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Theoretical Analysis of Grain Boundary Carbide Precipitation

in Stainless Steels

Synopsis ;

Hiroshi ARAT and Seiichi TAKEDA

It has been well known that grain boundary carbide precipitation in ferritic stainless steels is faster than
that in austenitic ones. However, there were few theoretical studies for this problem compared with that
of austenitic ones. The aim of this study is to formulate the thermodynamic data such as activities of Cr
and as the formation energies of carbides from many references and to compose a carbide precipitation
model based on local equilibrium and diffusion control. )

Amounts and compositions of precipitated carbides and Cr contents near grain boundaries were cal-
culated from model and were in good agreement with the experimental data. TTS(Time-Temperature—
Sensitization) diagrams were evaluated by calculating Cr content near the grain boundaries and the
amounts of total precipitates. The sensitization of a 0.01%C ferritic stainless steel became 10® times

as rapid as that of a 0,039 C austenitic ones.
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Fig. 2. Cr activity coefficient in ferritic
phase.
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Table 1. Comparison between the calculated car-
bon solubilities and data according to other inves-
tigations for typical stainless steels. (wt2;)
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0.8x107*| 0. 7x10?

0. 0042 0, 0335 0,002

1273 0,12 0.058 | 0,04 0.017 0.3 0.013
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— 126 —



AT v v ARCETLORIEBNEAHOBEEN 835

rosEE w45 Cr, Fe A5 % Yo,
Yeo 235, 2o LR CRAAMCYETZ
HlAxrhsh X, Xi, X &L, BROEmHERY
 Xe, Xf., X, X% &3 FadBREzhR
DEL A & AL - O RATER I H OIS HRR
~o Cr OE#oRGHRE, FMIEH OB HEREL
Tzl oEhHbha, #2250 Nigownwtiliz
EAEFIHIZEE Lo TLLF X, =X, & LTH
Dk 5.

41 RRNOHENER{EPODESOBRBFR

HARAFCHECTLERD ARSI L2LD L TE
(1), (3), UAmbkD X 5iind,

RT[2330/T —1.111+ (X4, +0.3) Xg,

+FIn{XE/(1-XE— X3 )} +In{(1—Y5,) / Vi) ]

= —4 00— 10T _J/mol ........................... (21)
4-2 WROHES ST HROMK

RACH DN BRI ERC A ~0 Cr oz Lo
REL, WERGBHOKE & LB CERE n) T
L, WAcsSTs Cr OS2SR oKX E SIThE
L3 s Ta 8, B FRKFHE LT
BRo&kSZENTE, TONBRICHOFEEEED 1/2
N R o

2( X3, —XE&, 2 T

=R et
THDW, LI Xg: BR{EYho Cr g% ik
thd Cr DRE (£ 2440R) &M UERY: D OBEC
RELOBELTRLELDT

Er =23V 5/ (28 1 6Vg) - Ygp _ovrvvevoeennns (23)
THAH., ¥ Vu id (Cr, Fe) o= A48, Ve 12Co
= LEBTHY, (23V,+6Vg) A (Cr, Fe)yuCs O =
AR E TR B.

CDERSLT, BARCHOEX S RES L, Bt
BOEREL RO EE - A52L B B LSO
HREOHFE, SRS & LTEE IR RE £ 4 4 %
(X I kD X Hicic .

4 6 23y
AXo=4rr2 8 /| - L T A S i I
¢ ”'/Q”“>Q9(mn+wJ

crreerenees (22)

-5 X3, — X¢, _ﬂJDmt.E
7o Yoo—Xér+X5. (6Vc/23V ) = 23

n_E E X%r‘_‘Xér Dc H

=53 " . YCI_E . \/_T;,,,, feriemcenaay (24)

43 CoOZERIRNEZDOMR

BACHO BT 2Nt & AR O EBR CRAF P L, C
DIEBEVMET T2, 0B ColLBr+Eno T
HFLHAL BN LT CoBRITAE— s, Lic

HOTHRT B2 COEE ad 12(5)RLb
at-= (X3 —4X)exp[(5 100717 —1.845)
+ (4.89 -17687/T) X2, + (—0.86+7660/T) X3;]

