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Objectives

® Determination of interdiffusion coefficients using selected
ternary Ni;Al with Ir, Ta or Re alloying additions:
v" L1, y'-phase with approximately 25 at.% Al.
v" Solid-to-solid diffusion couples annealed at 1200°C for
5 hours.

® Assess the influence of Ir, Ta or Re on the interdiffusion
behavior of Ni and Al at 1200°C
v" Ternary interdiffusion coefficients - Boltzmann-
Matano Analysis
v Average ternary interdiffusion coefficients
v" Diffusional interactions and site preference
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® Unique intermetallic phase coherently precipitates in fcc
v-phase of the Ni-base superalloys. This coherency is
maintained by tetragonal distortion.

(Al (B-site)

6% -
o © o/O

«—— a=3.566 A —»

® Microstructurally exists as a spherical or cube precipitates
In superalloys, depending on the lattice mismatch.”

*R.F.Decker “Strengthening mechanisms in Nickel-base superalloys”
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® Excellent mechanical strength and oxidation resistance. Ni-base
superalloys find applications in Aviation/Land-based gas turbines.

® Relatively high electronegative elements (Fe, Ni and Co) compose o sites,
where as high electropositive elements (Al, Ti, Ta or Nb) compose B sites
of A;B™.

® (-site occupiers:
v Ni, Pd, Pt.
® [3-site occupliers:
v Al Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, Re, Os and W
® (o or (3-sites occupiers:
v" Mn, Fe, Co, Cu, Ag and

50 40 30 20 10 Ni Au
<+«—— Ternary alloy Content, at%

NizAl at 1100 C for various alloys**

*R.F.Decker “Strengthening mechanisms in Nickel-base superalloys”
** Chao Jiang and B.Gleeson “Site preference of transition metal elements in NizAl”
***% Y. Minamino, H.Yoshida, S.B.Jung, K.Hirao and T. Yamane ”Diffusion of Platinum and Molybdenum in Ni and N'3Al”
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Alloying Constituents
Element | Atomic Crystal T, Electron Significance
Radius | Structure | (C) | Configuration
ECC Strength and corrosion resistance
Ni 1.24 A 350 A 1455 [Ar]3d84s? through austenitic matrix and L1,
3. ) precipitate.
FCC -
Al 1.43A 660 [Ne]3s23pt Strength through L1, precipitate.
(4.05 A)
High strength alloys at high
FoC temperatures ( upto 1200 C)
Ir 1.36 A (384 A) 2410 | [Xe]4fl45d76s? than Ni-base superalloys .
' Excellent corrosion resistance.
Complete miscibility Ni-Ir.
BCC High temperature strength.
Ta 1.43 A 2096 | [Xe]af5d%s? AT MBS BIMErE
(3.30 A Corrosion resistance.
HCP High temperature strength
Re 1.38A | (a=2.76 A, | 3180 | [Xe]4fl45d26s2 ° P _ i
Corrosion resistance.
c= 4.46 A)
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Interdiffusion in Multicomponent
Alloy System

® Onsager’s formalism™ for the Interdiffusion Flux of
Component I in a Multicomponent System :

n—1
- . 0C.
Ji=-)Di— (i=1,2,..,n-1)
1 oX
where OC;/0x is the (n-1) independent concentration gradients

f)g is the (n- 1)2 interdiffusion coefficients

® Requires Knowledge of (n-1) Independent Concentrations
and (n-1)? Interdiffusion Coefficients.
® For a Ternary Systems:

-D;, oC, -D?, - j,=-Ds3, C1_py3 %2

j _
b Ox Ox 19).4 22 5x

* L. Onsager, Phys. Rev., 37 (1931) 405; 38 (1932) 2265; Ann. NY Acad. Sci., 46 (1965) 241.



Determination of Ternary Interdiffusion
Coefficients: Boltzmann-Matano Analysis*

Concentration, C;

3

Distance, x

® Requires Two Independent Diffusion Couples Intersecting at a
Common Composition.

® Requires A Significant Number of Diffusion Couple Experiment to
Assess Compositional Dependence of Interdiffusion Coefficients.

