o i.rr
b 6rtl xro-' Io. rh. co,td rr.r.h .hd t.r6xlo{ (.s 2 / .n 4 &.) ,or lt.
rnco.ted ryireD, Oidc pblr6 rn rN lorh.d or co.ra lyrr.m durilg Eoll
ol ln. oid.rior dpon( .oldilioB rE: Alroj NiAl,Or Cr,On rld Nlt.,O!

x.y-eordr: oid{id. Ditisioi curjn& P.cl @d6rid, IlMel llloy.

!O{-.i.t l pJlll, }!r[,JrE ! 60lFJLl- rAi sl* ir^J

Frv--r U.rri i!e. rlilo(t.tlor 600) .LjJr.[ l+td ilJ$ /rLir] F
?i.k C@e .ti6n r.cnnhuc lij.-+ rr-f, ! arid4.-r fJ'r.rarrr uJ !
L-.EUj i!-srr rr.JL L,,l} s.i .1014 .c rJJ.lr,, qI 

'+e |J,4r$ .,l|,.,:J

*-!1 rrr-I arr c.lr,llrri 7o0.lo0o !c q,r arlr caJJ rb rral ei r*J
kl !tr-!rr C--Lti rlJ,il !-{rr a-r,i iiIlJr lJl+Lr r, &. $rl &+! &rl]l]
4.!reJ +{ tl !-s J..u, C.!"J & tJirr ;JlJrl ar$ o.l C,rar J+ , P.r.boll.
Jrt l s*I i-:1, Cj-n vrll r u.rmi.! 1!l! $.r+& C4ll ir+ii5 eLll

p!-, r-"r&. ,irl / 600 !,-rrs ll,r.) ,r,L} arlir }.*r 4rL LJrr .., ,rrrl
vJ r)t--Lt .l}n q.aJ 90{ c, i.r} ii.r:E slr.rJar l (fnl,rrrrr

€.L-, rl .!tr.l J. i+..11 t,l6rld (Dg r/o 4 s) tl LjA 6.63 rllr'
el1.r.4-it' +,J ur lI r,&!r.rrr, +Jj x.l d iir ir.:l\.t!3

A mi"idc ditlusion colrings e
cosmonly 4plied bl pack
cin.nldtior $erhod to Niba*d

. NiFerO.. diAlro. c4ort Alrorr

rup.mlloy tudine comporcir! io
ifrpove fi.n qidarion Estu!.nco
Nick.l 

'luminide 
(NiAl) is th.

prcmniE tish Ienpe.eiuE rtlucluBl

https://doi.org/10.30684/etj.24.7A.8
2412-0758/University of Technology-Iraq, Baghdad, Iraq
This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0



Ei!. r rsi.tlolr. vol 24, N.7, :0s

tuLrirl bse n t6 s@d
tFFni6, tuch 6 l ddity, biGlt
n.lrinB ponn (16{0 .\:) .nd ged
rh.mal endu.riYity. NiAI ha
.rell.fi lorqtidl of otiddion
Esistan@, dlc ro its.biliry to lom B

,brcctiv. d" Alror scale , tlr
&bility Io lonn a healine oiide .ner
spallarion IJ. llN.r4, rludinid.
cocdr$ l&L rd.quE Binlnc. to
IDI .ncion {fi$d *lt att&.k, .,s,,
N.: SO.) ed to rh.m! ,l@r
ts*rot.d du.in! 3a bltirc @ic.
t2l
Aluminid. conings .c cri.d d(
uei.g .ilha . r*'{crivily high
cBrEiuE 0-+rD or . hign
iclivilr lo* lempeEruE (HALT)
prck conPnrlio., codentioauy,
low.derivii, co ins G dd.lopcd in
otr. sLq, ove 1000'C for 3 to 4 hB
lo prcduc. r NiAl. Hisn-ftdvity
dutoini2i,s is @i.n dr { 700 - to
850 qC. qnich n lhen fiilo*.d by r
ditrurion Elffir.ho* l0{0 !u t6
lm Nial drim tu@E I3l.
Tn pl.qe or plrrinu in nid.l
lluhinid. phor.s lh. fnlnior ot t

