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ABSTRACT 

A detailed study has been initiated of the formation of 
intermediate layers in the diffusion zone of Al-Ni diffusion 
couples. This system was chosen because of its significance 
in fuel element technology. It has been confirmed that only 
two out of four possible layers form observably during dif
fusion - the Ni2Al3 and NiAl3 phases. The growth of the 
intermediate layers occurs initially at a rate different 
from that predicted by the ideal diffusion equations; how
ever, once a minimum thickness is reached, behavior becomes 
more normal. 
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I. INTRODUCTION 

Investigations of bond formation in the cladding of fuel 
elements by pressure welding have shown that the size 
and nature of the diffusion zone are significantly 
affected by variations in applied pressure ̂  ̂ » ̂» ̂» "̂ ^ . In
creasing pressure alters the thicknesses of intermediate 
phase layers in the diffusion zone and changes the 
strength of the bond. Since this effect may be import
ant from both a practical and a theoretical point of 
view, a study was undertaken in December 1954 to inves
tigate the phenomenon in detail. The first phase of the 
investigation consisted of a literature survey of those 
phenomena considered to have a bearing on the problem; 
i.e., the kinetics of intermediate phase formation, and 
the effect of stress on diffusion rates. The findings 
are summarized briefly below. 

According to the literature, intermediate alloy layers, 
once formed, should grow parabolically with time if bulk 
diffusion through the layers is the rate-controlling 
factor and if concentrations are maintained constant at 
phase interfaces; for such cases analytical or graphical 
solutions^^»®' are available. The equilibrium phase dia
gram for a given alloy system was formerly thought to be 
useful in predicting the appearance of phases during 
diffusion; it was believed that phases occurring over 
a highly restricted range of compositions would tend not 
to grow in competition with adjacent phases having much 
wider ranges of solubility (if the diffusion coefficients 
were not too dissimilar). However, the experimental 
studies made('7>8) indicated that the simple parabolic law 
was not obeyed in general, and that a highly restricted 
range of solubility was neither necessary nor sufficient 
to insure the non-appearance of an intermediate alloy 
phase during diffusion. 

The number of investigations concerning the effects of 
stress upon diffusion are few, and practically all of 
them have been made within the past decade. Hydrostatic 
pressure decreases the self diffusion coefficients of 
sodium^ ', phosphorus^ , and zinc^^^'. In zinc, the 
anisotropy of diffusion is also decreased. The effect 
of hydrostatic pressure on the diffusion coefficient of 

r- 'i 
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copper in aluminum is ambiguous^ '. Uni-axial compres
sive stress below the elastic limit reduces the diffusion 
coefficient in zinc; in iron^-^^^, however, uni-axial com
pression has no effect unless plastic distortion occurs, 
and then the diffusion coefficient increases linearly 
with increasing strain rate. Information as to the 
effects of pressure upon intermediate alloy layer growth, 
other than the Sylvania work previously mentioned'^>^>^>^^ 
is practically non-existent. 

As a result of the literature survey, the aluminum-nickel 
alloy system was chosen as the first to be investigated. 
The following plan of attack was adopted: 

(1) The layers forming during diffusion bonding under 
atmospheric pressure and at higher pressures were 
to be identified. 

(2) The time law (or laws) governing the rate of 
growth of the intermetallic layers was to be 
determined for diffusion at atmospheric and 
higher pressures; 

(3) If, as appeared likely, pressure exerted its 
effect on layer growth by altering the diffu
sional mechanisms, measurements were to be made 
of the diffusion coefficients in the individual 
phases of the Al-Ni alloy system, and the in
fluence of pressure on diffusion rates was to 
be determined. 

During the past year, emphasis has been placed primarily 
upon the completion of the first two parts of the pro
gram. Progress made to date is reviewed in some detail 
in the succeeding sections. 

