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Abstract

Effects of alloying elements on the hot corrosion resistance of

Ni-based superalloys

By Yun-Sung Wi
Advisor: Prof. Hee-Jin Jang, Ph. D.
Dept. of Advanced Materials Engineering, Graduate

School of Chosun University

Ni-based superalloys are widely used in gas turbines blades and air craft engine
blades because of its excellent mechanical property, oxidation resistance and hot
corrosion resistance. The operating environments of superalloys include S, V, and
corrosive impurities from fossil fuel involving deposition of molten salt layer on the
metal. The effect of alloying elements on the hot corrosion behavior still need to
be investigated particularly for the interactions between them, considering the
complicated composition of superalloys. In this study, the effects of alloying
elements on the hot corrosion resistance are examined by using statistical methods.
Ni-(0~15)Co-(8~15)Cr-(0~5)Mo-(0~10)W-(3~8)A1(0~5)Ti-(0~
10)Ta-0.01C-0.01B were designed by Response Surface Method. The mass gain
after cyclic hot corrosion at 700 C or 900 C was analyzed statistically to evaluate
the effects of alloying elements on the hot corrosion rate. The phase, composition
and structure of the oxide scales were examined by X-ray diffractometry and
electron probe microanalysis.

hot corrosion resistance at 700 ‘C was improved by increasing Whereas W and
Mo degrade the hot corrosion resistance. Ti and Ta slightly increase hot corrosion

resistance. Co-Cr, Co-Al, Cr-W, W-Al and Al-Ta couples appeared to have

— vii —
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interactions in a way to reduce the effect of each other element.. The oxide scales
were composed of Cr20s and (Ni,Co)O.

It was shown that hot corrosion resistance at 900 ‘C was improved by increasing
concentration of Ti, Co or Cr. The degrading effects of W and Mo on the hot
corrosion resistance of superalloys were more significant at 900 ‘C than at 700 'C. Al
did not show a consistent effect on the hot corrosion behavior. Ta slightly increased
hot corrosion resistance. Interaction effects were found for Co-Cr, Cr-W and Mo-Ti.

The corrosion scales were mainly composed of TiO;, Al:Os; and TiTaO..
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Table 2.1 Alloying elements used in Ni-base superalloys[14]

Elements Ni | Cr | Fe | Cr | Mo,W | Cb,Ta,Ti| Al C,B,Zr Hf

Matrix

class

¥ class X X

Grain
boundary X
class

Carbide

subclass

Oxide scale

class
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Table 2.2 Function of alloying element groups in Co-base superalloys[14]

. Ti, Zr,
Ni Cr w C
Cb, Ta
Surface
Principal Austenite stability Solid-solution MC Carbide
function stabilizer +carbide strength formers | formation
former
X-40 10 25 75 - 0.45
3.5Ta,
MM-509 10 24 7.0 0.57r, 0.60
0.2Ti
L-605 10 20 15.0 - 0.10
HS-188 22 22 14.0 - 0.08

Collection @ chosun



2. AOs 34 g+

NiAl @ol dubH o Al 15~60 %, Cr& 6~30 %7-A #H7hdch
290A grrell Al b ALOs7F F457] A= Alel @Fel 17 9% o]/de]
st olgA Hw e el Alel ofste] Aol wv] e A9

il
E7Fsshtk et Ni-Al @50 Al 3 929 Cr& 10 % A= H7bskd AlS

Ni-Al
wfofof

Apgol

5 %

AmRh Hrbstol bR ALO7) FAddET oAl sk AHER WA oA

Ade G F Utk Ni-Al-Cr 394 @=elA 43k ALOs Hsu =

FH=

ToEE Cre 938 “gettering effect” a1 stt}. 1/3AG°(ALO3) < 1/3AG°(Cr203) <

AG*(NiO)sF o] zk qbst=el d9shy bggel Aozt & o, F

FPYL AAE Crol BAHE Aol A B Al WS A FFL

O

=
AE ARl AbstE ot AS52 Reduhg ddste] Witaldo] wolxlth o] ¢f Z
H #5222 Fe-Cr-Al (Kanthal: heating element alloy) <t

delE ol gste A
Cu-Zn-Al §+& Sol ATt
Fig. 2.1& Ni-15Cr-6Al1 & =olA gettering effecte] &3fe] oA 3k

1 5 <]

AlO3

Hed o] FAEE HAAHLE AYsErt. 2719 FAdE NiO9k Ni(Cr,AD204 spinel
ostel Akl VIHEHrel AuEo] wpE ofy) FoIME Aao) BEEr} shobt.

