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ABSTRACT 

The Heavy Water Moderated Organic Cooled Reactor r equ i res a t ransi t ion 

joint between the SAP 895 p r e s s u r e tube and the out -of-core carbon s teel 

piping. An in te rmedia te section of s ta in less s teel is metal lurgical ly bonded to 

the SAP tube and welded to the carbon s tee l . A tungsten b a r r i e r layer (applied 

by chemica l vapor deposition) i s used at the SAP-s ta in less steel joint interface 

to prevent the formation of b r i t t l e in te rmeta l l i c compounds by diffusion between 

s ta in less s tee l and aluminum during the 30-year design life of the p r e s s u r e tube 

at t e m p e r a t u r e s to 765°F. This study was conducted to de te rmine the extent of 

diffusion that could be expected between the consti tuents of the bond sys tem, 

pa r t i cu la r ly between SAP 895 and tungsten, due to the t i m e - t e m p e r a t u r e condi

tions of r eac to r s e rv i ce . 

Diffusion couples were p r e p a r e d which simulated the meta l lurgica l bonding 

obtained in the p r e s s u r e tube t rans i t ion joint. The couples were diffusion an

nealed in the t empera tu re range of 920° to 1125°F for per iods of from 4 to 

4841 h r . The design of the couple provided diffusion data for SAP 895 — Type 

304 SS as wel l as for SAP 895 — W. Data analysis indicated a relat ionship in 

the SAP 895 — W sys tem between total diffusion layer thickness x (in.), t ime t 

(hr) and t e m p e r a t u r e T (°K) to be: 

x^-^" „ __ , -17 / - 8 2 , 5 0 Q \ 

— - — = 3.27 X 10 exp !—g^=K—1 . 

A s imi la r re la t ionship in the SAP 895 — Type 304 SS sys tem i s : 

^^ 1 ^i; in4 / -40 ,800 \ 
— = 1.35 X 10 exp I—g4p—I 

It was concluded that the maximum diffusion layer that could be expected between 

SAP 895 and tungsten after 30 y e a r s at 765°F is 0.000108 in. , which is not con

s idered de t r imenta l to the t rans i t ion joint tensi le s t rength. 

*Sintered aluminum powder product consist ing of a nominal 10% aluminum oxide 
d i spe r sed in aluminum. 
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!. INTRODUCTION 

The Heavy Water Moderated Organic Cooled Reactor (HWOCR) core design 

r equ i r e s SAP 895 p r e s s u r e tubes to contain the fuel e lements and to constitute 

a portion of the organic coolant c i rcu i t . Carbon steel i s used to complete the 

out -of -core coolant piping. An in te rmedia te section of s ta inless steel is hot 

p r e s s e d bonded to the SAP tube and welded to the carbon s tee l , as shown in 

F igure 1. The SAP-s ta in le s s s teel t rans i t ion joint i s requi red to maintain high 

s trength and leak- t ight in tegr i ty at a mciximum service t empera tu re of about 

765°F for a design life of 30 y e a r s . 

Pas t exper ience has shown that a diffusion b a r r i e r is required at the SAP-

s ta in less s teel joint in terface to prevent the formation of b r i t t l e in termetal l ic 

compounds by diffusion in r eac to r s e rv i ce . A thin tungsten coating, applied by 

chemical vapor deposition to the s ta in less s teel component pr ior to bonding, has 
t 

been effectively uti l ized as a diffusion b a r r i e r to aluminum. 

The purpose of this investigation was to de termine the extent of diffusion 

that could be expected between SAP 895 and vapor-deposi ted tungsten in 3 0 y e a r s 

at 765°F . By annealing appropr ia te diffusion couples at t empera tu re s above 

765°F, the diffusion p r o c e s s is great ly acce le ra ted . A p r i m a r y objective was 

to define an expected re la t ionship of the type 

x'^ = k t e x p ( - Q / R T ) . . . ( 1 ) 

where 

X = th ickness of diffusion layer (in.) 

t = t ime (hr) 

Q - activation energy (cal /mol) 

R = gas constant 

T = absolute t e m p e r a t u r e (°K) 