EXPERIMENTAL PROCEDURE 

A. Specimen Preparation 

All specimens were made from high purity aluminum 
(99,99%) and high purity nickel (99,79% Ni + 0.13% 
Co). Half-inch diameter discs of thicknesses rang
ing from 0.015 to 0,050 inches were punched from 
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strip and given a grain-coarsening anneal; the aluminum 
discs were annealed for one hour at 600°C in air, and 
the nickel discs were given a one-hour anneal at 1100°C 
in hydrogen. Subsequently, the aluminum discs were 
cleaned in 10 w/o sodium hydroxide solution at room 
temperature for one minute and rinsed; prior to assembly 
into diffusion couples, all discs were thoroughly de-
greased in clean acetone, electro-polished, and re-rinsed, 

Diffusion Bonding Runs 

1. Atmospheric pressure experiments 

Most of the diffusion bonding experiments under 
atmospheric pressure were made on couples prepared 
by spot welding. An aluminum disc was placed between 
two nickel discs, and the assembly was spot-welded 
in two 1/8" diameter areas; a 20 KVA machine was 
used, and the power and time of application were 
kept to the minimum required to obtain adhesion with
out the formation of intermetallic layers of metal-
lographically perceptible thickness (Figs, la and lb), 
The spot-welded couple was then sectioned through 
the bonded areas; one half of the disc was kept as 
a control, and the other half was used for the dif
fusion runs. All diffusion runs were made in elec
trical resistance tube furnaces, in which the temper
ature variation was + 2°C or less. Samples run less 
than one hour were heated in air and quenched so that 
errors arising from heating and cooling times would 
be minimized. All other samples were encapsulated in 
evacuated Vycor tubes containing titanium chips as 
getter material; the titanium chips were preferen
tially heated in the evacuated capsules prior to the 
diffusion runs to getter the remaining oxygen and 
nitrogen. After the diffusion runs, the capsules 
were quenched in cold water. 

2, Pressure experiments 

Diffusion bonding runs under pressure were made in 
a hot pressing apparatus which was essentially a 
smaller version of the apparatus used by Storchheim, 
Zambrow, and Hausner^^^; a schematic drawing of the 

,).;;3 n? 
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apparatus is shown in Fig. 2. At the start of a diffusion 
run, the specimen was placed on the bottom punch, and 
the apparatus assembled with the upper ram out of contact 
with the specimen. The system was evacuated to pressures 
of 0.5 microns or less, and the specimen was heated to 
the desired temperature. As soon as the temperature was 
stabilized, pressure was applied to the specimen and 
maintained by means of a 2-1/2 ton arbor press exerting 
force on the top of the ram through an SR-4 Type C load 
cell. At the end of the run, the load was removed, the 
power to the furnace was cut off, and the specimen was 
allowed to cool in the die. Pressure runs were generally 
made for times equal to or greater than 16 hours; con
sequently, the error introduced by the cooling time 
(the temperature dropped 100°C in 10 minutes) was less 
than one percent. 

A few runs were made in the hot pressing apparatus at 
atmospheric pressure; the layer thicknesses were measured 
and compared with corresponding measurements made on spot-
welded samples. The differences in results due to the 
bonding techniques were of the same order as variations 
in a group of spot-welded samples diffused under pre
sumably identical conditions. 

Measurement Of Layer Thicknesses 

Layer thicknesses were measured with a filar eyepiece 
on a Bausch and Lomb metallograph; the magnifications 
used depended upon the width of the layers. Twelve to 
twenty measurements were made at each interface; an 
average thickness and its standard deviation were cal
culated for each interface. 

Microhardness Measurements 

Microhardness measurements were made on a Kenntron micro
hardness tester; a Knoop indentor was used, and a 5 gram 
load was applied. 

