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Why a Workshop on Diffusion?

NST

e Consensus of NIST Workshop held March 21-
22, 2002 Computational Thermodynamics and
Diffusion Modeling- Promotes continuing interest
In thermodynamic databases

« Metallurgy Division participation in
DARPA/AIM/GE program on Turbine Disks

* NIST interest in Combinatorial (High
Thoughput) Measurement Methods

 Existence of legacy Diffusion in Metals Data
base at NIST ( J. R. Manning)



Goals

NST

Improve communication between experts in multicomponent
diffusion measurement, analysis and simulation.

Establish the most efficient method for extracting diffusion data
(diffusion coefficients, fluxes, marker location) from
multicomponent diffusion couple experiments.

Provide a forum to solve common diffusion software execution
problems.

Agree on a common diffusion mobility data base assessment
procedure.

Establish a general approach to data handling and diffusion
modeling in ordered phases.

Develop standard problems and web site for inter-laboratory
comparison of diffusion simulation methods and data extraction
techniques



Agenda
Tuesday, February 7, 2006

8:30- 9:00 Introduction (Coffee and bagels)
9:00 —9:30 Review of action items from last workshop

9:30-10:00 Diffusion Barriers: Overview (Boettinger, Perepezko)
10:00-10:30 Diffusion Barriers: Experimental Examples (Sohn, Josell)

10:30-10:45 Break

10:45-11:15 Review of Horn Formation (Morral)
11:15-11:45 1-D Multiphase Diffusion Simulations (Larsson)

12:00-1:00 Lunch

NST



Agenda

Tuesday afternoon

1:00-1:30 Hot topics in Grain Boundary Diffusion (Mishin)

1:30 -1:45 Discussion

1:45 - 2:15 Kirkendall effect in two phase systems (Boettinger)

2:15 — 2:45 Onsager relations and Kirkendall shift as a cross effect (Agren)
2:45 - 3:00 Break

3:00 —3:30 Partial Thermodynamic Properties of y'-(Ni,Pt),Al and y-(Ni,Pt,Al) in the Ni-Al-Pt-O system
(Copland)

3:30-4:00 Review and Assessment of Diffusion in B2 and y’ (L1,) Phase (Campbell)
4:00-4:30 Oxide Modeling (H6glund)
4:30-5:00 First Principle Calculations (Liu)

6:00 Dinner: Café Mileto

Wednesday February 8

9:00-9:30 RPI Teaching Modules (Lupulescu)

9:30-10:30 DICTRA Discussion: (Reference Frames, Comparisons with MultiDiflux,
Order diffusion models, other suggestions)

10:30-10:45 Viewpoint Discussion (Perepezko)

10:45-11:30 Open discussion

11:00 —12:00 Action items

Lunch/Adjourn
NIST



Definitions

Coefficient

General Notation

DICTRA notation

Tracer Diffusivity

f m f m
DI* — ;ﬂaZ f eXp( ASVa :;ASVa jexp[_ AHVak_':I_AHVa

vibration frequency
lattice parameter
1for FCC and BCC and 1/8 for diamond cubic

= correlation factor

D=D, exp[%}

v
a
p
f

|

(Interdiffusion)

velocit \)/ of Kirkendall frame,
v=-J,

a

Intrinsic
Diffusivit i~ oL,
. 4 D =D’ 1+a|097 ij—CkMkVaE
(partial dlogN j
chemical)
Chemical D=x,D,+x,D, (binary)
Diffusivity | D,and D are related by the Dy =3 (6, — %, JxM, P
=1 | | ! aXJ
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Further testing and refinement of database using GE
Diffusion Couple Data (FY 2003)

Binary Couples
— Single phase couples
e« at1100 °C for 1000 h : Ni/Co
— Multiphase couples

e at 1100 °C for 1000 h: Co/Cr, Co/Mo, Co/Nb, Co/W, Cr/Ta, Cr/W, Cr/Mo, Ni/W, Ni/Ta,
Ni/Mo, Ni/NiAl(1150 °C)

e at 850 °C for 4000 h: Ni/W, Co/Fe, Cr/Mo, Cr/Co, Mo/Fe
e at 700 °C for 4000 h: Fe/Co, Mo/Cr
Multicomponent Couples
— Single Phase y
e at 1150 °C for 1000 h: René88 /IN718 and Ni/René88

— vy /ly+y ory+y [y+y at 1150 °C for 1000 h

* René-95/ René-88 ME3/IN718 IN100/ME3
« U720/IN718 IN100/ René-88 Rene-95/U720
« IN718/IN100 U720/ME3 Rene-95/IN718
 MES3/ René-95 ME3/ Rene-88 IN100/U720