*E. C. Supan and W. H. F r i s k e , "Development of APM-Stainless Steel P r o c 
ess Tube Transi t ion Joints for the 30-Mwe DON Prototype Power Reac to r , " 
AI-65-114 (May 24, 1965) 

t E . C. Supan, "Development of SAP-Steel P r e s s u r e Tube Transi t ion Joints for 
the HWOCR," AI-CE-46 (August 15, 1967) 
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The de terminat ion of the activation energy is par t icu la r ly important . F r o m 

Equation 1, it can be shown that the requ i red t ime (t_) at a higher t empera tu re 

(T_) to give an equivalent diffusion th ickness in 30 y e a r s ( t . ) at 765°F(T^ =680°K) 

is re la ted to Q by the equation: 

Q 
R Vz ~ A) (2) 

where the same diffusion constants mus t be valid at the two t empera tu re s (T, 

and T_). There fo re , the activation energy value provides a bas i s for selecting 

t i m e - t e m p e r a t u r e combinations to s imulate 30-year serv ice diffusion in acce l 

e ra ted t e s t s . Such t e s t s a r e useful in predict ing the effect of service life dif

fusion on the physical and mechanica l p rope r t i e s of t ransi t ion jo in ts . 
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! l . EXPERIMENTAL PROCEDURE 

A. PREPARATION OF DIFFUSION COUPLES 

The diffusion couple selected for this study s imula tes the meta l lurg ica l 

bonding p r o c e s s which is c h a r a c t e r i s t i c of the p r e s s u r e tube t ransi t ion joint 

shown in F igure 1. The design of the diffusion couple i s i l lus t ra ted in F igure 2. 

In a manner analogous to t rans i t ion joint fabricat ion, the application of heat and 

p r e s s u r e causes the SAP to flow over the cone-shaped tungsten-coated com

ponent, resul t ing in so l id-s ta te bonding. 

The cone-shaped s ta in less s teel components were prepared for bonding by 

electroplat ing with nickel , followed by chemical vapor deposition of tungsten. The 

nickel coating provides an oxide-free subs t ra te for the tungsten coating operation. 

Nickel coating th icknesses of about 0.2 to 0.5 mil were e lect ro-deposi ted from 

a Wood's* nickel s t r ike bath at room t empe ra tu r e for 5 min at 4 vol ts . Tungsten 

was chemical ly vapor deposited by hydrogen reduction of tungsten hexafluoride: 

WF^ + 3H2 = W 4- 6HF . 

The react ion takes place on the heated subs t ra te (nickel-plated cone). The p a r t s 
-5 were locally heated by RF induction in a Vycor tube evacuated to <5 x 10 t o r r 

until outgassing essent ia l ly ceased (-^2 to 3 min). Hydrogen and WF, were in

t roduced into the Vycor chamber under a par t ia l vacuum of 28.5 in. of Hg for 

8 min. The p a r t s w e r e then allowed to cool in vacuum. The result ing tungsten 

coating was approximately 5 mi l s thick. 

The appara tus used for bonding of the diffusion couples i s shown schemat 

ically in F igure 3. The diffusion couple components were positioned in a s ta in

less steel vacuum-t ight r e t o r t enc lo su re . The r e to r t (not shown) was then 

evacuated and backflushed with argon th ree t imes and finally evacuated and main-
-2 tained at a p r e s s u r e of <10 t o r r . The diffusion couple components w e r e heated 

by R F induction to a t e m p e r a t u r e of 1000°F. The t empera tu re was continuously 

monitored on a two-pen r e c o r d e r by the output of Chromel-Alumel sheathed 

*Nickel chloride 28 to 34 o z / g a l , HCl 14 to 18 oz /ga l . 
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Figure 3. Diffusion Couple Bonding Apparatus 
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thermocouples located in the holes provided in the diffusion couple housing, A 

smal l hydraul ic p r e s s was used to apply a load of 10,000 lb to the tungsten-coated 

component, causing it to penet ra te the SAP component and its top to become flush 

with the housing. The RF heat input was immediate ly removed and the bonded 

diffusion couple was allowed to cool under load to about 600°F before removal 

from the r e to r t . The diffusion couples w e r e sealed by electron beam welding. 

Since the welding was per formed in vacuum, the internal voids of the couple 

remain evacuated as a r e su l t of the welding operat ion. F igure 4 shows a com

pleted diffusion couple and one which has been sectioned by e lec t r i ca l d ischarge 

machining. 