THo, (12):RE, (1), U8, (XL
RT[2330/T— L. 111+ (X§, +0.3) A%,
t6/23- {5100/ —1.845 1 (4.89—17687/T) X3,
4+ {(~0.86+7660/T) X3, } +In{X:. /Yoo
+6/23-In(X% —J4X)1=—13993-3.33T J/mol

.............................. (26)
DIEA G BB,
44 BEOCAES ML ORI
Db k5 7cfis Lo, (21), (243 X026 R %

EUMLTH o kinty, X, Yo BIU 4X, 03
DO RMB L FEERRE ¢ OBKE L TR BRE,

=N, F—AFFAPRATFT L ARORAEHONH
BORRE(Lic2 T, BENDURE 59 DJIE L7

oo\ s

e

»
i cr-9Ni - 0.099C | /
g~ . . i /
3 aoel grain size: Mo. 6 A
4 L1 0689K /
3
B oo y}‘ e
3 o
@ / 650 K
O po2 yr ’/&./31
B . 05—
3 l 3 o 30 00 300 00Q
Time (h}

Fig. 5. Comparison between the calculated car-
bide precipitation and data according to BENDURE
et al*,

("]
L..N’, Typs 304 o | s73k
— 05 groin size : No.6 oW 1023K
P A | 1073K
w
-
S os|-H e
5 0.3 -‘-\.~.\ \
5 L) Ny 973K
o
+ 0.2 2 A A \
o B 023K
[+]
E 1073K

0.1
e

o

3 10 30 100 300 1000

Time (hr)
Fig. 6. Comparison between the calculated Fe
fraction in carbide and data according to DaCasa
et a4,

— 127 —



836 | o072 % (1986) T

_ 0.03% T T ﬁzo 6.7 Gr-0.01¢

0 1.7 Cr = 9.4 Ni - 0.03¢ 3 orein wize: No. @

wraln ol : No.8 G. :f;’

> E ,/,

% 0.02

: £

3 5 /

S % / /

G a /

‘E 0.04 g s e

E 1023 -i/ o73 / 923K /
;E_, . l 73k

§ g 0.00001  0.0001 0.001 ©.0l o

8 ° 10 ) 1000 10000 Time (h)

Time (h} Fig. 10. Calculated chromivm content at grain

Fig. 7. Calculated amount of carbide for 17.7
Cr-9.4Ni-0.03C steel.

é‘,...zo

»*

e e e
£ 1073

5 10 1023 K

§ 973

§ . 823K ___.-—--/_,/
:E, S13s 17.7 Cr—- 9.4 Ni -0.03 ¢
g oam size : Ne. &

8 ° 10 100 1000

Time {h)

Fig. 8. Calculated chromium content at grain
boundary for 17.7Cr-9.4Ni-0.03C sieel.

8 Q.5

n — 873 K

o os _____\\

. — #23K
é 1073 K N
oz TTEIR

g

2 o

8 IT.TCr=5.4 W=-0.03C
rain size: Na. 8

-] ] i 1

u A T 100 1000

Time (h)

Fig. 9. Calculated Fe mole fraction in
(Cr, Fe) 33Cq for 17.7Cr~-9.4Ni-0,03C steel.

ABEL, FHREYH O HROBHELT 2T
DaCasa LWORERANSHLOT, ThbEORIEHERL
HRBROMEETT>TCAB L, Fig. 5 8 X0 Fig. 6

boundary for 18.7Cr-0.01C steel.

DERLTHD, WTRLBERFL—HYRL T
4.

L= TheF e kb, RiEHdH=E, RikHo
By b T o Cr BEOFRE(lC OV
T IETES, 17.7Cr-9.4Ni-0.03C (SUS 304L #
W) wowToiHERGRE Fig. 7~Fig. 9 wrt.
4.5 7154 RATOHNH

F—ATFANRAT VLA OWTEA LS
BBy, 72 T4 PRAT VAL EDE ¥
BRATEDLELBND, TOBRBET, Tor, Per T
FARTh7 =94 PaDAF A—-F - AN
By, 18.7Cr-0.01C oW TOHERZGRD 55, R
o Cr gEo@Ekic>u1T, Fig. 10 wRd, 4 —
AF A BRI Lt 100 BB/ & (T
Bz ETER L,

5. RMRRBEN

FROREHTHAERALELREE 2506, &
ESC I ANABEREHoBATHE. TONRER
ORSHEIR Rrsts C ORZESLE Cr RZBO
LA BECERTAEELLNAEDT, ZhEEAL
THhkO L alefml I *EBHTD.