Tnc lo@rid of d.AI;Or fim e-

^l,Or 
d th€ FNiAr cditrs lwllld

i. r slDtp dcl* in llt rtrflholb
o'e coMr l9 b, M dds of
Msiod. ir2l. MRovlr t.
Ftuholic raie conslant lor F Pl.
lluhinid. co.tins s6 ierly lwo
odcB oi masioitlde lowa! {m dal
fo! the plain alminids collinsdurirS
iloihemrl diddion of (lckl
sp,.ltoy CM-247 !t llo0 t {131.
tlE iin 6f tni. w* i. to dud, d.
.f..c or pLiitrm'aluiini&
din:Bion @ri'Is o oiid.ri@ of Ni
$p6l,o, 0Md 600),

M.rLl.dM.rhodr
The spetelemic.l .n.ly6i. of Ni
bacd suldlloy (In oD.l .lloy 600)
k shovi in hblo L CoupoN of
dimdsion, 2 cm x 2 ct t 0.4 cm
wnh r blll elposd rBc of ll.2 cm:
$e cul oln t s i!@.1 600 rh4l,
Smdl hok I nm h diuaa *$
d.ilkd in @h dpotr as holdin& All
$. $rl@r imludiis de .n8l r@
*u A!u!d Eins l5q IOO {d 600

sil silian cs,6id! ,.tc6. Th.E
MpLs v@ rnd chi.d in Mr6,
d?sEesed wirh &6ronci rid $.n

Pl.Bodifi .d drnlnide Co.llry
Pr.modifi.d ahmini& @*in8 wir
Dodled on in@ncl .Uoy 600
obrn!&i by ainB rn foll@in8
*F: (!) A iin Pr l.*r i! D.odu..d
b, .L.roplarins iErh.d. lb)
DimEion uoalinS nrlln.nL (c)
Hbh .criviry ll@ininrg p@4
E ch Inc@l rlloy 600 *mpk! \6
.ort d .L.lrch.mieilly sid!
phi.dm l.)r, A plrtilun !l.dn8
solurion consisrsd of Pl20.Q *Alr (lPt
(NU,) i HPOa non l.hi.on Milth.Y
C.tllysr, ele.riolrle ai 90.95'C rilh
l0dl of Pr.Tl'. Plrhickn $ w!!-2,5

Consoqucrtl, ri. oxidarion Bi$hcc
of P! eluninidc ldrin8s is b.n.r
th6n rhd of .lu$hid. coliirg!
widDu phtinun (41. A l iery ol
rcch.nlsnr h!v. b€d propd.d to
qpllin d& b6n ftcirl efiecls ofPt [5.
!01.
Sludid oi th. qllk orddior of
CM-247 Ni-t !.d @ .uFdlloy
wnn phin .lMhi& @titrg ,nd *lO
ft. rluhiiid. @ins a lom. l2OO
iC in .ir ih6w 

'tar 
Pr-.,!ninid.

6tirB imp6B rh. oxidrlion
Esisknce. ftis is bsu!. of itr
.bilily t roroitr llmina as th. only
oxidc phaso md peveni lpii.l
fod,rioi for muoL loiger poriods
during oxid.tion lnan pl'i. iturhldo



pm ans t5 ni( dfpl.lilgiim. has.d

Thc Incoared Inco .l auq.. 600
emples reE then given dilhsioo
e,n*iirg !t 350 c for up to 0 5 lF(u
and conse{dendy fie rmpmlu. wls
ncFa*Jro Ol4 Cforup r.2 hou6