7 31 67 UNt W80 «2(«« 

Figure 4. Diffusion Couple 

B. DIFFUSION ANNEALING 

The diffusion couples were annealed for various t imes at t empera tu re s of 

1000° to 1125°F in 25°F i n c r e m e n t s , and 920° to 980°F in 20°F inc remen t s . 

The couples annealed at 1000°F and above were heated in lead baths , and the 

couples annealed at t e m p e r a t u r e s below 1000°F were heated in salt ba ths . The 

salt baths consisted of a t e r n a r y eutectic mixture having a composition of 30% 

L iN03 , 53% KNO3, and 17% NaN03(mel t ing point: « 2 4 5 ° F ) . The lead and salt 

baths w e r e used because of the i r good t empera tu re uniformity. 
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During the course of this study, the higher t e m p e r a t u r e couples w^ere 

examined f i r s t because of thei r shor te r annealing t ime r e q u i r e m e n t s . It was 

found that the diffusion r a t e s were highly t e m p e r a t u r e dependent. For this 

reason , the t e m p e r a t u r e in te rva l s were dec reased from 25°F to 20°F for an

nealing t e m p e r a t u r e s below 1000°F. 

Each diffusion couple was ins t rumented w^ith a ca l ib ra ted 1 /16- in . -d iameter 

Chromel-Alumel sheathed thermocouple positioned in one of the two holes p r o 

vided in the diffusion couple housing. Tempera tu r e s were moni tored by s t r i p -

char t r e c o r d e r s and by potent iometer m e a s u r e m e n t s of the thermocouple outputs 

Cor rec t ions to the nominal annealing t e m p e r a t u r e s w e r e based on the potentio

me te r m e a s u r e m e n t s and individual thernnocouple ca l ib ra t ions . Annealing t imes 

were general ly se lec ted to obtain a diffusion layer th ickness between SAP 895 

and tungsten of about 1 to 5 m i l s . 

C. GROWTH AND IDENTIFICATION OF DIFFUSION LAYERS 

The annealed diffusion couples were sectioned e i ther with an abras ive cut

off wheel or by e l ec t r i ca l d i scharge machining. Sectioning was done in such a 

manner that the flat surface of the final polished specimen passed very near ly 

through the center l ine of the couple to min imize any e r r o r s in measu remen t of 

diffusion layer th icknesses due to oblique cuts . 

The sectioned diffusion couples were mounted in epoxy res in . Rough polish

ing was done p rogress ive ly on sil icon carbide abras ive p a p e r s , 180 through 600 

gri t s i zes . F u r t h e r polishing was done using 30-|i and 6-fi diamond compounds. 

Final polishing was accoinplished with a s l u r r y of Linde B compound in water . 

The polished specimens w e r e etched at room t e m p e r a t u r e in two steps: 

(1) e lectrolyt ic etching in 10% oxalic acid solution for 10 to 20 sec at 5 vol ts , 

and (2) swab etching with Murakami ' s Reagent for 1 to 5 sec . 

The total a luminum-tungsten diffusion layer thickness was m e a s u r e d on a 

Tukon m i c r o h a r d n e s s t e s t e r in fi lar units and converted to inches . The dif

fusion l ayer th icknesses w e r e highly i r r e g u l a r . Because of this i r r egu la r i t y , 

the max imum thickness was m e a s u r e d at five different locations on the sides of 

the tungsten-coated cone interface with the SAP. 

^Potass ium fer r icyanide 10 g, po tass ium hydroxide 10 g, wa te r 100 mi. 
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No diffusion l aye r s between nickel and tungsten were observed. 

Although it was not a p r i m a r y objective of this study to determine the dif

fusion between SAP 895 and Type 304 s ta inless s teel , the data were of in te res t , 

and were readi ly available from the annealed couples. Therefore , the total layer 

th icknesses between the side of the SAP 895 component and the couple housing 

were measured . The total diffusion layer was charac te r i s t i ca l ly quite uniform. 

The maximum layer th ickness was measu red with a microscope having a mi -

cro ine ter eyepiece cal ibra ted in inches . In a few cases , the diffusion l ayers 

were extensively damaged as a resu l t of sectioning and polishing so that a r e p 

resenta t ive measu remen t could not be made. 