(•8 
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III. EXPERIMENTAL RESULTS 

A. Diffusional Bonding Phases In The Al-Ni Alloy System 

As was reported in the original work^-^^, metallo-
graphic observation of polished and unetched samples 
of Ni-Al diffusion bonds prepared under pressure 
revealed the following information: 

(1) Two intermetallic phases were present in samples 
pressed for two minutes at relatively low pres
sures (under 11 tsi at a pressing temperature 
of 500°C). The nickel-rich phase was blue-gray 
in color and was tentatively identified by X-ray 
diffraction studies as being Ni-Al^ (y-phase); 
the aluminum-rich phase was silvery-white in 
color and was tentatively identified by etching 
techniques as NlAlg (^-phase). 

(2) At sufficiently high pressures (20 tsi at a 
pressing temperature of 500°C), the formation 
of NigAlg (V-phase) was completely Inhibited, 
and the NlAlg (^-phase) layer was reduced in 
thickness. 

The equilibrium phase diagram for the Al-Ni system 
is reproduced from the ASM Metals Handbook in Fig, 
3. Four intermetallic phases occur at equilibrium, 
and some of their properties are summarized in 
Table I. According to the original observations, 
NiAl (/"-phase) and Ni^Al (£ -phase) did not form 
during diffusional bonding. Since NiAl (/"-phase) 
has a relatively wide range of solubility and has 
an interesting lattice-defect structure which 
affects diffusion within the phase ̂ '̂*»-"-̂  ̂  and which 
might make the phase pressure sensitive, it appeared 
desirable to re-check the phase identifications. 
For this purpose, a specimen was chosen which had 
been diffusion bonded under pressure and which had 
fractured during a subsequent atmospheric pressure 
diffusion anneal along the interface between the 
two layers. The "d" spacings corresponding to the 
nickel-rich surface layer were calculated from an 
X-ray spectrometer trace; subsequently, layers 
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were removed from the surface by abrasion of the specimen 
on no. 2-0 emery paper, and successive spectrometer traces 
were obtained. A positive identification of NigAlg (IT-
phase) in the nickel-rich layer was made from a comparison 
of the intensities of the X-ray lines and the appearance of 
the 4.90 and 3.50 "d" spacings which are unique for this 
phase (Table II). The possible presence of additional nickel-
rich phases was not excluded by the study, since many of the 
other "d" spacings are common to NiAl ( ^ ) , NI3AI (^), and 
nickel. However, this possibility seems unlikely, in view 
of the fact that the "d" spacings of the Ni2Al3 ("Jf*) layer 
persisted apparently to the nickel, and in view of the 
metallographic observations which indicated only one nickel-
rich layer. 

In addition to the X-ray diffraction study, an attempt was 
made to analyze the nickel-rich layer chemically. Scrapings 
were obtained from the nickel-rich diffusion layer of each 
of two diffusion bonded specimens, whose histories were 
similar to that of the specimen described above, and chemi
cally analyzed. Only minute amounts of material were avail
able (of the order of one milligram); therefore, a colorimetric 
technique was employed to determine the chemical composition. 
The results reported are as follows: 

Weight Percent Nickel 
Samples Ni^Al^ 

57 
55-60 

55 

It is evident that the results of chemical analysis corrobor
ate the X-ray results, and that the nickel-rich phase is 
NigAig c y * ) . 

Additional X-ray diffraction work is currently being done to 
identify the aluminum-rich phase; it is expected that the 
structure will be identified as NiAl„ (P). 

Thus, the identification of the phases which appear during 
the diffusion bonding of aluminum to nickel is almost com
pleted. Of the two phases which appear metallographically, 
the nickel-rich phase is Ni2Al3 (^f) and the aluminum-rich 

"' W 



-12-

phase is probably NiAl (P). The possibility still exists 
that the NiAl (|f*) phase and the NigAl ( C ) phase are pre
sent; if so, they are present in layers of sub-microscopic 
thicknesses. 