DU O Abae] BEE7l dolm @4EM, Cr0sel W ol &
sael BEEZ Y velm A4EE ALON FAET ALOS WAL
WyEre GAon Avaid o ol4e] Uy alE wWxste] oF 1 A7t

2
hal
7?£H‘ﬂ°ﬂﬁ‘%€é A Ao wWHRAHoR wEEE Jﬁ‘r o= Al

&I AbstEe AR Aelol ffste] AtshEel rde] frE o] ¥y
7]

S B F7] 959 OAE(Oxygen active element)=

of A<=

A7 seh NiAdl 2 CoAl &= 2 A% & OAEZ+ Y, Hf, Sc, Zr, Ce, La 5 °|

Utk ol 3 OAES] H&2 ALOsel fAlel Atstze dulz HEHo UAS

ke AlofshE Aotk AlOs Atsbu]ehe] glojd Abdo] b2 F2 IAE

dolubn], ALO:2] YA £ AAE A Lattice diffusion) $EHTE oF 10,

_8_

Collection @ chosun

R
000 =i



CRGCIC 5 N oz W
(R v N g oM 8
BOROA A g do — Zz N &
oF Mp @ o = 2 —
—_ X om0 =T wl
IH o] ~ o i T MG_H o ol e ‘Be
=R B SN S
NJOHﬂDl.mME — ﬂuujl
S I B el
e T e T e
7T S 3 .
SO
-~ ol ol =
N = o
Smamdr.%u%b“%mﬁmgmﬂ
Lo - T -
K T W o %o zﬂ T A el ogr N
mﬁﬂmTNﬁ ﬂu%EJME
A y do o O P
Ow@__qwriuwmowﬁ%ﬁmm%
o) X0 I ok T omo - K
PRl T g SR
&.E J -~ T
- ﬂLOtﬁﬁl;oLﬁ_x
- B S - = ks
—_ A
— K @ = L X ol
"ePrinziigt
T ol = iz
mﬂmﬁémﬁ%ﬂﬂNM
2z T AT gk
— 0 oxX
© EMﬁMAoT.OtWL@lﬂMM
E%MU_/WHJI\W_WAL o
s el s E 3
Lo o El T
i) —_ ~ —
ey BT L EE M
N '3 2o W oW o o,
.E‘.*O#O‘LI o LE#
o N ke
‘ﬂlﬁEiEYﬂ Lfo =
WO BT %0 Moo
NOE o X COR R
ﬂﬁiaﬂmw%ﬂ/uﬂ .
% % o & T ™ oP T W T
TR W RN o W = W W

st MCrAlY & <

S

shel Ahg

S

7F

=]
.

Collection @ chosun



s nio] s [Nio] s

{m} | min
Alloy
| TR oA | { e |
S |NiO [ Ni0 S
p 000 05000000 g0 000C
{b) 5 min
Alloy
0000000000000 —
S Ni(Cr,AD,0, | Tu Alloy
¢ Cr,0,
¢ Al,O,
{d) > 40 min

Fig. 2.1 Synergistic effect of Cr on the production of AlOs; scales ;
gettering during transient oxidation of Ni—-15Cr-6Al at 1000 C.

_’]D_

Collection @ chosun



3. Cr203 A ¥+

0%

T3 w2 NiAl g5 dy-ie CoAl gaol Witstd drE 9std CrOs
s Ao ofEstrh NiAl daolA AlS A3 xR AV &A% 3k
A5 Crg 20~30 %7t4] E£3stH, CoAl gaolrles AlE F2 Ab&skA] &7] dl&
20~30 % ¥3Frh Ni-Cr 297 &= 4% Crs 30 % 52 1 oY /e
AEAQ Cr0s Redwg gAo=z FASAR, Crg 10 ~ 20 %
© ZIAEEHe] A = 95 CreOs¥ o] A4 Wil NiOd #2714
Az FAEI A WFASEE CrOsel 49 Co-Cr ¢ 4-¢% H
2 b CrOs2 A& &5t wey Aol FxZgte] depA
& B+ Cre &&(Vacancy)ol %A, At #9fo]l ¥& 4%+ Crd
HAH(InterstitiaD o] @@tk Cre0s9] G B S AR 7]A|/Arste
2o yHFFAF Cre Asg/rAEE apgore] R
A BaEa gtk aHBEE Cr0d 8 A dibdow Abslu] ol
of 9Jste] 3 oA al(Convolution) ZAIHASZE= Z[ATFolA B E o

olt

kT
fo

o
Ar

O

=~

il
ol

s

(1)_111

ly
o V| )
ol b

B

lo

il

e f» o 1 2
P 2% o
Y
off
o

il
o)
O,
Citg
o

(E o
ok

=
' 0 -

B 1o,

ol 2
YU 1)