Identification of a luminum-tungsten in te rmeta l l ic compounds in the total dif

fusion l aye r s of selected couples was determined by X- r ay powder diffraction 

techniques and by e lec t ron mic roprobe ana lyses . Small samples of the diffusion 

layer were obtained for the X- ray diffraction analyses by cutting and breaking 

apar t the unmounted half of the diffusion couple after sectioning. The mounted 

specimens were used for mic roprobe scans ac ros s the diffusion zones to d e t e r 

mine re la t ive percen tages of tungsten and aluminum. No attempt was made to 

identify the const i tuents of diffusion l aye r s between SAP 895 and Type 304 SS. 

15 
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TABLE 1 
SUMMARY OF DIFFUSION DATA FOR SAP 895 - W 

AND SAP 895 - TYPE 304 SS SYSTEMS 

N o m i n a l 
Annealing 

T e m p e r a t u r e 
(°F) 

1125 

1100 

1075 

1050 

1025 

1000 

980 

960 

940 

920 

Diffusion 
Couple 

No. 

36 

35 

34 

15 

16 

20 

17 

31 

18 

19 

33 

23 

37 

25 

7 

8 

27 

26 

38 

39 

47 

48 

11 

9 

40 

10 

41 

28 

C o r r e c t e d 
Anneal ing 

T e m p e r a t u r e 
(°F) 

1124 

1099 

1075 

1068 

1072 

1076 

1046 

1048 

1047 

1048 

1022 

1032 

1024 

997 

996 

998 

979 

981 

983 

958 

960 

959 

959 

939 

938 

941 

919 

920 

Anne al ing 
T i m e 
(hr) 

4 

8 

4 

8 

16 

24 

16 

24 

30 

48 

24 

48 

96 

96 

170 

290 

429 

768 

1177 

455 

745 

1028 

1770 

2009 

2761 

4841 

2756 

3117 

SAP-W Diffusion L a y e r 
M a x i m u m T h i c k n e s s 

(mi l s ) 
A v e r a g e 

1.47 

2.04 

0.421 

1.07 

2.68 

3.01 

0.900 

1.19 

1.34 

3.00 

0.475 

1.26 

2.41 

0.787 

2.74 

5.76 

1.66 

3.01 

4.43 

0.725 

1.17 

1.71 

4.98 

0.114 

3.20 

8.70 

2.0 

0.135 

R a n g e 

1.35 - 1.70 

1.87 - 2.19 

0.290 - 0.554 

0.91 - 1.19 

2.49 - 2.79 

2.86 - 3.15 

0.74 - 1.16 

1.04 - 1.29 

1.13 - 1.52 

2.91 - 3.11 

0.322 - 0.554 

1.07 - 1.49 

2.03 - 2.99 

0.540 - 1.05 

2.57 - 2.93 

5.40 - 6.12 

1.39 - 2.06 

2.82 - 3.27 

4.22 - 4.70 

0.570 - 0.936 

1.13 - 1.24 

1.58 - 1.86 

4.01 - 5.93 

0.096 - 0.129 

t 
t 

t 
0.106 - 0.152 

SAP - 304 SS 
Diffusion L a y e r 

T h i c k n e s s 
(mi l s ) 

2.4 

2.0 

* 

2.0 

2.8 

3.2 

* 

2.4 

2.8 

3.6 

2.6 

2.8 

5.2 

3.6 

4.4 

6.0 

6.4 

7.6 

12.0 

4.8 

6.4 

8.0 

10.0 

9.6 

11.2 

15.6 

10.0 

10.4 

*Crack ing too ex t ens ive for m e a s u r e m e n t s . 
tS ing le m a x i m u m va lue m e a s u r e d . 
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HI. RESULTS 

A. GROWTH AND C H A R A C T E R I Z A T I O N O F DIFFUSION LAYERS 

The g r o w t h of d i f fus ion l a y e r s b e t w e e n SAP 895 and t u n g s t e n and b e t w e e n 

SAP 895 and T y p e 3 04 SS i s s u m m a r i z e d in T a b l e 1. The e x t r e m e s of a n n e a l i n g 

t i m e s r a n g e d f r o m 4 h r a t 1 1 2 5 ° F to 4841 h r a t 9 4 0 ° F . 