in r.a(um fumrc lU 'roE
Subsequenrly, de drilirsion reired
speoimeis Ber p3ck alu inied b
pDdu.c n plaiinum modified
aluhinide ooaii,,g. Thc mothod use,l
nere ro dluminia Ni-ba3ed supeElloy
smple 5 abwe pack c.he atio!
usins a sinlle{tep hisn{dviry
-nre pack used for aluminizing
mnsisr.d of l0 qr % Alpo*ds{i0
rol50 rrm in padicle sia) as an
altrninunt source, 2 lt. Y! NH]CI d
ihe {crivarcr, !trd tno balance *s 38
*.% ol d.alumina (70-?10 Im) as
dF intn nlbi. The misd pick w{s
lh prt in o skn'b$stslcylindrical
mnriiner sith a dl.meEr ol5 cn Md
a hcighr ol3 en Tle cyliidei *tu
filled u0 b thrc quatuts and $.
upper qua4cr ollhe co ai.er was l.n
e ihe readioo ch!nb.. thar contained
tte lrcoiel sanple Thc sample wrs
hanged snh Pl triE, this wir pdsed
rhrough a hole in ir€ .oneir$ lid
The c.ntainer wE d€n illed rnh Ar
.nd dlsed widr aLmni!-b6.d
cemcil. mis pmc.s is knd*n ss

The conrairer sas rhen p'll in aclosed
ttrbe lnm.F wnh ar ahorphere. Tbe
alumiiizing pm*s was canied oui ai
l0l4 1 t 'C fo! up ro .t hou6. Atur
lh. aluminizins rralmeDt, rhe
specimms {ere clqned ed reiBhed
!o dctorhine $. aluminum piolup
No tunnc. heat eatnEnl *as given ro
rhe sp*ine.s rtlcr iLuminizirE I t 4 l.

Boii ol lhe uncoared and co{ed
speimels reE hothemally oxidiad
in dry ai ar temp.r*ure (700, 300,
900, aM lO0O 13 "C) for up to 200
hE rime. fie weighr chanses due to

coDti.uously using 3 (Meder 200)
dicbbalance wirh a precision of 100

,rg. the surlaes and cross se.rions of
oxidized smpks in air w.E
e*mined usins SEM (FEl/Philips
/XL-Jo WTMP). The phaes p*nt
in ihe olloys *ere ideitified with X-
By qilh Ccrcrd Elotic
D frrrcroneler, op.mriiB at ccrrnin0
speed of : (2Ol pd ntrnuL. wirh Cu

Rosulll .nd Di!.Gsiotr
Micsrlru.&a of PcModified

The nrioosructuE of plalinun
aluninide cord4 oD inconel alloy
600 ttrai h lmed cdkn syscn i.
ihc pEs i sfudy k shoM in Fig. I
The plrtinu0 a,unrinidc coding
Bsh . thee leyer slruclui. in the ag
alrminiud cdnditio[ rhe ouror I!t,
ha! a lwo phise sroctqe in ,hich lhe
PIAI2 phde (briet't Ehi,s) is
distlibuEd in a NiAl matrix ldEI
sEi.9 as sho$n in ['ie I (6), This
sh.trd of dre ouler codinS hy.f k
expected, based oD tho exleisivc
intsdillusion beNen rhe subsrrsre
rnti the ft loyn thar trles phce
duing rhe plior diltusion iHhent
Thc IL{], plesr lully mn$itoted the
outer cMling *hen Drior diftsion
lrmtnent wN donc ar 350 "c lnr 0 5
hr This internetallic phe* k known
b be exftmely 6rinle, perhips huch
norc e thr rhe PNiAlphase lll.
The disiburion olrho PrAt) phae in
P-NiAI d6aix utes plac. a. the
iempem.urc of diffusion teaiment is



increGed ro lO:14 C lor up to 2 hs.
Th. ols No undolyitrg loyss ol
this co ins 're: 

intennedialc 0-NiA1
Iayer and lhe I'mr iN.diffusiotr

Oridrlion of Ur@.ied Inconel in

The sci8hr gEi. dah durin8
hoih,mdl oxidrricn in dry alr lor the
uncoaEJ synef, .t r iemPeratuk
mnEe ol TOO l00O C lo! up io 200
hrs l! plosed in Fu 2 The oxidatioB
kiidies .u be dticrib.d bv
examininS dr giowrh mre iiite
coina ofu vdluq *nicn is found as

the exponcnr in the following rcre

(aV)=lto (r)

lor the paabolic lin.tics, llE de

r-;-r =rpr (2)