rir

o T

o%

0,

30

0,

o,
O,
oo L

o
@
3
&
do,
-
FX

X,
iN)
i
o
o
re
_0|L
=
5
ol
)
ro

0,
r b
Bl
fu)
4
M
to,
O
e
&
ofk
O>~
i
ol
il
=
=
il
=

(Oxide dispersion)g %t} OAEw At4aet 4440z Ajtsle 4haES
o Cr0s8 Evd AP E fFr=dld A A=E 7R dAEe
]_o% CI'—4 t—ﬂ—B]:o] M—O]—E ] .
Cr:0:9 YAE wet 257 wFo] 254 422 JdAE gt
AA et Cr0z9] AFEEE AstAZ I FAlC] Abae] WH-Eihs
elete] Absbubat A g&ape] HHRHE Aslsie] Hhe
S 95l wWol AHgE = OAEER Y, Hf, Re, La, Ce, V, Y203,
ThO; 5ol Art.(Fig. 2.2)
Crs03 84 o] aLoM =L AR o] AFEE wlE CrOs0] Ahse}
Whgsto] g o]l w2 CrOsg dshr] wiol Absbebe] Zzbs
g5o] EH} Fig. 232 Cr-09 714 ¥l =(Vapor species diagram)E H.o ?—‘Etﬂ,
Crs059] H#Qte]l AtAe] Hote] ZFoighel wet F43] S71de & F Qth

AL
> L
ﬂJlO o

i
)
2,
oX, o
i
Ho
k1
%
o
fou

O
=
>
oty
o & i o =
lf
rlo

gz}, o

—

He BAg

_‘]‘]_

Collection @ chosun



dofrtr] +

]

ol el M Atg

oi7l 1000 C

o]
K

Cr¢

;OL

o
o]

K-

e
il
~

_’]2_

Collection @ chosun



0.3% Hf
14 __geasmrmoeeeee A 0.6% Y
o R st e
E /,-u L L Ty =
Eﬂ \ 100 200 "~ .
E = \-\ Cyclic number
g \
nd=- \
‘-
7 \ 0w
\l
N
.4 e
a .\'
.

Fig. 2.2 Weight change during cyclic oxidation at 1100 C in air of a
NiCoCrAl alloy with and without additions of Y or Hf.

_’]3_

Collection @ chosun



- 14 I.! IJU ? 4 E‘ o -1 -4 ]
e

Cr(s) Cr,0,4(s)
-4

Crig)

(atm )

L ]
-
r
el

hsFEr 4]

PE T ]
log P, (mim)

Fig 2.3 Vapor species diagram of Cr-O system at 1250 K.

Collection @ chosun

_14_




A2 A 3

o]
oﬂ%mr%ﬂo
W B oA o g
QL@MEEE m,mmﬁ?
wmA%%MTMg ﬂ
‘JHM%H@@AE immef,ﬂ,11
T i@ﬂgow o %xﬂumﬂnAog1
@urﬂafﬂ %ML_ ¥oow £ <P
il o 1o <0 —~ o3 = ) < 9 o Jd
gomﬂ%mﬁAﬁ _ﬁ G %m%gmﬂzgq
ﬂ%wﬁﬂ%%%%% %Wmﬂ 1Mm.ﬂ£@
& L;;T}wioa gmngm,x%mcm%;é
LR > @amzf.ms;é
@Ofﬂow. = = F 3 Amﬂﬂﬂo
o X %adr@@r %fr%g%% Lﬂh]%
Wy + T T A - B = g A= ™ N <
ki ol Dok ~, ,L§|M ]ﬂyl 8 o ¥ ﬂﬂxb -
oF 3 ! <0 ! %0 o ~ o] wn o Q) z o]
T mm B B Lw i3 P e & o) o’
ﬂﬂgowovmo T o T &wﬂpuwauwﬂlkﬂﬁ%ﬂmﬂ
KR T E 5 7 1_;@@am@%ﬂ
Aﬂliw%_swemﬁ 4+t oy 2 ﬁamﬁgaﬁe@
J .@ﬂmﬁ;wﬂmﬂ S B p T 4mﬂgms
717r1ur =) ﬁm% n O Eﬁovﬁa%ﬂ%P?ﬂmm
mﬂEmMmﬂwmﬂl@u % Z o mﬂqﬂwﬂﬁm.mﬁi,
ol p oL o} o ol oF o 7~ o) =
M,rv = ﬂw =0 = prd 424 ~3 ~r ol B B3 o o B S
zéﬂzubfﬁoi S 3 EHTJ@C%%&@SQC
%Eﬂ;%ﬂx 3 i E B H R A o 7
i @m1g@%a A .8 i w B
0 m P g o T X 1&&1 2w
<r 3 y oF W [ o}/ Roar L o g X ¥ O
Hf%a.mi @mﬁo;o ﬂgafur%mww%xg
]JuAIL;\ - oL X
fIEiiisEs %M%E;&%@mmq
OF&E‘WQE‘NLEOMAOﬁﬂ ﬂ«ﬂﬁ e\ay‘w‘ﬂmﬁm
O..go ﬁ:! ! ‘Iﬂ \wL EE OU 0o JH ‘ul JH 1__/| ‘Ul‘._ ‘Wﬂ D \% ‘.m—l ol 1_ o
ﬂl:o o _LJ.Mﬂqoﬂc ]o_o]gmo
o LE1E% w2 g TR ) g o X
L@uﬂﬂﬂﬁ = o P o J H.mmo%}ﬂé
z%o_ﬁg i@é@ mut#aww mwﬂﬂaygog
o 3 ﬁ;%ﬂﬂ oo oo I i) o) & o € il
7%Nalé; owuw 70t,A£o«m,Nﬁ ﬂLfA
R _ = 5 9 %21_@
o mﬁcﬂmﬂm,ﬂf%fw_ﬁ
Hove%ﬂtumwﬂ&n%w%
ﬂuwﬁu%vmhﬂﬁﬂwnkpoﬁl
aﬁ%b@gm%@r
_67LEaN~|
HH ﬁ
H_Ti