- vy/B2ory+y /B2
e at 1150 °C for 1000 h: NiAl/ René-88, NiAl/Ta
e at 850 °C for 4000 h: NiAl/ René-88, NiAl/Ta
—  TCP Couples: (Rene88-X)
e at 1150 °C for 1000 h: X=Ta, W
e at 850 °C for 4000 h: X=Ta, W, Co, Cr, Fe, Mo, Ni, Ti
e at 700 °C for 4000 h: X=Co, Cr, Fe, Mo



Couples from UCF and RPI

* NiAl/Superalloy (UCF)
— CM247/NiAl
— GTD11/NiAl
— IN738/NiAl
— IN939/NiAl
— Waspalloy/NIAl

 FeCrAl-Single Phase BCC (RPI)
— X2/X3: Fe-18.5Cr-2.5Al/Fe-15.8Cr-35.7Al (at.%)
— X5/X10: Fe-18.8Cr-25.8Al/Fe-20.6Cr-9.51Al (at.%)
— X4/X6: Fe-5.7Cr-28.1Al/Fe-30.5Cr-18.7Al (at.%)

NST



Multicomponent Mobility Database for FCC phase of Superalloys
Campbell, Boettinger & Kattner, Acta Mat.50 (2002) 775-792.

( T
/"René-N4 (x10-4 m2fs) ) Ni = solvent
Al Co Cr Mo Nb Ta Ti W Reduced (n-1)Diffusion
Al +119.5 +13.93 +34.83 +34.34 +4243 +5150 +4951 +53.22 Matrix at 1293 °C
Co -11.37 +17.00 -825 -567 -555 -1.83 -7.10 -9.69
Cr —426 -537 +1367 -321 +893 +9.91 +825 +249

Mo -833 -0.280 -0426 +757 -055 -036 -0.17 -045
Nb +031 +025 +066 +0.27 +24.05 +0.74 +085 +0.31
Ta -068 +033 +053 +024 +026 +0.76 +050 +0.23
Ti +1.63 +135 +494 +494 +6.25 +6.57 +23.62 +541

QV -181 -062 -055 -060 -122 -083 -0.70 +3.4y
/ René-N5 (x10-14 m?/s) \

Al Co Cr Hf Mo Re Ta W

Al +93.16 +13.92 +33.46 —-6.51 +33.42 2544 +48.63 +50.87
Co -651 +2722 -856 -2764 -495 -511 +387 -9.21
Cr +415 -423 +21.02 -6.25 -022 -0.78 +13.81 +6.89
Hf 0.86 +0.07 +1.70 +262.1 +152 087 +237 +1.84
Mo -03 -030 -030 -1905 +7.71 -025 -0.13 -0.19
Re -075 -032 -036 -259 -025 +0.08 -051 -0.32
-0.03 +033 +098 -417 +064 +0.86 +7.75 +0.87

W -118 -057 -054 -451 -039 -011 -0.76 +o.59/
NIST \




René-88/IN-100; 1000 h at 1150 °C

Initial Interface
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René-88/IN-100; 1000 h at 1150 °C

Initial Interface
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Phase Fraction MC carbide

IN-718/IN-100; 1000 h at 1150 °C
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IN-718/IN-100; 1000 h at 1150 °C
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Comparison of DICTRA and MultiDiflux Results for Ni/René-88

*Symbols = GE exp. Data

*Solid lines = DICTRA simulation (only
uses initial compositions as inputs)
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*Dashed lines = MultiDiflux (uses
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Comparison of DICTRA and MultiDiflux Results for Ni/René-88

L ]
n-1 —
- Z Dijn [Cj(xl)_cj(XZ )]
D =2 (i=12,..,n-1)
o lalx)—c(x)]
-0 (Ni) to 0 (x10-1>m?2/s) | 0 to + « (R88) (x10-15m?/s)
Component | MultiDiflux DICTRA | MultiDiflux DICTRA
Def 8.71 12.3 5.21 10.8
Co
Def 15.5 12.9 16.9 11.9
Cr
Dt 48.4 39.7 37.7 40.6
Ti
Def 6.52 10.6 7.19 9.92
Mo
Deff 48.9 34.0 31.5 33.7
Nb
Deff 1.05 3.06 1.72 1.56
w
Deft 42.8 35.3 46.5 58.0
NIST Z



Comparison of Al Diffusion Coefficients for Ni/René-88
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Diffusion Database Center

C. E. Campbell, U.R. Kattner, C. Beauchamp, K. Dotterer, H. Gates, S. Tobery

v Goal: To make the NIST paper-based diffusion database center
publicly available.
» Convert to a searchable electronic form to be access over the internet
* Motivation
* Industrial and academic support: GE $5K initiation

® Center represents an unigque collection summarizing the diffusion work
between 1965-1980