$heEr" i, rhe pdbol c Ete .onernr
i dn; ur (rng ', cm .q) rhe

parrholic oxidalion r.r. conshr for
fotrr ssries dl cxperiment dr.
calculaled and lhc I'nmr lincs e
represenied ii Fig I as the l@t
squB cufre its io Ine d.Ls. The
p{ftbollo oxidaiidn rat consta.b (rJ
lor lne sst ole&eimcnts are lGted in

'fte par.b.lio oxida on rute oonsbt
ol iroonel dlldy 600 in rn, vrry 6Y

one oder ofmrsnitude fro . low of
r.43 * lo r (ns'lcn I sec) at 7oo
oC10 ahignof2.lT' 10 ! (sg//cB
1.s)ai looo'c. ne dab in Idble 2
0rc single+hperarur. rate consonte
and, for pr&ric.l appli@rions, should
be generaliu d over lle entke mnge of
tenp.ritfts, The lollowing
Alrfienius equ.lion relales the
oridarionnt io tempeoruiE:

rp = Ae'pl-7Rr1 0)
*heE A ed B aE snsrrnt!, R n the
uii!.^al Eas constu! and T is te
remp.mluf in K. ln lhcrnodyomic
s.iY g *ould be th. acrivalion
ener$/ bu! id !h. pi€sent fomuldion,
dd will not be |lE case. In ordor to
eviluate de appropri.E roges of
emperatuts ov.r whiol b fir [r asa
lunction of remDeElue, the vdlucs in
i.blo 2 were ploltd rs. (l/I) as

dBwn in Fie 4. A lin.ar Esresion
anilrsis or(he lom ol Eq. (3).esuli,
in lhe lollNing €latiotrships for *! 0s

a fui d ion of lemrcmtuE.
*o=:.b r l0'r.\p [ 1a0253/nT
€ ( 973 K,lOTl K)(4.)
*, = l.6 r l0 i cxp [.94]3.44 / Tl
1€(1073(,llTlK)

whe,c d v n $e *eisht glii., is rhe
s.mpl. surface arca, * G lhe dle
con{.tu md t h time. Valuos oa ,
aE shoBn in rable 2. lt is found thar
dErlarionshlp is p&aboliclheien =
0s Dcviarion foD rLeoretiml valrc
of, - 0,5 an bc cxplaiied by m
oride !.!d crackirg. l*dilg ro 3

suddei inresc ollhe surlace area i.
.onEn \vilh orygen and rhu! ro ltr
acceleBri.n ot rhe oxid.rion kineti.s.
These rcsuks hdv. slwn lh8t I[e
pffibolic kiderica at lhis lerpeottre
ra.e cer be qu. ified on ths
nodilied 0 rbolic 6re lxB sith lie
asunprion G.r oxidation is

oontrolled b! dillBion flshohm
rnd rhc grain holndaries e rhe oily
efilctive shoft n.uil di$usion pdihs

1151. The smin bouDdlly dif6sion
nochanh,n lDvidcs an nniall/ hig)l
oxiditioi mts. As iime pas*s, oxide
gnitr Crosd occuE, whi.lr dai.aes
the lumber of edsy dimbion palhs
s'd slows thc oxidarion mte.
Tierclore, $e e$y parirrays arc.!t
off. a,d ths orid.tion Bre h
dec.ed*d belond thai Lr plrrh.lic



rL= l.l \ lO'1expt'106687/1

lhe rrl@, ofl, e dtubrli m in
ui6 Df (mg"tm'.c). whcn I, fom
E{- 1.1) is tre, in Eq. (l} $. eaoE
of (he ox'.8d *iSh grin p!. u.n

rf* ra oY€r ihe tie i .Ml oi
NiJition is ampur.n is (nd/onrl
A! l.rv kmFTaruri ltuoD.l llloy
6!0 .xreriaces , Friod of trusicnr
oxid!.on loi appb:irdrly 30 hou6
of oxidatior itr lir lollo*d by
par.b.li. oriddion at . gaatly
rcduc.d mte In dltd sords. &r!
reveal a paabolic oii&tn), drc (ri)
rhd obeys m Anhsniu$typc oqudo!