*J. Kirkaldy, Can. J. Phys., 35 (1957) 435.
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e Determination of Interdiffusion Fluxes
and Moments of Interdiffusion Fluxes
Interdiffusion Fluxes : @?r

~ 1 o 8 -

J =— (x-x,)dC, £ |

2t JCi(0) s

(i=12,..n) ° :

where t =Time

Moments of Interdiffusion Fluxes:

Interdiffusion flux (1) o
F.fi (x —x_)

M(m) = j (X- X, )" dx
(i=1,2,...,n)

where
M = moment of the /\—
Interdiffusion flux —\/

m = order of the moment (-0) X, ()  (-o0) X (0)

Distance Distance

50

T(xx)

J(x—x,)

M. A. Dayananda, C. W. Kim, Metall. Trans., 10A (1979) 1333.
M. A. Dayananda, Y. H. Sohn, Metall. Mater. Trans., 30A (1999) 535.
Y.H. Sohn and M.A. Dayananda, Acta Mater., 48 (2000) 1427.
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T Refined Approach for the Determination of
Average Ternary Interdiffusion Coefficients

_ C2(x) __ C2(xy)

M (m) = jJ(x X,)"dx =—D2 j(x x,)"dCl1- D2 j(x—xo)mdc1 (i,j=1,2)
X Cl(x) Cl(x)
_ C2(xp) __ C2(xy)
M (0) = IJ dx——D,f JdCl D IdCl (i,]=1,2) (e« Mass Conservation **)
C1(xy) C1(x)
— C2(x,) _ C2(xp)
M (1) = jJ(x X,)dx = —D j(x x,)dC1- D} j(x—xo)dm
C1(x,) Cl(x)

(i,j=1,2) (e Centriod of the distribution**)

Xp _ C2(x,) _ C2(x,)
M(2) = [ J;(x=x%)?dx=-D; [(x—x,)’dC1-D; [(x—x,)’dC1
X C1(x) CL(x)

(i,j=1,2) (occ Moment of inertiaor dispersion**)
Solutions for ‘m=0 and m=1; m=0 and m=2; m=0 and m=3....... m=0 and m=n’
Independent equations yield series of average ternary interdiffusion coefficients.

* M. A. Dayananda and Y. H. Sohn, Metall. Mater. Trans., 30A (1999) 535.
** R.Ghez, J.D.Fehribach, and G.S.Oehrlein,: J.Electrochem.Soc., 11 (1985) 2759.
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" Thermodynamic Stability of Solid Solutions:
Constraints for Interdiffusion Coefficients

CELEBRATING 40 YEA|

Based on thermodynamic requirements and the stability of solutions of the
diffusion equations, the four ternary interdiffusion coefficients should satisfy
relations (*, **)

Requirement: 3 ~3
d D;,>0 D,,>0
. R —~3
Constraint 1: D11 + D22 >0

Constraint 2: (Bfl[:)gz _ fZBSl)Z 0

P~

Constraint 3: (Dfl + Bgz

— O

4535, - B3B3, )2 0

* Kirkaldy, J.S., Weichert, D., Zia-Ul-Hag: Can J. Phys. 41 (1963) 2166
** Kirkaldy, J.S.: In: Adv. In Mater. Res., Vol.4, Herman, H.(ed) New York: Interscience Publishers, 1970, p. 55.
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Ni-25Al vs. Ni-23Al-21r
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== Refined Approach for Alloy B¢ vs Alloy B ==~

107" m?/sec

0.55
S Range (C-oo _CO) (CO . C+00)
g -
c 0.45 DFe, 0.6 (1.6) 2.4 (2.7)
= 04 =
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* T.D. Moyer and M.A.Dayananda, Metall. Mater. Trans., 7A (1976) 1035-40.
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® Alloy casting by arc-melting and drop-cast. Elemental purity (99.97%NI,
99.9%Al and 99.2%X by weight).
® Homogenization heat treatment at 1200°C for 137 hours.

Series Diffusion Couples
Niz25Al vs. Ni=23.5A1-L1r ® Assembled with Si;N, Jigs.
Ni-24.5A1 vs. Ni-24. SAI-Ir ® Bonded for 0.5hrs at 1200°C in a
T Ni-26Al vs. Ni-23Al-2Ir vacuum fu rnace.
Ni-25Alvs. Ni-23A1-31r ® Encapsulated in evacuated quartz
Ni-24Al vs. Ni-24Al-2Al CapSU|e
Ni-24A1 vs. Ni-23AI-3Ir ® Diffusion anneal at 1200°C for 4.5

Ni-24.5Al vs. Ni-23Al-1.5Ta

hours followed by water quenching.

Ta-based Ni-25Al vs. Ni-23Al-1.5Ta o I\/Ietallographic preparation and
NEZEL v M2 LB Microstructural analysis.
Ni-24A1 vs. Ni-24.5A10-5Re ® Compositional analysis by electron
Re-based Ni-25Al vs. Ni-23.5Al-0.5Re

probe microanalysis (EMPA).