- 15 -

Collecti
jon @ ch
osun



T

R

Foll A

ot

[€]

)

<)
=
o]

I o] el A
884 T

o= 84 T

e
R

A1 Fa) drh ’oarE el ghrh26, 27, 28]
7]

L5952 (Type 1 Hot Corrosion)=1#] il

ARE 2 B E NaSO,~NaCl
AA 02 NaxS0,9]

tel Va0s 7128

O =]
&0

s

24}

]

[e]

v

O
STl

Ton

o] 535

t}. sodium vanadate® Na:SOs 23889 44

s

=
3

©

tel  acidic  fluxing
1o vanadateE

©

©

[e]

]‘O

g4

=

"o

O

1
BR

olo
ol

acidic fluxing®= Sl Tt}
- 16 -

T

R

Collection @ chosun



A 1824 2L §59 FAL2 NaSOoF 4% 884 T o] del Al s HA|de=
] Fo] H2jo] APy = HAo 2 ‘high temperature hot
olgfalt gty RH3/d Abst #uo) GajdAE dWbAo®E o)

==
(g
2
of 4
A
i,
oo
o do
o
s
i}
2
o
ol

MO + 0 — MO.”
32 9MO + OF + 1/2 O; — 2MO;

Fig. 24% Ni7] @FolAd NaS0.98 %3 &

wapF oz Aysta 9tk NaxSOoF Nivl &390 gel glow 2xe] A f:;hzﬂ
NiO7} @A HA NaxSOss el FEgo] dArh 27 9

st 0, S 53 2L g Yh(oxidant) B e anHos A o
wayute]l 7% 7t olu NiOge] A& gL

Hohe AAH o s gAY gigos So BELE kol " ol O
SOL F-aukgol o8)M dojdrl.

A
=
lo,
o
&

SO~ — SOu(g) + 1/2 Op + OF
So] vt 83| ol NiO o] -2 FEshe] 71A]F4e Nig #-8-35)
o] NiSE #F4geth Nis7l 4% AGexes 079 85w Agzozn mopxy

ool basic fluxingo] W&3 o] dojubr NiO 4bstaehe] g3 7} Lot

ONiO + O +1/2 O°- — 2NiOy

Collection @ chosun



O Aghete 7ol dojurt B Ho] szt APALt. A}
sjupo] felo] dojuby Abar) AFele] NiSe olel 2ol et NiOg SB A

A7tk
NiS + 1/2 O, — NiO + 1/2 S
ol WdHE S+ 7|AwH UFZ Fitste] NiSE AAdshar, olsh dde] 7hgol
HEEH 0 &2 3™ Ni2 basic fluxing®l ¢lsle] 543 F-24H).
AlOs B Cr:03 84 L&A 804 YERE basic fluxing #74-&

AlLOs + O° — 2A10;
Cr:05 + 07 — 2Cr0; (AFAEgto] vbe o
Cr03 + 20° + 3/20, — 2Cr0 (AR qte] =2 u))

~—

ol¢} 2L basic fluxing At3t& 9] a7t 7t2/86 o A RT Aste/8&

A AdelA ¥ 2 3l THE 7AW AHFAH R BRoAksta ke 837 dojd
o &, 32y w5dE £ FAE x# ¢ o AE/E8Y AdHE x = 02
FToy AhslE &3}

(d oxide solubility/dx)x-0 < 0
248 ol wetd AS£A4 22 basic fluxinge] AlESHETH

_‘]8_

Collection @ chosun



- Gas -(as —Gas
tNiOZ
S0% =50, + 30, + 0% [~ NiO + 0% = Nio | NiO + 0% = Nio2-| ™ Sat
; [& |- ~NiQ
» ] - o ,:_
Sulphide Sulphide NiS + 50, : ::O + 18,
(&) (o) (CE
et T s
e e | 4= POTOUS = =
o | Ni0 ——t e | PoOrous
R
NiS, NiO, Na,S0 4
E NI
NiO s
(d) (9)

Fig. 24 Schematic Diagram illustrating the Na>SQOs included Hot Corrosion

Collection @ chosun

_19_



3. A 284 n& 8§ %A

Al 284 &89 HAL NaxSOsF &4 olstel A AAFTH=

E
SO3 #etol ¥ A HAUNHES W] AATL §AFE ¥
g ow Lo dojdriatel

“low temperature hot corrosion(LTHC)”o]&}aL
LTHC® & acidic fluxingo] <sled £3)7} 3w =4,