B. Growth Of Intermetallic Phases 

The thicknesses of the intermetallic layers formed during 
the bonding of nickel and aluminum have been measured at 
various diffusion times and temperatures -- for the most 
part, under atmospheric pressure. The results obtained 
are tabulated in Table III. A plot of NigAlg (Tf-phase) 
layer thickness (mm) versus time (hrs.) for various dif
fusion temperatures is shown in Fig. 4. It is evident 
from the data that the Ni2Al3 C^) layer thickness is 
dependent upon time and temperature. For example, after 
96 hours at 450°C, the layer is only 0.03 mm thick, where
as, at 600°C, the layer is 0.33 mm thick -- an increase in 
thickness by a factor of 11. At the low temperatures, it 
appears from the slopes of the 400°C and 450°C curves 
that an Incubation period may exist for the formation of 
the Ni2Al3 (^p) layer; however, the data are insufficient 
at the present time to enable one to decide definitely. 

In contrast, the thickness data for the NlAlg (P) layer 
(Table III) are relatively temperature insensitive ex
cept possibly at very short diffusion times. The max
imum value of the NiAl3 (P) layer thickness that was 
recorded is about 0.022 mm and occurs after diffusion 
for 336 hours at 400OC. The NiAl3 ^P^ layer definitely 
grows with time, however. The maximum rate of growth 
occurs at the early diffusion times, and then tapers off. 
The layer appears to grow exponentially with time, but 
insufficient data are available at the present time to 
determine the growth law unequivocally. 

Fig. 5 is a plot of log thickness of the Ni2Al3 (*2p) 
layer versus log time for various diffusion temperatures. 
A family of curves is obtained which are definitely 
asymptotic at the higher temperatures, the asymptotic line 
having a slope equal to 1/2. Thus, at the higher temper
atures and at sufficiently long diffusion times, the 
thickness of the Ni2Al3 (^Q) layer obeys a parabolic 
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growth law of the form: 

X = Kt^/2 

It is interesting to note that the slopes of the curves 
tend to reach the asymptotic value, 1/2, at a Ni2Al3 ( y ) 
layer thickness of about 0.025 to 0.030 mm. 

The effect of pressure upon the growth of the Ni2Al3 ( y ) 
layer is currently being determined. The available data 
are summarized in Table III and plotted in Fig. 5. A 
pressure of 5 tsi reduces the thicknesses of the layers 
obtained at various times. Tentatively, it appears that 
the slopes of the curves still approach the asymptotic 
value of 1/2. 

The NiAl3 (^-phase) layer growth data at 5 tsi indicate 
that pressure reduces the layer thickness slightly 
(Table III); sufficient information is not yet available 
to determine the effect of temperature. 

C. Other Studies 

A number of other studies have been initiated fairly 
recently, and the results obtained to date although in
complete, are mentioned briefly below, 

(1) The movement of markers during the diffusion bonding 
process is being investigated. It appears from the 
photomicrograph (Fig. 6) that the markers remain at 
the NiAl3 (P) - Ni2Al3 (7p) interface but this is 
not certain, as yet. 

(2) The hardnesses of the intermetallic phases and of 
the nickel and aluminum adjacent to the interfaces 
have been determined for a few specimens; two 
typical photomicrographs and a hardness plot are 
shown in Figs. 7 and 8. Since the data collected 
to date are not complete, the following results 
are considered tentative: 

(a) The hardness of the nickel adjacent to the 
Ni2Al3 iTT) interface seems to remain constant, 
while the hardness of the aluminum adjacent to 

••' 12 
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the NiAl3 (^-phase) remains constant at the 
lower temperatures but seems to increase as 
the temperature is raised. 

(b) The NigAlg CjT-phase) i s harder than the 
NlAlg (p-phase), but the variations in hard
ness of the two phases with temperature is 
not yet clear, 

(3) The variation of composition in the Ni2Al3 layer 
as a function of depth is being obtained by means 
of a colorimetric technique. No results are 
available as yet. 

IV. DISCUSSION OF RESULTS 

During the past year, some progress has been made towards 
an understanding of the diffusional bonding process in 
the Nl-Al system and the effect of pressure upon the pro
cess; however, a number of points remain to be clarified. 