T y p i c a l m i c r o s t r u c t u r e s of a l u m i n u m - t u n g s t e n diffusion z o n e s for v a r i o u s 

a n n e a l i n g t r e a t m e n t s a r e shown in F i g u r e s 5, 6, and 7. The t u n g s t e n coa t ing 

r e s u l t i n g f r o m c h e m i c a l v a p o r d e p o s i t i o n h a s a c h a r a c t e r i s t i c d e n d r i t i c s t r u c 

t u r e . The diffusion z o n e s show a p h a s e having " t e e t h " wh ich co inc ide w i th the 

g r a i n b o u n d a r i e s of the t u n g s t e n . The g r o w t h of the t o t a l diffusion l a y e r s i s 

p r i n c i p a l l y t o w a r d the S A P s ide of the o r i g i n a l i n t e r f a c e and i s v e r y i r r e g u l a r 

in t h i c k n e s s . The e v i d e n c e of p r i o r g r a i n b o u n d a r i e s of t u n g s t e n in t h e diffusion 

l a y e r m i c r o s t r u c t u r e s i n d i c a t e s t h a t the d i r e c t i o n of diffusion is t o w a r d the 

t u n g s t e n ( i . e . , a l u m i n u m d i f fuses in to t h e t u n g s t e n ) . 

* 
The p h a s e d i a g r a m for the a l u m i n u m - t u n g s t e n s y s t e m shows the e x i s t e n c e 

of t h r e e s t a b l e i n t e r m e t a l l i c p h a s e s c o r r e s p o n d i n g to f o r m u l a s of W A K _ , W A l 

and W A l . . Two of t h e s e i n t e r m e t a l l i c c o m p o u n d s , W A L and W A L , w e r e 

iden t i f i ed by X - r a y p o w d e r d i f f r ac t i on p a t t e r n s in c o u p l e s a n n e a l e d at 960° and 

1 0 0 0 ° F . Insu f f i c i en t r e f e r e n c e p o w d e r d a t a w e r e a v a i l a b l e f r o m the l i t e r a t u r e 

to ident i fy the p r e s e n c e of W A l . . E l e c t r o n m i c r o p r o b e s c a n s a c r o s s the dif

fus ion l a y e r s of s e v e r a l c o u p l e s a n n e a l e d in the 940° to 1025°F t e m p e r a t u r e 

r a n g e r e v e a l e d t h a t the t h r e e l a y e r s in t h e t y p i c a l m i c r o s t r u c t u r e had r e l a t i v e 

p e r c e n t a g e s of A l and W c o r r e s p o n d i n g to the f o r m u l a s W A L _, W A L , and 

W A l . . As shown in F i g u r e 5, the v e r y th in l a y e r ( ' ^0 .1 m i l th ick) ad jacen t to 

the S A P i s W A l . The p h a s e a s s o c i a t e d wi th t u n g s t e n g r a i n b o u n d a r y p e n e 

t r a t i o n i s WAl j . and t h e r e m a i n i n g p h a s e i s WAl . . 

The f o r m a t i o n of the i n i t i a l W A L _ p h a s e o c c u r s a t a r e l a t i v e l y s low r a t e 

and i s h ighly t e m p e r a t u r e d e p e n d e n t . The t h i c k n e s s of t h i s l a y e r a p p e a r s to 

r e a c h a m a x i m u m of abou t 0.1 to 0.2 m i l s o v e r the e n t i r e r a n g e of annea l ing t e m 

p e r a t u r e s (920° to 1 1 2 5 ° F ) . The W A l and W A l . p h a s e s do not a p p e a r u n t i l a f te r 

*M. H a n s e n , C o n s t i t u t i o n of B i n a r y A l l o y s (2nd E d . ; M c G r a w - H i l l Book C o m p a n y , 
I n c . , New Y o r k , 1958) 
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Figure 5. Mic ros t ruc tu re of Couple No. 26 Showing 
Diffusion Zone Between SAP 895 and Tungsten 

After 768 h r at 980°F 

\ 

' » ls . „ > . . . . 