Ni-26Al vs. Ni-23Al-0.7Re

® JEOL (JXA-8900) electron probe microanalyzer (EPMA) at NIMS:
v' 20 KeV accelerating voltage and 52 nA probe current.
v" Pure Standards of Ni, Al, Ir, Ta and Re along with ZAF corrections
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Ni-26Al vs. Ni-23Al-21r at 1200°C for 5 hours

=Ni <Al

DAIAI DAIX DXAI Dxx DN|N| DNlX DXNl I:)xx

(C~-C0 | 8714 | -52.0 | Neg. | 15.4 | 871.4 | 912.1 | Neg. | 16.4
(Co-C*) | 591.5 | -117.3 | Neg. | 13.0 | 591.5 | 690.2 | Neg. | 12.3

Interdiffusion flux of Ir against the
concentration gradient of Al increased the
interdiffusion flux of Al.

Interdiffusion flux of Ir significantly influenced

the interdiffusion flux of Ni:

Large positive D,

Suggest a significant diffusional
Interaction between Ni and Ir via a-site

preference.
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Ni-24.5Al vs. Ni-23Al-1.5Ta at 1200°C for 5 hours

I:)AIAI DAIX DXAI D)l\(I;(

Al
DN|N| DNIX DXN| DQX

(C=-C9)

608.6 | 530.1 Ngl. 3.2

607.8 | 74.6 Ngl. 3.3

(C2-Ci*)

485.1 | 453.7 Ngl. 2.6

485.1 | 28.9 Ngl. 2.6

Interdiffusion flux of Ta caused an uphill-
diffusion of Al and decreased the interdiffusion
flux of Al down its concentration gradient.

Large positive D2

Suggest a significant diffusional
Interaction between Al and Ta via B-site

preference.

Interdiffusion flux of Ta caused an increase In
Ni interdiffusion flux slightly.
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(CO-Ci*) | 728.1 | 450.6 | Ngl. | 5.0 | 728.1 | 2724 | Neg. | 5.1

0.77, ’
E o765 === Smoothened Ni-25Al vs. Ni-23.5Al-0.5Re at 1200°C for 5 hours
5 - =Ni ZAl
-‘§ DAIAI DAIX DXAI Dx;< DN|N| DNlX Dxr\n D3x
£ (C~-C0% | 572.8 | 320.0 | Ngl. | 4.1 | 572.8 | 249.0 | Neg. | 4.1
o 1

0

50 100 150

;'25: Interdiffusion flux of Re against the
g " concentration gradient of Al decreased the
§ 0245 interdiffusion flux of Al.
E 0.24 e
I Positive D AR |
! A diffusional Interaction between Al and
A 0 s f0 150 Re via B-site preference.
e - ]
Eg ] ( T Interdiffusion flux of Re increased the
R interdiffusion flux of Ni.
I Re =
g 2 Positive Dy,

A50 10050 0 50 100 150
Distance (um)
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Average Ternary Average Ternary
- Interdiffusion Coefficients Interdiffusion Coefficients (10
Diffusion Couple Corlggﬁzlglon (10*°m?/sec) o m?/sec)
DAIAI DAIX DXAI E-))I\(I;( DNINI DNlX DXNl I5)%(
e LB EA( AT (C=~C% 7822 -1012 Ngl. 135 7844 8732 Ngl. 13.9
(X=Ir) (CO-C*) 6471 -101.3 Ngl. 138 6449 7309 Ngl. 134
Ni-24 SAlvs. Ni2a 5ALLr  (C*-C® 5410 -847 Ngl. 105 5409 6151 Ngl. 106
(X=Ir) (CO-C*) 8169 -757 Ngl. 191 8144 8709 Ngl. 216
NP A N A (C~-C% 8714 -520 Ngl. 154 8745 9121 Ngl. 16.4
(X=Ir) (CO-C~) 5915 -117.3 Ngl. 130 587.8 6902 Ngl. 12.3
Ni-25A1 vs. Ni-23A1-21r (C/~-C% 5220 -107.3 Ngl. 164 5219 6128 Ngl. 165
(X=Ir) (CO-C) 4940 -1166 Ngl. 159 4938 5945 Ngl. 16.1
Ni-25A1 vs. Ni-23A1-31r (C~-C% 4409 -928 Ngl. 151 4394 5220 Ngl. 16.3
(X=Ir) (C.0-C;™) 4412 -1355 Ngl. 193 4419 5480 Ngl. 192
R RV (C~-C% 2555 150 81 141 2636 2346 -81 59