A, Appearance Of Phases During Diffusional Bonding 

It now seems reasonably clear that the NiAl (/"-phase) 
and the NigAl (fi -phase) do not form in microscopically 
perceptible thicknesses during the diffusion bonding 
of aluminum to nickel, even though they are thermo-
dynamically stable phases as evidenced by the equili
brium phase diagram. Two possible explanations exist 
for their absence: 

(1) For reasons not yet clear, the nucleation of these 
phases does not take place under the conditions 
of the test. 

(2) The phases do nucleate, but their rate of growth 
is so slow in comparison with the rate of growth 
of the Ni_Al„ iTT) layer, that the phase cannot 
grow to any perceptible thickness in competition 
with the NigAlg (TT) layer. 

Sufficient data are not yet available to distinguish 
between these two alternatives. The first is obviously 
consistent with the observations; some supporting data 

'•̂  
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can be assembled to show that the second alternative is 
also plausible. The value of the diffusion coefficient 
of Co^O in 47.3 a/o NiAl can be estimated from the data 
of Berkowltz, Jaumot, and Nix^^^^ as being in the vicin
ity of 10"^^ cm^/sec at 600°C, and the activation energy 
for diffusion is of the order of 55,000 cal./mol. By 
making suitable assumptions, one can calculate (at least 
roughly) a value for the chemical diffusion coefficient 
and the heat of activation for diffusion in the Ni2Al3 
(Tf^) layer from layer growth data; the details of the 
calculations are taken up in the Appendix. A value of 
0.7 X 10~^0 cm^/sec is obtained for the diffusion co
efficient at 600°C, and the heat of activation is es
timated to be about 32,000 cal./mol. Thus, even if the 
chemical diffusivity in the NiAl (̂ Z*) layer is 100 
times greater than the diffusion coefficient of Co®'^ 
(which should approximate the self diffusion coefficient 
of Ni in NiAl), it will still be less by almost three 
orders of magnitude than that in the NigAlg ( V ) layer. 
It is also of interest to note that the diffusion co
efficient of aluminum has been measured in a dilute solu* 
tion of aluminum in nickel'^^'; the estimated value of 
the coefficient at 600°C is about 1.2 x 10"^^ cm^/sec. 
Thus, it seems reasonable to conclude that the NigAlg 
(TT) layer will grow much faster than the NiAl (</* ) 
layer at the relatively low diffusion temperatures em
ployed in the present study; a similar argument is ad-
vanced for the comparative rates of growth of the Ni2Al3 
(?r) and Ni3Al (£ ) layers. 

B. Kinetics Of Layer Growth 

The interpretation of the NigAlg (TT) layer growth data 
as a function of time is not yet satisfactory. One can 
conclude from the data in Fig. 5 that volume diffusion 
in the NigAlg (^T-phase) becomes tne rate controlling 
factor after a minimum thickness of the order of 0.025 
to 0.030 mm is reached; however, the rate controlling 
factor during the earlier stages of growth is not yet 
clear. It is possible that some of the rapid growth 
observed during the early stages is more apparent than 
real. It will be noted in Table i n that the thickness 
of the Ni2Al3 (TT) layer formed at heating times consid
erably under 3 hours at 450°C and under 7 hours at 400°C 

"'•^ u 
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is less than the precision of the measurement; the NlAlg (P) 
layer under the same conditions is much thicker. The possi
bility cannot be ignored that the NigAl- (TT) layer requires 
an incubation period to nucleate; if so, the initial curva
tures of the slopes of the curves in Fig. 5 will be exagger
ated. In Fig. 9, various incubation times are assumed for 
Ni2Al3 (2f) at temperatures of 500^0 and 450OC. It will be 
noted that some tendency exists for the curvature to become 
less pronounced. Nevertheless, it is not possible, even 
with the assumption of maximum incubation times consistent 
with the data, to straighten the curves out to the point 
where the slopes have a constant value of 1/2 for all times 
and temperatures. Layer growth must proceed during its 
early stages at a rate more rapid than would be expected from 
bulk diffusion considerations. A number of possibilities 
exist, including the following: 

(1) Diffusion of atoms through short circuiting paths of some 
kind may be rate controlling during the early stages of 
growth, when the layers are relatively thin. 

