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Synopsis

Ni-38Cr-3.8Al (mass%) and Ni-38Cr-4.2Al alloys have y single phase and low hardness as approximately 200 HV in
solution treatment condition. On the contrary, cellular precipitation, which consists of «-Cr and y/ » initiates from
grain boundary by ageing treatment, and the hardness reaches over 700 HV after fully precipitated in whole grain. It has
been reported so far that the cellular microstructure is formed by discontinuous precipitation, which is also observed in
Ni-Cr binary alloys, and the addition of Al enhances the growth rate of the cell. However, the growth mechanism has not
been cleared sufficiently,

In this study, quantitative results of the microstructure applied on an ordinary cellular boundary diffusion model with
thermodynamic equilibrium data to discuss the kinetics of the cellular precipitation growth in Ni-38Cr-Al alloys. Conse-
quently, it was revealed the obtained diffusive activation energy was corresponding to that of Ni-Cr binary alloys, so that
the cellular boundary diffusion dominated the cell growth in Ni-38Cr-Al alloys as well as Ni-Cr binary alloys. Meanwhile
Alincreases the activation energy, Al also increases the amount of Cr in the saturated matrix and pre-exponential factor in
the diffusive Arrhenius equation extremely. Therefore Al enhances the growth rate of cellular precipitation in two or three
order of magnitude more than those of Ni-Cr binary alloys.
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Table 1. Chemical compositions of experimental alloys (mass%).
Alloy C Cr Al B Ni
3.8Al 0.02 38.1 3.8 0.003 Bal
4.2Al 0.02 37.5 4.2 0.003 '
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Fig.1. Microstructure after solution treatment for 1.8ks, (a) 3.8Al

alloy at 1473 K, (b) 4.2A! at 1493 K.
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Fig.2. Microstructure of 3.8Al alloy after ageing at 773 K-923 K for 3.6 ks-180 ks.
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Fig.3. Microstructure of 4.2Al alloy after ageing at 773 K-923 K for 3.6 ks-180 ks.
(a) (b)
Fig.4. SEM images in cellular precipitation of (a) 3.8Al and (4) 4.2Al alloy after
~ageing at 873 K.
(a) (b)
Fig.5. SEM images in non-cellular matrix of (a) 3.8Al and (b) 4.2Al alloy after
ageing at 873 K.
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Fig.7. Schematic illustration of cellular precipitation and the mea-
surement procedure of the migration distance.

(b)

350

Ni—38Cr—4 2Al
300

250 |
200 823K
150 &

100

of cell boundary {x‘lO’am)

50 773K

W

5.0x10*  1.0x10°
Ageing time (sec)

o
0.0x10°

15x10°  2.0x10°

ariginal grain boundary at each temperature, (a) 3.8Al alloy, (b)



(@)

1x10° Ni-38Cr—3_8Al
) : 1073K Ni-38Cr-3. 8Al
8 B 1023K
1= 7L @
£ 1x107 | 2
o 973k ¥
3
§ 1x10°® F 923K o
a 873K S
3 . °
s 1x107 F _.__Lo__o_
; 823K oo
@ B
= -10 -
z (510 773K
a i

1x107" ol 1 ol . |

1x10% 1x10° 1x10° 1x10° 1x10°

Ageing time (sec)

il = Ni-38Cr-Al &4

WZBIT LA & F o E2E) 137

(b)
1x10° .
= Ni-38Cr—4. 2Al
1]
2z 973K ¥
= w07 F
= 923K ©
o
c 3L
§ 1107 | a7aK & &
T ol .
5 1x107 | 823K @—0—%—oo
2 .
e
Enl
g 10" | IS
g
o
1x10™"" S e
1%10? 1x10° 1x10* 1x10° %108

Ageing time (sec)

Fig.9. Variation of the average growth rate of the cell boundary with ageing time and temperature, (a) 3.8Al alloy, (b) 4.2Al alloy.
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Fig.12. Variation of hardness in non-cellular phases of (a) 3.8Al alloy, (b) 4.2Al alloy.

4. = =

4. 1 wIVIKITHEEDERET IV

Tk, 2 ILVRITHOBE L DWW T W O DBEENT 7

O—FHRESNTE N 23 K532 & AR A Ok
B (RS b L I3 VERRITIE - T o B
(REHF) THmShTwad, LaL, iHfEmo ¢
REEIIDVWTOERBHEE,LS, F0% A VERIC
Wo TOIMEETHL EEL LR TED 123 Ni-Cr

TARGEIZDVTH[AETH L . Ni-C-Al Fail BT
b, Fig6 TRLIE AR ES MY v 7 2R THK

IR L Tnlnizw, VAT o« CrdBl s s
BECriz= My 7 A LD THIE SN THET LD
Tl O, BB B AR @R TH L LIRS
s,