MO — M* + O
NiO%l 79 acidic fluxing< oF& 9} 22 Hkgo 9lste] AtslEo] &a|dT).
NiO + SO3 — NiSOy

o] A% 700 T 800 T Atele] £m Fho|AE 2wy} ure

255 SOu8 Bl
shol A AAE Wb, NiSO,-NaS0s8 H&89c Fd=¥ 671 TelA
TR A nE s el HHY $49e FHEWD AHAUSE Sl

ONi + 2NiSOs = NisS2 + 8NiO

Fig. 25% NiSOsNaxSOs 53¢ o]

Psos % 2= we} <3l7} doju= ddE
Boerh AA 2 NiSOs-NaSOs 538E2 oF 700 T F oA e Psos? Solx g7
Asl7t dojdg &+ Utk

CoAl gaolA CoSO4;~NaS0,
7}A 7] W) Eo CoAl Fae o

f

s

o

SFE&FgHe] AT FFE 565 ToAA 4%
& Lo M= acidic fluxingd] &3k &8 G420
A Zyah A ik A gkt

1>

=]
—{o

_20_

Collection @ chosun



10”

SO, pressure at whi ch S
@Ilq sulfate observed /

/~P%s0,(NiSO, )

ol Luthra ]
+ Shores Na, S0.NiSO,
b liquid solution

111

Na, SO+ Ni SO,
solid solution

1

800 900
TEMPERATURE, °C
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Fig. 2.6 Representation of central composite design.
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Fig. 2.7 Graphical representation of a Box-Behnken response surface design.
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Normal Probability Plot of the Residuals Residuals Versus the Fitted Yalues
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Fig. 2.8 Diagnostic plots: (a) normal probability plot of the residuals, (b) residual
vs. the fitted values, (c) histogram of the residuals, and (d) residual vs. the order
of the data.
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Table 3.1 Chemical composition of the alloys used to examine the effects of Co, Cr,

Mo, W, Al, Ti, and Ta on the hot corrosion resistance of Ni-based superalloys

(wt.%)

Alloy Co Cr | Mo | W Al Ti Ta C B Ni
1 75 | 115 | 25 0 3 0 5 0.1 | 0.01 | Bal
2 75 | 115 | 25 10 3 0 5 0.1 | 0.01 | Bal
3 75 | 115 | 25 10 3 5 5 0.1 | 0.01 | Bal
4 75 | 115 | 25 0 3 5 5 0.1 | 0.01 | Bal
5 0 115 | 25 5 5.5 0 0 0.1 | 0.01 | Bal
6 15 | 115 | 25 5 55 5 0 0.1 | 0.01 | Bal
7 15 | 115 | 25 5 5.5 0 10 0.1 | 0.01 | Bal
3 0 115 | 25 5 55 5 10 0.1 | 0.01 | Bal
9 75 3 25 5 3 25 0 0.1 | 0.01 | Bal
10 75 15 25 5 3 2.5 0 0.1 | 0.01 | Bal
11 75 15 25 5 3 25 10 0.1 | 0.01 | Bal
12 75 3 25 5 3 2.5 10 0.1 | 0.01 | Bal
13 0 3 25 0 5.5 25 5 0.1 | 0.01 | Bal
14 15 15 25 0 55 2.5 5 0.1 | 0.01 | Bal
15 15 3 25 10 5.5 25 5 0.1 | 0.01 | Bal
16 0 15 25 10 55 2.5 5 0.1 | 0.01 | Bal
17 75 | 115 0 0 5.5 25 0 0.1 | 0.01 | Bal
18 75 | 115 5 10 55 2.5 0 0.1 | 0.01 | Bal
19 75 | 115 5 0 5.5 25 10 0.1 | 0.01 | Bal

20 75 | 115 0 10 55 2.5 10 0.1 | 0.01 | Bal
21 0 115 0 5 3 25 5 0.1 | 0.01 | Bal
22 15 | 115 5 5 3 2.5 5 0.1 | 0.01 | Bal
23 15 | 115 0 5 3 25 5 0.1 | 0.01 | Bal
24 0 115 5 5 3 2.5 5 0.1 | 0.01 | Bal
25 75 3 0 5 5.5 0 5 0.1 | 0.01 | Bal
26 75 15 5 5 55 0 5 0.1 | 0.01 | Bal
27 75 15 0 5 5.5 5 5 0.1 | 0.01 | Bal
28 75 3 5 5 55 5 5 0.1 | 0.01 | Bal
29 75 | 115 | 25 5 5.5 25 5 0.1 | 0.01 | Bal
30 75 | 115 | 25 5 55 2.5 5 0.1 | 0.01 | Bal
31 75 | 115 | 25 5 5.5 25 5 0.1 | 0.01 | Bal
32 75 | 115 | 25 10 3 0 5 0.1 | 0.01 | Bal
33 75 | 115 | 25 0 3 0 5 0.1 | 0.01 | Bal
34 75 | 115 | 25 0 3 5 5 0.1 | 0.01 | Bal
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Table 3.1 (Continued)