(2) The stress systems existing at the interfaces may in
fluence diffusion rates throughout the entire Ni_Al„ 
CZT) layer, until the layer thickness exceeds a minimum 
value. 

At the present time, it is not possible to say much about 
either of these possibilities which is not almost purely 
speculative. Grain boundary diffusion, for example, may 
play a role in determining the kinetics of layer growth 
during the early stages; metallographic evidence is too in
complete to assess the possible importance of this mechanism. 
The microhardness data are not sufficiently complete to in
dicate whether hardening effects occur because of the presence 
of interfaces. (Interpretation of such data once obtained 
will be difficult at best, since the data will have been 
taken at room temperature rather than at the diffusion temper
ature.) Satisfactory explanations of the kinetics of layer 
growth at short diffusion times must await further analysis 
of present data and the accumulation of more metallographic, 
diffusional, and microhardness data. Although data on the 
effect of pressure upon the kinetics of layer growth are 
incomplete at this stage, one tentative conclusion can be 
drawn. It appears that pressure exerts its effect during 
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the latter stages of layer growth by decreasing the value 
of the bulk diffusion coefficient in the NigAlg C y ) 
layer; for example, it is estimated that a pressure of 5 
tsi lowers the 600^0 diffusion coefficient by 33% (see 
Appendix). It is not yet clear whether pressure changes 
the heat of activation for diffusion or the entropy of 
activation; also, the effects of pressure during the 
early stages of growth are not known as yet. More data 
are needed. 

C. Future Work 

In view of the results and the discussion above, it is 
convenient to think of layer growth in the Al-Ni system 
in terms of the "transient" period (the initial period 
of growth during which the rate controlling factors are 
not clear) and the "steady state" period during which the 
growth rates obey the classical diffusion equations. The 
future work program will be directed towards a study of 
the mechanisms which might be operating during each or 
both of these periods. A more careful study will be made 
of the phases appearing during the initial stages of dif
fusion bonding to determine if submicroscopically thick 
layers of the missing phases are actually present. X-ray 
diffraction, electron diffraction, and electron microscopy 
techniques will be utilized. Metallographic studies (if 
possible, cathodic vacuum etching techniques) will be 
made to determine the extent, if any, to which grain 
boundary diffusion, recrystallization, nucleation of voids, 
etc., influence the course of layer growth, particularly 
during the transient period. Microhardness studies of 
layers will be continued, and the results obtained will 
be compared with the hardnesses of the bulk Intermetallic 
phases in an attempt to gain some understanding of the 
mechanical properties of the layers. In this connection, 
dimensional changes during the course of diffusion bonding 
will also be ascertained. The chemical diffusivity in the 
Ni2Al3 C y ) layer and the effect of pressure thereupon will 
be investigated in the diffusion bonded samples. If pos
sible, the intrinsic diffusivitles will also be determined 
through marker movement (incremental diffusion couples may 
have to be used). It is hoped that the many-pronged attack 
outlined above will succeed in clarifying the nature of 
the diffusional bonding process and the role played by 
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pressure. 

CONCLUSIONS 

1. Diffusion bonding in the Al-Ni alloy system in the 
temperature range 400-625°C occurs by the formation 
and growth of the Ni2Al3 CTT) and the NiAl3 (P) 
layers. Other phases are either not present or occu 
in submicroscopically thin layers. 

2. The growth of the Ni2Al3 (TT) layer in the tempera
ture range 400-625°C is controlled by volume diffu
sion in the Ni2Al3 Cy-phase) once a minimum layer 
thickness of the order of 0.025 to 0.030 mm has 
been reached; prior to this, the layer grows more 
rapidly than volume diffusion considerations would 
predict. 