Fig.13(a) 12t VERIZBIT 2 IEERE T O E R
VRT. 20T AT — g OB S % Fig.13(b) @ & 5
PESESTET A 2 2T, Aaronson and Lin (ZELFO L9 &
VBRI T VEREBELTWE . 7 4 v 7O | L
Bz X0, VBERNOEMERSD O CrHTO oCr
AR~ OPEHLE . dm/de 1

dm

=8hDdC0—CmV%

TEENL, 22T 6 EEVEROES, h idEHE &
BEAHMOBEMES, Dy EERNOIRRE, @ Evh
)y 7 A CrigfE, C™ i o Cr MBI ORNO Cr §
TiRFE, A ZTAT—BDEZTHAE

(b)
350
Ni—38Cr—4. 2Al
Non—cel lular phase
300 |
923K 873K go3k
250 &
200 B 773K
150 el
As ST 1x10° 1x10* 1x10° 1x10°
Ageing time (sec)
(a) (b)
v
we LT
. (_-u Ct,l] Boundary
84 5T m= TR
!CF ol
o ¥ )
(‘m
J‘n
[P E—
: Crino-Cr
C’“ : Cr at lamellar boundary

(nearly solute limit of Cr in Ni)
CY: Cr in matrix

before cellular precipitation
A Interlamellar spacing

Fig.13. Schematic illustration of advancing cellular precipitation,

(a) mass flow with the cellular growth, (b} distribution of Cr in the
cell boundary.

72, « CrfHORER TR R AR & 72 0 @ Cr 51

D, HOPGZFEEE LT,

C;_{F' s (CP—CD)(V!’IJ\,&//’Z) ................................. (3)
b, ZZTCPIE o Cr fHOD Cr BFE, v TR HEE,
A, e CrHDESTH L.

L@, XE)LH
i m
c -c"éD
v o= 4 e issesssssasssasssassssassanssnnsanannanny (4)
C‘P--Cw"m7L

PRONE. FAT—N vy PO CrigEal Cm Il 5L
THL, HERFOTIODREELD,



0 i
7\,‘1 - CP_(-”? ................................................ (S)
C -C
THhizd, d s
P st
_c"aD
_4CP Cn lisseseapsates ssapzntaescodsnsegesnnns (©6)
cC -C A

Bt DT, A7 —W ¢ MR ORESAilE—ET
a2 edid S F = Y = DT OMEL TS
PIZENTHEY, EHITEMOEN) 2 EE L7z X0 i
72 Cahn @& 7)1 160 mﬁﬁﬁ LTE SRS sn
WL 100 L L, KRBTSR O R R B ke B
ZETE,BVEED AN A LFHLMIT LI L%
HiogE: LCwa iz, &0 HH 7 Aaronson and Liu € 7L
AT AL L L.

4. 2 FEBMAFEE

P ERIE Y 7 b MT-DATA (Nali(mal Physical
Laboratory, UK) % F v THREE S 4L 2 104 S0P 1L, B
WO 1073 K L FTid vt d 5 +H3‘>J: Uy '#, «Cr
HITH 4, Figld IZRERTHI-EHNOF 7 A Al 4
V=) winfEOMEEE LTRT. «Crillb=a L 4
W FNORE TS ERHEBHT AV F =<, 0 M
PERICHH LT weEEZzbNA, /2, 38A1 64
LD 42Al GEOHD » HOHHI AV E KL, »
HOBPRMZT AL F—d@md o Twa, Lizdi- T, 4.24A1
FEOEINLY o HPLEL TR LS T wEEZ S
A, ZOZ R Figs B L0 Fig.12(a)(b) T ILHrH
HTH-TH " HONMEMS FRIGED ST L

0x10°
2x10” |
& -4x10’ [
2
@
a8 7
a8 -6x10
0} !
8x10’ F —— Ni-38Cr-3.8Al
=== Ni-38Cr-4.2A|
—1>(108— P P B e v oo vel e

750 800 850 900 950 1000 1050 1100
Ageing temperature (K)

Fig.14. Gibbs energy of equilibrium phases in 3.8Al and 4.2Al
alloys calculated by MT-DATA.

s > Ni-38Cr-Al &2 810 5 VIR & F o E &8 139 e

EHT A BB Rgo IIRT L IZELORTHIZL D AlD
RHELEIZE L TwAR W Eh s, 20 5 HOMH -
EABIE VO EREEI BB AN wEEZLND .