*o = *oe-t'Rl' 1st

rhec t isdE pE-Rp.re i.lf6cror,
Q is lne eltuono cn.lgi, T L th.
r.npentuE, &d R ii rh. uni@l
e.s c6d 8Jl (J / l() / 0ol , tM
rhe cxFriddbl &b, d. .cti{rio.
eE.Ay $a oi.d.rd 60B r tkn oa
los (*,) E (r,.D h rh. hDcduc
ms. rion ?00 c b t0o0 t s
sho*n in Fig. 5 ItE wlu. oul.ind
fo. th. poa!.tic gloth of CnOj *s
105 U mol -r, which b ii g6d
l8emdr wi$ valu.s i, th.
lne*ture, tOOr?O kJ flol _r, 

on Ni.

Al lo! r.mp.Brui. (i!,, 700
trth( or'de rne sE 'tr mh ,o Lo

'l.iecuble 
wilh x{!y difirdcrid

eolysir. Th. main phas.s tid .xhr
on itranel aLloy 600. 6 lons i! thos.
aft precnt in surlci.nr rhouit iE
NiO, .nd sli,il pnB of Ni {CnO.
fqor). At 7oo t, qr.tu.l l.yrr
of NiO (which is fomr, by rh.
outuad dirlnsim ofNi tosord oildr-
g& inEf@ oll in}d dilhBio oa
o) and i 6mpLx spitr.l ili (Ci t ) r.
O .E .men. a ndn' conrinsui
lr)., cfcrrc! lie b.loe. ln dr @

olrri$oi curhe or h6rcr Ano! 600 in rir

or Ni-Cr !(d lii-Al oidaion 0tl,
.v.n i6l diltusio, .lda grii.
bo&d.rics i! lriu appcr b1oodN
b Ec@t fr ihe oleEd ondc
!rcvrt EB. sho.t circIn dilfisioD ol
or*.o aIpq6 io GE ro c 3l!&
q Lss dt rl io picliElly .ll oxid.
lih!- Cds.qu. lr- oxy3a is
tu!,*d !s mdede. alon8 shod
cn{ prdur:. Thh imad o9,eri
$3 hnspofi n Esponsiblc for lhe
,rowlh oalcw oxide wirhin tno filmt
ed lor ti. gioMh of lhe in.r l.trr
ol lh. wll-devoloped dDplex fiIfr!,
NhichEEwonlhcalloy.
Iho oxide sudae aas qanin.d
uing SDM e shown in Figs,69 The
scrl. .rp.ats sinilr ro num.rous
nodules on lh. surr.c. and no
ldi*rioi ot sc.le s!8lldion or
cmlirg. Nodules of NiO nucl..r.d
on d. !!rfN+ &d sE* widr a dud6
nod!@. 'fte tucldi@ i6ur.d
wi$ iE6in3 lmD.r.rum $ d.l
tll. nodnld nrhd.d , l.ua
r.FF@e e 5 gndy hrra od
h$ d{e *lE@ 4 hirn6
r.mp€6iur6, rtc noduld b@rN
ndL, .d d.le. Sub*{uar rus
Iri. 6cy lwt nof, lhr ncLdion
&d aotulion oa morc nodules, onc
iilfrslins fe{ure of $€ noduld is
.t d. g&rsuralce appess ro h.vc

porosiry (bklrqne' image Fis, 6d,
Cr.$ sedion nicrqnph h presaied
in lis, 8, which revuh lh. prcs.ncc
ol nany cavitiB unde! lhe oxid.
l!yq. Thh coftsponds to C.
d.pl.don oa incdnel alloy 600 by th.
outwsd difilsior oi cr iowdd tn.