• * • 
. . • • * 

•u 

;•'.'•' X 

7655-2-1 

Figure 6. M i c r o s t r u c t u r e of Couple No. 47 Showing 
Diffusion Zone Between SAP 895 and Tungsten 

After 745 hr at 960°F 
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7830 1 2 

Figure 7. M i c r o s t r u c t u r e of Couple No. 20 Showing 
Diffusion Zone Between SAP 895 and Tungsten 

After 24 hr at 1075°F 

the init ial WAL_ layer format ion. These phases f i rs t appear as nodules, as 

shown in F igure 8, and thei r growth ra te is considerably fas ter than for the 

init ial WA1.~ layer formation. F igu re 9 shows a couple (no. 10) annealed 

4841 hr at 940°F where the init ial W A L _ layer is sti l l forming in one location 

while in another location the t h r ee -phase diffusion s t ruc tu re is quite extensive. 

This i r r egu la r i ty was observed to be increasingly severe with decreas ing an

nealing t e m p e r a t u r e s . 

Aluminum penet ra ted the tungsten coating in many couples and attacked the 

underlying nickel coating, as shown in F igure 10 (couple no. 41), It was con

cluded that the penet ra t ion was due to defects m the tungsten coating (such as 

c racks or porosity) which allowed aluminum to migra te through the tungsten 

layer by surface diffusion. Defects of this type a r e associa ted with p rocess 

control in the chemica l vapor deposition of tungsten. The reaction product was 

identified by X- r ay diffraction as A l -Ni_ . 

The photomicrograph in F igure 11 is typical of the diffusion l ayers formed 

between SAP 895 and Type 304 SS. The diffusion zone thicknesses were quite 

uniform compared to the SAP 895 - W diffusion zones . 
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Figure 8. M i c r o s t r u c t u r e of Couple No. 25 Showing 
Forma t ion of Nodules After 96 hr at 1000°F 
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F igure 9. M i c r o s t r u c t u r e s of Diffusion Zones in 
Couple No. 10 After 4841 hr at 940°F 
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Figure 10. M i c r o s t r u c t u r e of Couple No. 41 Showing Penet ra t ion 
of Defective Tungsten Coating by Aluminum and Resul tant 

Reaction with Nickel After 27 56 hr at 920°F 
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Figure 11. M i c r o s t r u c t u r e of Couple No. 38 Showing Diffusion 
Zone Between SAP 895 and Type 304 SS After 1177 hr at 980°F 
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B. DATA ANALYSIS 

The analysis of data was d i rec ted toward defining the relat ionship between 

the to ta l diffusion l ayer th i ckness , x (in,), the annealing t ime , t (hr), and the 

annealing t e m p e r a t u r e , T (°K). At constant t e m p e r a t u r e , a relat ionship was 

sought of the type 

x^ = kt . . . (3) 

In the ideal c a s e , the value of n is constant and equal to 2, giving a parabolic 

growth ra t e of the diffusion layer th ickness . The t empe ra tu r e dependency of k 

is given as 

k = k exp (-Q/RT) . . . (4) 

i . SAP 895 - Tungsten Data 

The SAP 895 - W diffusion data w e r e examined at each of the nominal an

nealing t e m p e r a t u r e s in an effort to define the value of n and to de te rmine if it 

could be considered constant . Poor cor re la t ion was found with a parabolic 

diffusion ra te re la t ionship . Log x vs log t plots at each of the nominal annealing 

t e m p e r a t u r e s genera l ly gave a value of the slope n « 0 , 8 to 1.0. Because of the 

high t empe ra tu r e dependency of the diffusion r a t e , even smal l deviations from 

the a s sumed constant nominal annealing t empera tu re can lead to e r r o r in the 

determinat ion of n. There fo re , a second approach was to select a value of n 

which would give the bes t s t ra ight line fit in a plot of log k vs l / T (Arrhenius 

plot) , using c o r r e c t e d t e m p e r a t u r e va lues . It was found that if n is considered 

constant and equal to 0.90, t h e r e i s good agreement of the data points for t h r e e -

phase layer th icknesses over the en t i re annealing t empe ra tu r e range in an 

Arrhenius plot. Diffusion couples showing only the initial WAL_ layer were 

omitted because they fell well below the Arrhenius plot. The calculated values 

of k for n - 0.90 a re summar i zed in Table 2. The Arrhenius plot of the data is 

shown in F igure 12, where the s t ra ight line fit was obtained by the method of 

least s q u a r e s . The analysis yielded calculated values of 

17 0 90 
Q = 82,500 c a l / m o l and k = 3.27 x 10 in, * /h r . 
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TABLE 2 
ANALYSIS OF DIFFUSION DATA FOR SAP 895 - W AND 

SAP 895 - TYPE 304 SS SYSTEMS 

Nomina l 
Annealing 

T e m p e r a t u r e 
(°F) 

1125 

UOO 

1075 

1050 

1025 

1000 

980 

960 

940 

920 

Diffusion 
Couple 

N o . 