> TaSk: Reference ID: Data Entry Notes Symbols: Use LATEXT Nomenclatur
* Need to enter bibliographic and diffusion system| ™ «*=™
cards Bitcgapcai e
* Convert paper documents to electronic e
d ocuments Articlo Titlo: ggrt;:g::g;giif:yusion: A Study of the Method of Decrease in
 Develop searchable database . rrea

v" Accomplishments (2006) T ot ot
* Developed database entry strategy o e i v
* Entered 14000 bibliographic and system cards E——
* Database available online E—

NIST




Diffusion Database Center
C. E. Campbell, U.R. Kattner, C. Beauchamp, K. Dotterer, H. Gates, S. Tobery, L. Souders

Web site: http://winweb.nist.gov/diffusion/

Materials Science and Engineering Laboratory ler_
. ~ Metallurgy Division i : e T
* G O al ' TO m ake th e Home Mission Research Programs Contact Search
N IST paper_based 20 record(s) found with manning as Author
diffusion database
. Index Authors Document Title Medium Title
Ce nter p u bl ICly Manming. D. L Determination of the Diffusion Coefficient of Mickel (II) in
i s Molten Lif-BeF{ 2} -Z+F{_4} by Lmear Sweep High Temp. Sc1.
H Mt Woltatnmetry and Chronopotentiometry
available.
1212 Manning, T R, :jnzr;selation effects and activation energies for diffusion in T Natiferich, A
1348 IManning, J. E. Diffusion in a Chemical Concentration Gradient Phys. Rev.
Can search by
H H 2565 Manning, J. E. Diffusion and the Kirkendall Shift m Binary Alloys Acta Wet.
author or diffusion
e | eme nt 5175 Manning, T E. Drift Mobility and Diffusicn for Impurities in Tonic Crystals Phys. Rev.

15 0544 Cross Terms in the Thermeodynamic Diffssion

2 N BB Ecquations for Mulhicomponent Alloys Mt Trans,
American Physical Society,
8124 IManmng, J. E. Correlation Factors for Diffusion of Dilute Impurities Subject Index Number

434 (1971 1 pp.

Tracer Diffusion in a Chemical Concentration Gradient in

Current tasks: SU Maming LR oo e Phys. Rev
» Testing implementation

» Scanning unpublished reports
NIST

11277 Mannng, J. B Correlation factors for non-dilute alloys Phys. Rev. B

Proc. Appl Space Flight &
fat. Sci. Tech.

18686 Manning, J. B Transport Properties in Fluids.




Ternary A-B-C System

In the lattice fixed frame of reference, assuming a substitutional solid solution
for a given phase:

- AG 1
M., =M/ ex kva
kVa k p( RT j RT
Assume: M/ =1
Then the activation energy, Q,:

AG e = X2 YoaAG A" + X5 YaAG R + X YyaAGK " + AG ™
AG* _ AG AVa AG BVa AG CVa AG excess Note X = m.0|e fl’aC.tiOI’l of component _i

Bva — XaYWaBLp T XY\, ALg  + X Yy,ALg T + y, = site fraction of component i
AGéVa = )(AyVaAGCA:Va + Xg yVaAGgVa + Xe yVaAngva L AGECEs on a given sublattice

Since this is a substitutional solid solution with no interstitials, y,, = 1:

: : X X oV
Concentration variables: c, =Vk =—— and V, :[—J
m ijvj 1PN,
j=1
Where x, is the mole fraction of component k, V; is the partial molar volume

and N; is the number of moles of component k.

Assume all the substitutional components have the same partial molar
NIST volume: V;=V, then for the A-B-C system: V, =XV, + XV, + XV,



Ternary A-B-C System

In the lattice fixed frame of reference: ZJk =

n n-1

k=1

3 = L
=2 Dy 62 "kac 62

=1 =1
Oty
i
ij =Ly — P c, = C YaM va
I—AA = XAMA
LBB = XBMB
I—cc = XcMc

. ou
Dy = Ly 22
AA AA aCA

. ou
'Dy, =Ly, —2
8A = -8B c.
Ol

iDCA = I—cc GT
A

NST

ac;
Xi
C,=—-
Vm
ou
D,y =L, 2
AB AA 8CB
ou
Dy, = Loy 2
BB BB GCB
O
D, =L c
CB CC aCB

va=Jda+Jdg+J¢

Ot Notey,, =1 and for simplicity drop the Va
from M, = M,

. ou

Dy = Loy =2
AC AA GCC

. o

iD . %
BC BB 8CC

. o

Dee = Lge =<
cC CcC 5CC



Ternary A-B-C System
In the volume-fixed frame of reference: Zn: IV, =0=(J,+J,+J.)V,