3. Tentatively, the chemical diffusivity in the Ni2Al3 
CJT -phase) has been calculated to be of the order of 
0.7 X 10~10 cm^/sec, at 600°C; the heat of activa
tion is in the vicinity of 32,000 cal./mol, over 
the temperature range 400 to 625°C. 

4. The NiAl3 (P'Phase) grows at a much less rapid rate 
than does the Ni2Al3 (TP-phase); also, the growth of 
the former is relatively temperature insensitive in 
the range 400 to 625°C. 

5. Pressure decreases the rate of growth of the Ni2Al3 
CZP) layer. Tentatively, it appears that one effect 
of pressure is to lower the chemical diffusivity in 
the NigAl- (IT-phase); it is estimated that a pres
sure of 5 tsi lowers the 600°C diffusion coefficient 
by 33%. 

•̂7 
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TABLE I - DATA FOR PHASES IN THE Al-Ni SYSTEM 

Phase 

a 

P 

r 
f 

£ 

$ 

Formula 

Al 

NiAlg 

Ni^Alg 

NiAl 

NigAl 

Ni 

Density 

(g/cc) 

2.70 

3.98 

4.78 

5.95 

7.49 

8.90 

Melting or 
Decomposition 
Temperature 

(OC) 

660 

854 

1132 

1640 

1395 

1455 

(ra) 

(d) 

(d) 

(m) 

(d) 

(m) 

Solubility Range 
at 600°C 

(a/o Ni) 

negligible 

negligible 

36-41 

43-60 

71-75 

88-100 

10" 

2 X 

Diffusion 
Coefficient 
at 600OC 

unknown 

unknown 

unknown 

^^ cm^/sec. 

unknown 

10"-^^ cm^/sec. 

* 

** 

* Estimated seif-diffusion coefficient of Co^O in NiAl (/*) from data of 
Berkowltz et a l ^ ^ ) . 

** Estimated chemical diffusivity from data of Swalin et al^^^^. 
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TABLE I I - "d" SPACINGS OF N i - A l PHASES 

N i 2 A l 3 (IT) NiAl ( / ) N i g A l ( £ ) Ni (.Jt ) 

CD uj in in UJ 

4 . 9 0 
3 . 5 0 
2 . 8 5 2 . 8 6 
2 . 0 1 2 . 0 2 2 . 0 3 2 . 0 7 2 , 0 3 
1 , 8 6 
1 . 7 5 1 . 7 9 1 . 7 6 
1 . 6 5 1 . 6 5 
1 , 4 8 
1 , 4 2 1 , 4 3 1 , 4 4 
1 , 3 2 
1 . 2 7 1 . 2 8 1 . 2 7 1 . 2 5 
1 . 2 2 
1 . 1 9 
1 . 1 6 1 . 1 7 1 . 1 8 
1 . 1 3 
1 . 0 5 1 . 0 8 1 . 0 6 
1 . 0 3 1 . 0 3 
1 . 0 1 1 . 0 1 1 . 0 2 1 . 0 2 
0 . 9 0 0 . 9 0 
0 . 8 4 7 0 . 8 8 
0 . 8 2 4 0 . 8 2 0 , 8 1 
0 . 7 6 4 0 . 8 0 0 . 7 9 

(1) ASTM Card Index. 