36 

35 

34 

15 

16 

20 

17 

31 

18 

19 

33 

23 

37 

25 

7 

8 

27 

26 

38 

39 

47 

48 

11 

9 

40 

10 

41 

28 

t 
(hr) 

4 

8 

4 

8 

16 

24 

16 

24 

30 

48 

24 

48 

96 

96 

170 

290 

429 

768 

1177 

455 

745 

1028 

1770 

2009 

2761 

4841 

2756 

3117 

1000/T 
(1 /°K) 

1.1364 

1.1547 

1.1737 

1.1779 

1.1751 

1.1723 

1.1962 

1.1940 

1.1947 

1.1940 

1.2151 

1.2063 

1.2136 

1.2353 

1.2361 

1.2346 

1.2516 

1.2500 

1.2484 

1.2706 

1.2674 

1.2690 

1.2690 

1.2870 

1.2887 

1.2853 

1.3055 

1.3055 

SAP - W 

K . 10^ 
,. 0 .90 , , , (m. / h r ) 

705 

474 

229 

265 

303 

223 

113 

97.1 

85.3 

112 

42.5 

51.3 

45.8 

16.8 

29.1 

33.3 

7.34 

6.97 

6.47 

3.27 

3.09 

3.14 

4.79 

-

2.06 

2.88 

1.35 

-

SAP - 304 SS 

K . 10^ 

( i n . ^ /h r ) 

144 

50.0 

50.0 

49.0 

42.7 

-

24.0 

26.1 

27.0 

28.2 

16.3 

28.2 

13.5 

11.4 

12.4 

9.55 

7.52 

12.2 

5.06 

5.50 

6.23 

5.65 

4.59 

4,54 

5.03 

3.63 

3.47 
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Figure 12. Arrhen ius Plot of SAP 895 - Tungsten Diffusion Data 
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2. SAP 895 - Type 304 SS Data 

The data for SAP 895 - Type 304 SS diffusion have shown a parabol ic growth 

ra te of the diffusion layer th ickness x at constant (nominal) annealing t e m p e r a 

tu r e s . Table 2 s u m m a r i z e s the calculated values of k for n = 2. A s t ra ight line 

fit based on a leas t squa res analys is of the data is shown in the Arrhen ius plot of 

Figure 13. The analys is yielded calculated values of 

Q = 40,800 c a l / m o l and k = 1.35 x 10^ in . ^ /h r . 
' o 
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Figure 13. Ar rhen ius Plot of SAP 895 
- Type 304 SS Diffusion Data 
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IV. DISCUSSION 

The diffusion of a luminum from SAP 895 into chemically vapor deposited 

tungsten appears to be a conaplex, s t ruc tu re - sens i t i ve p rocess involving both 

lat t ice and grain boundary diffusion. The data suggest that the initial layer 

formation of the WAl phase is ra te -cont ro l l ing by virtue of its apparent con

stant (s teady-s ta te) th ickness and by the nea r - l i nea r gro-wth rate of the combined 

WA1|- and WAl . phase s . The re la t ively high growth ra te of the lat ter two phases , 

compared to the initial layer of WA1^_, suggests that the tungsten grain bounda

r i e s have become weakened by the ini t ial layer formation. The direct ion of dif

fusion in forming the init ial WA1,_ layer is not known. However, in the lat ter 

s tages of the diffusion p r o c e s s , the evidence of p r io r tungsten gra in boundaries 

associa ted with the WAl^. phase indicates that the aluminum diffuses into the 

tungsten. 