n

o ’%__n ’ n %ai _n
=2k oz L"izaci oz ZD"‘ az

i=1 i=1  j=l j=1

[ anl—' aﬂ'=zn: S xk)xiMi%vm ] I

See next page for expansion

J i=1 j
® =S Vi Ly =C, YyM
& ij —Z O — X, V_ Lij kk = Ck YvalVla
E i=1 m
c
= V
CEU Or ‘Jk - ZLK||:VIU| [VI )V/un:|
- m
]
n V n n V V
: L' = O; — L, = O —X| —— 1|5, —x|—=1|L,
Ki JZ];|: X [Vm ]i| ki — — & 1|: Ir XI(Vm j:”: jk Xk(vm ]i| Jr
» Ol — VN #] ,8ﬂ N o (Ve
D. = L i m/n _|_ B L
ki — ; ki k| 8C GCJ ; V kr
Recall that the Gibbs—Duhem equations provides that: ZX =0 thus, Dy —Zl:'—éu
. . el . n _ S n aCJ'
NIST Reduce diffusivities when V, = V.. Dy =Dy Dy, Ji = — D, — pe

ou;
ac;



NST

DAA

DAB

DAC

Ternary A-B-C

kj _Z I—’ 5,11, :Zn:(5i

J i=1

OX

OXg

OXc

OXc

= (1_ XA)XAM A%Vm +(O_ XA)XBM B aa%vm +(0_ XA)XCMC %Vm
A

OX

= (1_ XA)XAM A%Vm +(0_XA)XBM B Z%Vm +(0_XA)XCMC aﬂ\/m
B

OXg

= (1_XA)XAMAau—AVm +(O_ XA)XBM B @I_va +(0_ XA)XCMC %Vm

OXc

DBA = (O_ XB)XAM A%Vm +(1_ XB)XBM B aIu_BVm +(O_ XB)XCMC %Vm

DBB

DBC

DCA

DCB

DCC

OX

OXg

OXc

OX,

OXg

= (1_ Xc )XAM A%Vm +(O_ Xc )XBM B

OXc

OX

OX,

OX

= (O_XB)XAMA%Vm +(1_XB)XBMB Zﬁvm +(O_XB)XCMC %Vm
Xg

OXg

= (O_XB)XAMAalu—Avm +(1_XB)XBM B gﬁ\/m +(O_XB)XCMC %Vm
Xc

OXc

:(O_XC)XAMAQU—AVm +(O_XC)XBMB%Vm +(1_XC)XCMC %Vm

OX 4

= (1_ Xc )XAM Aalu—AVm +(O_ Xc )XBM B Zﬁvm +(1_ Xc )XcMc %Vm
Xg

Olg
OXc

OXg

0
Vm +(1_ Xc )XCMC a%ccvm



Relation between Intrinsic and Interdiffusion Coefficients

From Sohn and Dayananda (Met. Mat. Trans 33A (2002) 3375)

Published [")'n “D'_N Zn: D" D; = interdiffusion coefficient
notation: I ! 4 Dj = intrinsic diffusion coefficient (reduced)
N, = atom fraction
DICT.RA an XZ D!
notation:

Example: DS=DS, —x,( DXA+'D§A+iD§A)

Dis=Da—Dac  (see previous slide for expansion of Daa @and Dyc)

~ 0 ou ou ou ou ou
DEA = XAVm|:(1_XA)MA£_XBMB o s _XcMc aTCj|_XAVm|:(1_XA)MA—A_XBMB s _XcMc —

~

A A A OXc OX¢ OXc
Note D, =xM, Oty -
X Note:
N Oy i i i Oy i i i 'Dg='Dy—'Dy,
DEA = XAVm|:M A@TA_ DAA_ DBA_ DCA:| X V {M 8XA DAC DBC Dcc} iDcJ :iDJ D,
A C AA AA A
iDC :iD _iD
~ 8 8 i i . BA . BA . BC
Dy = XV, M, aﬂA XaViM b N [( ) ( ) ( Dca—Dec )] 'Dgy='Dep—Dec
Xa aXc

5§A = (i DAA_iDAC )_ XaVp, [(I DAA_iDAC) ( Dga IDBC) Dea IDcc )]
Rewrite in terms of reduce diffusivities

NDS,=DS, - x,V, [ DS, +DS,+D, |




NIST participation in GE-AIM (DARPA) Program
v Precipitation Model

Experimental diffusion data
(Binary data) Diffusion Mobility

J.C. Zhao, GE-CRD > Database
NIST Diffusion Data Center NIST \

Multicomponent diffusion Thermodynamic Models for
data Databases -E’ precipitatioﬂ mechanical
B. Mueller, Howmet Thermotech. Questek, GE properties
J-C. ZhaO, GE-CRD UW, NIST GE
p Lattice parameters
Questek
N | )
A NIST also providing guidance on y’
precipitation modeling, simple
2*6‘*@ ¢ ATR coding for thermodynamic calculations,

: modeling interfacial energies.
Linear cooling rate 0.2 °C/s -
NIST

J
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