Alloy Co Cr | Mo | W Al Ti Ta C B Ni
35 75 | 115 | 25 10 3 5 5 0.1 | 0.01 | Bal
36 15 | 115 | 25 5 55 0 0 0.1 | 0.01 | Bal
37 0 115 | 25 5 55 5 0 0.1 | 0.01 | Bal
38 0 115 | 25 5 55 0 10 0.1 | 0.01 | Bal
39 15 | 115 | 25 5 55 5 10 0.1 | 0.01 | Bal
40 75 15 2.5 5 3 25 0 0.1 | 0.01 | Bal
41 75 3 2.5 5 3 25 0 0.1 | 0.01 | Bal
42 75 3 2.5 5 3 25 10 0.1 | 0.01 | Bal
43 75 15 2.5 5 3 25 10 0.1 | 0.01 | Bal
44 15 3 2.5 0 55 25 5 0.1 | 0.01 | Bal
45 0 15 2.5 0 55 25 5 0.1 | 0.01 | Bal
46 0 3 2.5 10 55 25 5 0.1 | 0.01 | Bal
47 15 15 2.5 10 55 25 5 0.1 | 0.01 | Bal
48 75 | 115 5 0 55 25 0 0.1 | 0.01 | Bal
49 75 | 115 0 10 55 25 0 0.1 | 0.01 | Bal
50 75 | 115 0 0 55 25 10 0.1 | 0.01 | Bal
51 75 | 115 5 10 55 25 10 0.1 | 0.01 | Bal
52 15 | 115 0 5 3 25 5 0.1 | 0.01 | Bal
53 0 115 5 5 3 25 5 0.1 | 0.01 | Bal
54 0 115 0 5 3 25 5 0.1 | 0.01 | Bal
55 15 | 115 5 5 3 25 5 0.1 | 0.01 | Bal
56 75 15 0 5 55 0 5 0.1 | 0.01 | Bal
57 75 3 5 5 55 0 5 0.1 | 0.01 | Bal
58 75 3 0 5 55 5 5 0.1 | 0.01 | Bal
59 75 15 5 5 55 5 5 0.1 | 0.01 | Bal
60 75 | 115 | 25 5 55 25 5 0.1 | 0.01 | Bal
61 75 | 115 | 25 5 55 25 5 0.1 | 0.01 | Bal
62 75 | 115 | 25 5 5.5 2.5 5 0.1 | 0.01 | Bal
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A4 A+ 25

HA7] 2WEETY 4tg A mlA= dada Co, Cr, Mo, W, Al, Ti Ta9]
BFE LAFst7] #ske] Ni-(0~15)Co-(8~15)Cr-(0~5Mo-(0~10)W-(3~8)Al-

(0~5Ti-(0~10)Ta-0.1C-0.01BS] xd& zt= 6271419 Fw2 700 TolA 20 Aol=
ot FUIARD a2 FA wRlen AYsiith AtolFel wE FAWEEE Tig

310 Zefze FAISAT a2 FA4 Aol e wel ZE AEES AT
}_ 1=

AR wasigon, gwel x4 wel ¥4 Fmo Aol7h AT 20 Aol Ee
Agol FRE T YT FAMSES 00490984 glem®ol:, 1 U T A
0.000131369 g/cm?Z, =< alloy-43(Ni-7.5Co-15Cr-2.5Mo-5W-8Al-

25Ti-10Ta) et whdel 7b & A W2 -0.25087 mg/ecm?®®, &+ alloy-46
(Ni-0Co-8Cr-2.5Mo-10W-5.5A1-2.5Ti-5Ta) ] $1 .
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Mass gain (mg/cm?)
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Cycle

Fig. 3.1 Mass gain of Ni—(0~15)Co—(8~15)Cr-(0~5Mo—(0~
100W-(3~8)Al(0~5)Ti-(0~10)Ta-0.1C-0.01B alloys during

cyclic hot corrosion at 700 C
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Fig. 3.1 (Continued)
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Fig. 3.1 (Continued)
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EAREA = BAREAL &436e] Co, Cr, Mo, W, Al, Ti, Tael Fa e A7+
Pt oHFig. 3.2). Fig. 32 (a)olA a2 F2 Ao daks +&
HAaE F2 Co, Cr, Al Ti, Ta2® velstth Cr, Cr, Al2 $t#o] Sra85E T
WHekRkS SUPAF T whepa R od FA AAawe S0 F
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Fig. 3.2 (a) Mass gain effect and (b) interations of alloying

elements on the mass gain by hot corrosion at 700 C.
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3. 31 ®A