CmcElly, lh. oxid.tid nrch&km
oa a .ommid rMrcl alky 600 k
rimild b dd of Ni{r.llo!5[]7,13,
19. ud 201 and $t6eqcnl sLpt
shN 0 intdting dii[6c.
t r*..n lh. M llloys dE ro dE
.ra of lll. frircr alloyiDg

9ll



lomponcrt ion lioondl .lloy 600.
h K rhu ruilrtk non- rhich
crmbin t ts f@ti.ltr uid th.
nickl oridc ro ,ifln i NiF.rO spiftl
pha{ po$iblr bu.iu* urllt hleler
ditfision rdr of irci and $c hdhd
fuMion r& ot Nilc:o,. A! .h.
oxide l!y.r FN. r,!icls. lic slid-
srate (srion brtqoor Nio eid d-
r.:O, ind4s dE ,b@lion or !
oiillr. ol NiF.rO; ud Nio (dE
oureLtr,o{ l.yer h ciriched in nickcl
lerir.) crror lppcaa !t Ihc irl.r'i&e
bown r& allry [ati, rnd Ii. ourcr
hy€r rirh tu ii.l.l oxid6 Sq de
scrc .or.spondr 6 rhe duplex
systoN Nio + NiF.:o1l crro' / arloy.
qtq lh. coor *ehy.r it
conrir.ous. thc Nio lay.r soP
gmrvi.s .dd thc oxid ion kltetics
hsdl! rcilcct $c gpslh ofth. C&or

Ai 9OO C. rhe @nrirrN Cr:Or sub-
lryd lu Ercsn ed tbc rc.clioi hos

pogE*d lnd NiO ha oo! be€n
obsrlrl a nis ondnim Enn r r[.
*holc NiO laycr hs Esll.d widr
Crror ro lorm Nicr:o., o. it nB
pel.d otliuring oridarid-
Oxn,]lrion df codr.d S,frm:
the kin.ric behrvior orlnconcl alloy
600 wil]l Pr {od,fi.d lllmi'tidc
(dring 'n r dunoe jorhm,.l
.\idxr.tr 300 dd 900 t lor 200
hou^ lollows $. nmbolic EE, Th.
val&s ol rhe psElolic Blc $nslrnl
l, .'d ,, in lhr co'cd irsd 4
deemnEd in tnc s. pe?nDE
lollon.d in de p&vious qo od
li$c'.I rn rh. T$1. I -Ille vrlu. or t"
obr.'Nd .r 90{ t is *, = 6 6l s loJ
,'d n5. h,lf d fd th. !@.r.d
IncoNldlloy 600 (*'= l,16 x lOf,)

Th. d.h id d!. Ill.@l rll,ry 6Ix)
obbinal in dE aq otoridrli@ h 'ir
suggest ihai rhl! uldsSo.! oxid.rioi
Ebrding b IE p@toli. hr onlY

Dlfuocdii!ali$&l^[oy&0ii&

ter.n innid $lnsiiion pe od ol-
30 houn. kishna d.dl [2]l studied
lb. idhtml did{ion drnd6-
risi$ of Ni{rAl 'lL}s b.lw
looo .nd l20t t .t 0,1 lth of
oragen, the, obsNed th.t.ll lhc
Ni{r-Al.llors 8o lnbueh d i,ital
rBns@r p4iod, lBrin8 up ro 20 hm6

Th€ fitsr staer of lnc coctinl
d.giddid in lll. cdr.d erlt F is

ln. hnsfomsrio. ol ile rop plu$
sr crrr (PtAlr I P.NiAl) t th.
iinEl plr* ll.Ni^l. Th€ sond sI,gP
i. rh. d6fm.rio of trNial ro F
NiAl + 'r'. Th. mjor oxldc phds
pE*it hd. e the 4oE shbL
slmi (d-Alror, Nial2ol CrOr,
rnd r.rG m.r8i4 .tur 200 rG
o\idlti.n period it 900 C ii an
Mo@v{. ihe oBhanhm of void
rtui.n { h. qpl.in.d 6
aollos: *ho rh. hrfotnEri@
fioo 9.NiAI to ? occum hy IEni
86*irg i.ro d, fiddle ol $e oul,
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