The annealing t imes requi red for the initial layer formation cannot be a c 

curately defined from the data obtained. Rough l imits can be a s se s sed by know

ing that the t ime for init ial layer formation is less than the minimum t ime at a 

given t e m p e r a t u r e where the t h r e e - p h a s e layer was observed (e .g . , <96 hr at 

1000°F, >2009 hr and <276l hr at 940°F). 

Restating the objective of this study, it was des i r ed to know the extent of 

diffusion that could be expected between SAP 895 and chemically vapor deposited 

tungsten after 30 y e a r s at 765°F. Extrapolat ion of the s traight line plot of F ig 

u re 12 to 680°K (= 765°F) leads to a value of k = 1.025 x lO"*^ in.^ ' '^^/hr . After 
5 

30 y e a r s (t = 2,628 x 10 hr) at 765°F the diffusion layer thickness x equals 

0.000108 in. This value of the thickness cor responds in magnitude to the initial 

s ingle-phase layer formation. 

SAP-s tee l t rans i t ion joints have in the past' been annealed at 950° F for 

var ious per iods of t ime to de te rmine the effect of diffusion on bond s t rength. 

Using Equation 2 and the de termined activation energy value of 82,500 ca l /mol , 

the requ i red t ime at 950° F to s imulate 30-year diffusion at 765°F is about 86 h r . 

Trans i t ion joints annealed at 950°F for up to 1000 hr have shown only the initial 

*Ibid. , AI-CE-46 
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diffusion layer formation ('^0.1 miil) by meta l lographic examinat ion. After 

504 hr annealing t ime the t ens i l e s t reng th was typical of as-bonded jo in ts . An 

annealing t ime of 1000 hr at 950°F resu l ted in a loss of about 20% in tensi le 

s t rength. F r o m these observa t ions , it appears that the init ial diffusion layer 

formation does not g ross ly affect the s t rength of the t rans i t ion joint. Also, the 

t ime requi red to form the init ial diffusion layer in t rans i t ion joints at 950°F 

indicates that the expected diffusion layer th ickness calculated for 30 ye a r s at 

765° F is conserva t ive . 

The effectiveness of the tungsten diffusion b a r r i e r is demons t ra ted by com

paring the SAP 895 - W data with the SAP 895 - Type 304 SS data. A SAP 895 -

Type 304 SS t rans i t ion joint having no diffusion b a r r i e r would develop a diffusion 

layer th ickness of 0.0164 in. after 30 ye a r s at 765°F compared to a thickness of 

only 0.000108 in. with a tungsten b a r r i e r . 
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V. CONCLUSIONS 

The resu l t s of this study have shown that the diffusion of aluminum from 

SAP 895 into chemical ly vapor deposited tungsten is a complex p roces s involving 

both latt ice and grain boundary penetrat ion. The s t ruc ture of the diffusion zone 

is cha rac te r i zed by a thin layer ('-^O.l mil) of WAl phase adjacent to the SAP, 

a WAlj. phase which pene t ra tes the W grain boundar ies , and a WAl . phase . The 

WAl phase forms before init iation and growth of the other two phases and is 

believed to be ra te -con t ro l l ing . The growth ra te of the total diffusion layer 

thickness x (in.) with r e spec t to t ime t (hr) in the t empera tu re range studied 

(920° to 1125°F) may be desc r ibed by the equation 

^ = 3 . 2 7 x l 0 l ^ e x p ( : : - % P ) 

The growth ra te of the diffusion layer thickness between SAP 895 and Type 

304 SS was descr ibed by the equation 

— = 1.35 X 10 exp f—pfc;—j 

It was concluded that the total majcimum diffusion layer thickness that could 

be expected in SAP-s tee l t rans i t ion jo ints , utilizing a W diffusion b a r r i e r , after 

30 y e a r s at 765°F is about 0.000108 in. The diffusion would probably involve 

only the init ial WAl layer formation, which has been shown to be generally 

nondetr imenta l to the tensi le s t rength of t rans i t ion joints in acce lera ted t e s t s . 

The effectiveness of tungsten as a diffusion b a r r i e r was demonstra ted by 

comparing diffusion data of SAP 895 - W with SAP 895 - Type 304 SS. The r e 

sultant diffusion layer thickness without the b a r r i e r would be g rea te r by more 

than two o r d e r s of raagnitude in 30 ye a r s at 765°F. 
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