Ni-(0~15)Co-(8~15)Cr-(0~5Mo-(0~10)W-(3~8) Al(0~5)Ti-(0~10)Ta-0.1C-0.01B
FHEY FAWESel i sAREAY Aol A agzelrt. I At #E L (Fig.
33 (a)x IW'gd A& oot 37 g gow, A o AFA(Fig. 330)HEH
292 Gzke]l JARE wlawA AFstA FErE e FAF 5 Addrh =
2E3(Fig. 3.3()e] 08 Aoz gFdxe=z agzlew, z

4% e glo] WA vEhd Bom Hop

Table 32 % A% waw] ug HA7AEY Aotk P gol 005wt Fe
g2 Co, Cr, Al, Ti, Taelt}. o|=}s = Ars zhgdke] PZFe WxW, AlxAl CoxCr,
Co*Al, W*AlE ]ﬂ 8l tfE-E 0.06 B} ko)

7V 2 ASES UEY daE AleZ 0.0578919 95 e A me FA
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0058t W& P& zte oAde ¥R WxW, AlAlR &59 A
7FA T ol Wik Al §efo] TUpstg & a1 K2 Aol A= JEgFE ~
AAGHE e gugth 32§24 A wAE HdFge] Foj=
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ge -00128% Hmste] H v e Y] wWEel W g Fhe me ¥4
Ay ASE 0% AERAE Ao B 5 Atk ABALS 008149 AF %
AAEE, Al ]l FABEE Al wE& ¥4 AFY FY 2} dhss IR

vhebd o

7R 2 PERe] 0.068 tF B2 o] 2l CoxCr, CoxAle: AF7F 45 7o
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WERA AT ubel] WxAlS] Al g g2 7Rt Web Al M2 35age

o ae ¥4 AL FPAE T 9om, Fig 32009 P anEs

W
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flo

ol¥ et FARMATN & nEoR Aol I WAL gL grh

Mass gain = - 0.019865 + 0.034103 Co + 0.031156 Cr - 0.011283 Mo - 0.004267 W
+ 0.057891 Al + 0.018017 Ti + 0.020328 Ta - 0.015271 CoxCo - 0.007287 CrxCr +
0.002649 MoxMo - 0.022931 WxW - 0.028143 AlxAl - 0.014273 TixTi + 0.009736
TaxTa - 0.034614 CoxCr + 0.003163 CoxMo + 0.011641 CoxW - 0.032718 CoxAl -
0.000617 CoxTi -0.002865 CoxTa + 0.009233 CrxMo + 0.019496 CrxW - 0.014941
CrxAl - 0.009118 CrxTi - 0.004443 CrxTa + 0.011151 MoxW + 0.015110 MoxAl -
0.005100 MoxTi + 0.010514 MoxTa + 0.023997 WxAl + 0.002705 WxTi - 0.005724
WxTa - 0.005860 AlxTi - 0.021271 AlxTa - 0.008580 TixTa

A9l Aol 4 fase] FHWLOE tPeka AdeE, 100 TAA FEe ae
[

B RAMBY g ASF 5 vk

_47_

Collection @ chosun



Normal Probability Plot of the Residuals Residuals Versus the Fitted Values
228 =
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Fig. 3.3 Diagnostic plots at 700 C (a) normal probability plot of the residuals, (b)
residual vs. the fitted values, (c) histogram of the residuals, and (d) residual vs. the
order of the data.
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o SE of
Term coefficient o T P
coefficient
Constant -0.019865 0.013392 -1.483 0.150
Co 0.034103 0.006696 5.093 0
Cr 0.031156 0.006696 4.653 0
Mo -0.011283 0.006696 -1.685 0.104
W -0.004267 0.006696 -0.637 0.529
Al 0.057391 0.006696 8.646 0
Ti 0.018017 0.006696 2.291 0.012
Ta 0.020328 0.006696 3.036 0.005
Co*Co -0.01527 0.008928 -1.71 0.099
Cr+Cr -0.00729 0.008928 -0.816 0.422
Mo*Mo 0.002649 0.008928 0.297 0.769
WxW -0.02293 0.008928 -2.568 0.016
AlxAl -0.02814 0.008928 -3.152 0.004
TixTi -0.01427 0.008928 -1.599 0.122
TaxTa 0.009736 0.008928 1.091 0.285
Co*Cr -0.03461 0.011598 -2.934 0.006
Co*Mo 0.003163 0.011598 0.273 0.787
CoxW 0.011641 0.011598 1.004 0.325
Co=xAl -0.03272 0.011598 -2.821 0.009
Cox*Ti -(.00062 0.011598 -0.053 0.958
Cox*Ta -0.00287 0.011598 -0.247 0.807
Cr+Mo 0.009233 0.011598 0.796 0.433
Cr=W 0.019496 0.011598 1.681 0.105
Cr=Al -(.01494 0.011598 -1.288 0.209
Cr=Ti -(.00912 0.011598 -(.786 0.439
Cr=Ta -(.00444 0.011598 -(.383 0.705
Mo*W 0.011151 0.011598 0.961 0.345
Mo=*Al 0.01511 0.011598 1.303 0.204
Mo=*Ti -0.0051 0.011598 -0.44 0.664
Mo=*Ta 0.010514 0.011598 0.907 0.373
WAl 0.023997 0.011598 2.069 0.049
WxTi 0.002705 0.011598 0.233 0.817
WxTa -0.00572 0.011598 -0.494 0.626
AlxTi -(.00586 0.011598 -0.505 0.618
AlxTa -0.02127 0.011598 -1.834 0.078
TixTa -(.00858 0.011598 -0.74 0.466