(X=Ir) (CO-C+) 3150 101 476 205 2851 2441 -232 05
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Average Ternary Interdiffusion Coefficients

Diffusion Couple

Ni-24.5Al vs. Ni-23Al-1.5Ta
(X=Ta)

Ni-25Al vs. Ni-23Al-1.5Ta
(X=Ta)

Ni-26Al vs. Ni-23Al-1.5Ta
(X=Ta)

Ni-25Al vs. Ni-23.5Al-0.5Re
(X=Re)

Ni-24.5Al vs. Ni-23.5Al-
0.7Re (X=Re)

Ni-26Al vs. Ni-23Al-0.7Re
(X=Re)

Composition

Range

(C*-C)
(C%-Ci™)
€-co
(C%-Ci™)
(Ci=-C)
(C-Ci™)
(Ci=-C))
(CP-Ci™)
(C*-CY)
(C-Ci™)
(=G
(CP-Ci™)

Average Ternary

Interdiffusion Coefficients

Dila DAk DXa DXk Dfiki Dfik D\ D
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.

608.6
485.1
281.1
338.8
413.9
445.0
572.8
728.1
592.3
450.2
491.2
461.6

(1016 m?/sec)

530.1
453.7
267.3
320.0
381.0
391.9
320.0
450.6
553.9
399.7
3715
343.0

Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.
Ngl.

3.2
2.6
3.4
1.8
3.4
5.6
4.1
5.0
4.3
3.5
7.0
3.9

Average Ternary

AM PAC

“Bridging the technology gap”

Interdiffusion Coefficients

607.8
485.1
281.5
338.9
415.3
443.7
572.8
728.1
592.3
450.2
491.2
461.6

(1016 m?/sec)

74.6
28.9
10.7
17.4
30.0
46.8
249.0
272.4
34.1
47.0
112.8
114.7

3.3
2.6
3.1
1.7
3.4
5.4
4.1

5.1
4.4

3.4
7.0
3.9
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Comparison of Average Ternary Interdiffusion Coefficients
with Ternary Interdiffusion Coefficicents Determined by
Boltzmann-Matano Analysis

Average Ternary e
_ Interdiffusion Coefficients C-Ic-)ee:‘fniiirgnltrs]t(elr()qllfrﬁgllsogc)
Diffusion Couple Intersecting (10*°m?/sec)
Composition
NI SNi NI /RNi [Ni Ni /NI N
Daiai Daix Dxai Dxx Dajar Paix Dxai Dxx
Ni-25Al vs. : 7822 -101.2 Ngl. 135
Ni-23.5Al-11r Ni-23.9Al-1.81r 797.7 -11.4 Ngl. 146
(X=Ir) 647.1 -101.3 Ngl. 13.8
Ni-24.5Al vs. 541.0 -84.7 Ngl. 105
Ni-24.5Al-11r Ni-24.5Al-0.11r 858.8 -21.7 Ngl. 126
(X=Ir) 8169 -75.7 Ngl. 19.1
Ni-26Al vs. 8714 -520 Ngl. 154
Ni-23Al-21r Ni-24.1Al-0.41r 562.1 -30.0 159  15.8

(X=Ir) 5915 -117.3 Ngl. 13.0
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Summary

® Influence of Ir, Ta and Re alloying additions on the
Interdiffusion behavior of Ni;Al (L1,) alloys were examined
at 1200°C.

® Consistent results obtained by ternary interdiffusion
coefficients determined by Boltzmann-Matano analysis
and average ternary interdiffusion coefficients determined
by examining the moments of interdiffusion fluxes.
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Summary

® Ir, Ta and Re diffuse slowly (e.g., two orders of magnitude
smaller than Ni or Al):

Large Positive DAIRe and DAITafor Ta and Re that Prefer to
Substitute Al in B-sublattice.

Small Positive D2, and D for Ta and Re.

Large Positive DZ, for Ir that Prefer to Substitute Ni in o-
sublattice.

Small Negative DAlIr for Ir.
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Additional Consideration

® Proper alloying of Ni-base superalloys and protective

coatings can significantly reduce the interdiffusion flux of

Al into the Ni-base superalloy.

S

i




UnveRsiy o%?rm FLomn AM PAC

FROM PROMISE TO PROMINENCE “Bridging the technology gap”

National Science Foundation
(NSF) CAREER Award:

Multicomponent-Multiphase
Diffusion (DMR-0238356).

&

= 38% UNIVERSITY OF CENTRAL FLORIDA

FROM PROMISE TO PROMINENCE
CELEBRATING 40 YEARS