T= (X —XE Y AX weevenreeseninninnesnsnnnniens (27)
roi X ATV VAN ZECHARYESBR
o Cr & (REREC I ->TRLS) &1L, R 0.15
E5h. Xbe, dXo BMICEH LIce B B R0 Cr
BELRIHELTHREL-CEBTA D, V%, I=
10-8(mol fraction)? & L 18.7Cr-0.01C D7 - 5 1 b R
AF VI ARE 17.7Cr-9.4Ni-0.03C oOF—AF 7+ A
PEATVLVABMIEZOWTE, TTS
wire-Sensitization) fiFE R HET% & Fig. 1l ot kb

{Time-Tempera-

— 128 —



AFV L ABICET D RS R RE OB RIT 837

ferritic  Stainless  stesl
TS }— (iB.7cr-001C )
oustenitic Stoinlacs stesl
(7.7 Cr-9.4Ni - 003¢(]
1073 4 +
x |
> ]
g’ \\\ \\
=
& ary \
E N \
0
= \ N
7 1\|-
R L T T

Time (hr}
Fig. 11. Calculated TTS diagrams for 18.7Cr-
0.01C ferritic stainless steel and 17,7Cr-9.4Ni-
0.03C austenitic stainless steel.
[I=(0.15—Xg,) 4Xp=10-%(mol fraction)?]

Lics. 17.7Cr-9.4Ni-0.03C 474t SUS 304L 3
HOCIEEM TTS s —B,TH5DT 18.7Cr-
0.0ICD7 .54 PREAT ¥ LVASICOWT L +2ER
BT & LTHERTERTHAH. 7741 P ROH
&, COREEME-Z & & Cr OBRERAKE-T
b TTS s | < GRENc BB LTk, &
CHTHELTS I RS, 7271 FRTHRE
CHA {2 Thieh it AW LT X kiR
rrhelbh I EETES,

6. & =
72T PRATV VAR TS R RS
Hmne 0 ES> ERFAMZ, ATV v A SO

Cr, Fe, C ORBRBCHETAXHLINEL, BEERO
SABREL, F—AFFI R, 7271 FRTH
b AT E LR T AR RPTER - LR
DEROL EHH LA, TOBERED LI CELD
¥ 0P

1) « #f, 7 fHhe> Cr, Fe, C OEEEH T2
W, ko k5w,

rEe=exp[(3250/T—1.95+1.24X¢,) (1—Xgr)?]

78, =exp[ (3 250/T —2.57+1.24.X5;) Xop?]

ré=exp[(13 440/ T—6.277) +(—21 600/ T+ 11.7)Xg,]

rh.—exp[(2330/7— 1. 111+ (Xgr+0.3) Xyt
T;‘- =1
rE=exp[(5 100/7 —1.845) + (4.89—17687/T) X,

+ {—0.86+7660/T) X1
2) BYEBMOTE = AE — DT, KO L 5
w31,

4°GF a1 — 4°G Oayr = — 26 000 J/mol

A°G$ a8 — 4°GE Cepa=—4000— 10T  J/mol

3 ThOLOBHEEYREGT, A—AFFA FREX
U7 254 b HAF Y Vv ARO COEFRC D WTEHH
Lzt zh, HUELRW—HEMAFLRI. ThiZX?
It ER MO Co BEERICOW TOREE R rok.
4 BRI B - RldRE e S0k
S hHE LA, RSV SO B LS L O tR
LMD O BT LR Thb RRAEE R { B L
. COREERHRMLT, A—ATFA PRBIVT &
4 PRATVVARORHOVHE, R{EHOHE
B, RO Cr REoRE by —RM ks, Lo—
BT L

5) F-MAEARSMCEE LT, Ao CrRE
RIS ED 200 BERHEA LIS (D
BL, FLw Toffx#sikic s, TTS gk
B, F—ATHFA FRET 2T A P EOFTHRE Y
Bt Lt FOEE, 729514 EAT VL ASITA—
AF A4 PRI EE L, TTS ghighs 100 {54 ErkEfl
CHEILTGH 2 Ealbot.
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