S = 0.03280, R—square = 885 %, R-square(adjusted) = 73.0 %

Table 3.2 Regression coefficients for mass gain (700 C), estimated for

uncoded values
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Folty, F2 FJAHHE AHFgELS Cr0s®t (Ni,CrO,
(Ni,Co)CrsOs2 YEbst o s el mek TiTa0,2F NaTaOs, NiTiO7F 4%
HEFAL. FAMI ] He aF(alloy-8, 54, 59)olM = TiTaO.8 NaTaOs7}
YRSt aL, Cre039] =2 Al7le & IFET vz S3dth $k 15 (alloy-40, 48,
570914+ Cre038F (Ni,Co)Cr=047F T2 AEHFA e alloy-409] 4% Cro0z9F
(NL,Co)Cr204, (Ni,Co)O ¥=7F dEstar 2 9 t& A2 HEWA FAdrh
FAM3eFe] W 1E(alloy-32, 46, 53)ol e (Ni,Co)Cr:049t Cr03 3 A7} 738hA
vElyk o NaTaOs, NiTiOs7) 28 H &5 Qv
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Fig. 3.4 XRD patterns of the corrosion products of selected alloys corroded at
700 C.
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Fig. 3.5 Cross-sectional EPMA image and corresponding elements mapping (Cr, Al,
Ti, Ta, Co, Mo, W, Ni, S, O) of selected alloys after hot corrosion 700C ; (a) low,

(b) moderate, and (c) high corrosion rate group.
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cyclic hot corrosion at 700 C.
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Mormal Probability Plot of the Residuals Residuals VYersus the Fitted Yalues
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Fig. 3.8 Diagnostic plots at 900 C (a) normal probability plot of the residuals, (b)
residual vs. the fitted values, (¢) histogram of the residuals, and (d) residual vs.
the order of the data.
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o SE of
Term coefficient . T P
coefficient

Constant -0.10215 0.03217 -3.175 0.004
Co 0.035306 0.01609 2.195 0.037
Cr 0.03658 0.01609 2.274 0.031
Mo -0.04963 0.01609 -3.085 0.005
W 0.021649 0.01609 1.346 0.19
Al 0.016826 0.01609 1.046 0.305

Ti 0.069238 0.01609 4.304 0
Ta 0.027723 0.01609 1.724 0.097
Co*Co -0.02943 0.02145 -1.372 0.182
Cr+Cr -0.02492 0.02145 -1.162 0.256
Mo*Mo 0.038172 0.02145 1.78 0.087
WxW -0.07448 0.02145 -3.473 0.002
AlxAl 0.042983 0.02145 2.004 0.056
TixTi 0.01084 0.02145 0.505 0.618
TaxTa 0.021018 0.02145 0.98 0.336
Co*Cr -0.06939 0.02736 -2.491 0.019
Co*Mo 0.010298 0.02736 0.37 0.715
CoxW -0.05062 0.02736 -1.817 0.081
Co*Al 0.00756 0.02736 0.271 0.788
CoxTi 0.001561 0.02736 0.056 0.956
CoxTa 0.003719 0.02736 0.133 0.895
Cr=Mo -(.0081 0.02736 -0.291 0.774
Cr=W 0.073924 0.02736 2.653 0.013
Cr=Al -0.01414 0.02736 -0.508 0.616
Cr=Ti 0.015812 0.02736 0.568 0.575
Cr=Ta 0.000575 0.02736 0.021 0.984
Mo*W -(.03568 0.02736 -1.28 0.212
Mo=*Al 0.03607 0.02736 1.295 0.207
Mo=*Ti 0.065513 0.02736 2.351 0.027
Mo=*Ta -0.02226 0.02736 -0.799 0.432
WAl 0.04545 0.02736 1.631 0.115
W=Ti -0.03734 0.02736 -1.34 0.192
W=Ta 0.01734 0.02736 0.64 0.528
AlxTi 0.025933 0.02736 0.931 0.361
AlxTa 0.002755 0.02736 0.099 0.922
TixTa 0.033894 0.02736 1.217 0.235

S = 0.07880, R-square = 80.3 %, R-square(adjusted) = 53.8 %

Table. 3.3 Regression coefficients for mass gain (900 ), estimated for

uncoded values
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Flg. 3.10 Cross-sectional EPMA image and corresponding elements mapping (Cr,
Al, Ti, Ta, Co, Mo, W, Ni, S, O) of selected alloys after hot corrosion 900C : (a)

low, (b) moderate, and (c) high corrosion rate group
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