L 72#% - T 1§ Aaronson and Liu E7 L TO CY1E 5 ' 4
P LhED CriffieEBETALEFH L. 4 L
—RZ BTN TH D, Gl MT-DATA % v T Ni A5
ERIIBITL y HOF RO EFTEYIaL—1 3
YELETFTUFEFRSNATEY D, < )y 7 AHHIE
y O, BETHME & 128k d 5, Larl, v i
LR R OB TRAT 2 2 Lo, RIFFE T
CV w7 O TH B & e LT & i F#L
Liz, £72C™, CPIZ DT h P TaH 2 L iE L7z,
Fig.15(a)(b)(c) |- MT-DATA THIEE L7 o #ribfEo~< b
Vo 2 2@ Cr #llE CY 7 AT =ty | MHOFH Cr 4
B C™, o« Cr PP Cr #lEk CP & FNRFIURY. /-
Fig. 15(a) [ I PERIREE 23307 2 NI~ Cr B R 2 R L
TWAHA, COlFIFRHIZREMBRMER-THEY, ALS
ZNEEFORES WD RENI E bR,

4. 3 BIVRITHERED XA HZX L

Fig 10 Tl 57z V el v B XD Fig9 TS
P2T AT A, 512 MT-DATA Tl S7 C°,
e, e AR () IUA L, VRO EIRE Dy 2 &M
L7, 22T 6 I NiOBTEHTH S 3.6 X 100m %l
H L7z, 2@ Dy OIREHAFMEE Fig.16 1273, 3561
D = (7) 7 L= A0 TEAL, JEHREOEEL
IAIEF— AH ZRDIHERE% Table 2 |27 7,

Ni-38Cr-Al 54 OiF M LT 7L F— 13, Gust A5 LR
WHHETH 5 2 & 2R L2 Ni-Cr e R G e O inE
LT AN F—=8 Li2IZ—FLTwD. Lizd > T, Ni-38Cr-
Al EEO VMR E I Ni-Cr I REe48 L R, &
VBRI L VR E N TWwA L EZ 5 NE, 7, Al
TWEVITEFHE LT AV F—1EEm < &5 TV ED, Ni-Cr
GET O bIFHET AV F -5 G T AENIZHY, &
ALY o WBO< M) v 7 ZhD Cr i m e b b
THATE 5. —7, SHEBETED Dy, 12 A1EB LT
CrEl X VIEFICTRELREIDD L. Dy IETFERS
TR ICRET A S8 TEBY, Al BXU Cr I
Lo THETUOTAPELTEZEICERTAEEZEZ LR
4. Ni-38Cr-Al & OEM L= AV F— I Ni-Cr &8 212
ZEEL VT, B008 Al 1T EEHE AL F—a
B RAIZbMST, Figl0 TRTEIICN-Crade L



140 ERMM O H7T& 2T 2006045 1

(a) (b) (C)

A0 &0 100
Cr(C™ T
™ N ~
= o0 | z 60 _ F o Ni-38Cr-3.8A1
E g Mi-38Cr-4 24 g Mi-28Cr-4.24
= bas Mi-38Cr-3.8M = g4 P
5 40 &5 40 / 5 Cr(CF)
G2
20 I 1 . | ) ) o Louit I ! I 1 1 o . . . .
80 80 0 f
_ 6o f ) 8 |
= E £ 8
ER: g 2 .|
Z a0 b Z Ni 2 Lt Ni
0 I I I I I 1 S S ——" el 0 ——-—-'r'-_T'_-‘-._'-——
8 8 0.5
_sp A 6| Al 0.4 Al
£ £ =
3 5 = 0.3
g4 E ¢ € o2
= ) = = 0
2 2 =
[ 01
oL I I L. I ™ 0 I ! A . ! B , . .
750 800 850 900 950 1000 1050 1100 750 8OO 850 SO0 950 1000 1050 100 750 800 B50 900 950 1000 1050 1100
Ageing temperature (K} Ageing tempearature (K)

Ageing temperature (K}

Fig.15. Calculated composition by MT-DATA, (a)saturated y after precipitation of equilibrium ', (b)equilibrium v, (c)equilibrium «-Cr.

—  Ix1072
5 3
@
2 O Ni-38Cr-3. 8Al
E 13 | ;
110718 | O Ni-38Cr-4. 2Al
DLD
=
= x0T
2 3
=
= |
T 1x10"® F
Z :
= i
z
Z  Ix1070
=
S o : : : :
0.9 1.0 1.1 1.2 1.3 1.4

1000/ Temperature (1/K)

Fig.16. Arrhenius plots of cell boundary diffusivity in 3.8Al and 4.2Al alloys.

Table 2. Activation energy and pre-exponential factor by Arrhenius equation of cell boundary diffusivities for Ni-38Cr-Al alloys and Ni-Cr alloysa}.

Dg(o)(m?/s) A H(kJ/mol)
Ni-38Cr-3.8Al 40X 102 225
Ni-38Cr-4.2Al 2.1 X 10° 253
Gust etal.®
Dg(o)(m?/s) A H(kJ/mol)
Ni-39Cr 41 %103 219
Ni-42Cr 2.5 X 102 227

Ni-45Cr 5.9 % 1071 245
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