(2) Calculated from data in ASM Metals Handbook, 

„:;:̂  ^1 
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TAiL E III SUMMARY OF LAYER THICKNESS DATA 

Number Diffusion Ni2Al3 Layer Total Layers NlAlg Layer 

Al-Ni Temp. Time Average Standard Average Standard Average Standard 
Samples Inter- Thickness Deviation Thickness Deviation Thickness Deviation 

faces (°C) (min.) (mm) (mm) (mm) (mm) (mm) (mm) 

3 
3 
1 
1 
2 

3 
6 
1 
3 
3 

2 
2 
2 
2 
2 
1 
1 
1 

2 
2 
3 
2 
1 
3 
3 

2 
3 
2 
2 
2 
2 
1 

2 
2 
2 
2 
2 
3 

1 
1 
1 
1 
1 

1 

1 

1 

3 
6 
2 
2 
3 

4 
10 
1 
8 
8 

2 
3 
7 
7 
5 
3 
2 
1 

4 
3 
4 
2 
2 
3 
4 

4 
9 
5 
8 
8 
3 
2 

4 
8 
7 
6 
4 
7 

2 
3 
2 
3 
4 

2 

2 

2 

400 

450 

500 

550 

600 

625 

450 
500 

550 

585 

600 

420 
1050 
1200 
2400 

20160 

200 
420 
960 

2880 
5760 

15 
30 
60 

180 
420 
960 

2880 
5760 

15 
30 
60 

180 
420 
960 

5760 

15 
30 
60 

180 
420 
960 

5760 

15 
30 
60 

180 
420 
960 

960 
180 
420 

4320 
5760 

960 

960 

5760 

ATMOSPHERIC 

0.0001 
0.0010 
0.0007 
0.0046 
0.0126 

0.0007 
0.0028 
0.0076 
0.0165 
0.0326 

0.0005 
0.0014 
0.0042 
•0.0100 
0.0185 
0.0334 
0.0555 
0.0825 

0.0034 
0.0082 
0.0128 
0.0249 
0.0398 
0,0635 
0.1494 

0.0094 
0.0167 
0.0304 
0.0535 
0.0798 
0.1219 
0.2907 

0.0144 
0.0259 
0.0343 
0.0582 
0.0959 
0.1319 

0.0048 
0.0103 
0.0161 
0.0591 
O.0714 

0.0480 

0.0805 

0.2500 

-
+0.0002 
±0.0002 
+0.0001 
+0.0017 

+0.0002 
+0.0007 

-
+0.0018 
+0.0040 

+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0002 
+0.0001 
+0.0032 

-

+0.0001 
+0.0002 
+0.0002 
+0.0004 

-
+0.0016 
+0.0019 

+0.0001 
+0.0005 
+0.0002 
+0.0010 
+0.0011 
+0.0011 
+0.0007 

+0.0001 
+0.0000 
+0.0005 
+0.0010 
+0.0022 
+0.0012 

PRESSURE 

0.0032 
0.0046 
0.0098 
0.0133 
0.0336 

0.0051 
0.0096 
0.0127 
0.0268 
0.0453 

0.0038 
0.0055 
0.0090 
0.0169 
0.0258 
0.0408 
0.0631 

-

0.0068 
0.0125 
0.0176 
0.0303 
0.0436 
0.0704 
0.1614 

0.0130 
0.0214 
0.0348 
0.0583 
0.0874 
0.1289 
0.3071 

0.0178 
0,1099 
0.0377 
0.0637 
0.1044 
0.1383 

5 TSI PRESSURE 

+0.0001 
+0.0002 
+0.0002 
+0.0014 
+0.0005 

+0.0002 

+0.0005 

+0.0063 

0.0107 
0.0151 
0.0219 
0.0717 
0.0843 

0.0562 

0.0900 

0.2561 

+0.0001 
+0.0009 
+0.0002 
+0.0011 
+0.0026 

+0.0003 
+0.0001 

-
+0.0005 
+0.0007 

+0.000 4 
+0.0005 
+0.0001 
+0.0005 
+0.0005 
+0.0007 

-
-

+0.0001 
+0.0008 
+0.0010 
+0.0001 

-
+0.0006 
+0.0057 

+0.0002 
+0.0005 
+0.0012 
+0.0006 
+0.0015 
+0.0052 
+0.0010 

+0.0005 
+0.0003 
+0.0008 
+0,0022 
+0.0057 
+0.0119 

+0.0000 
+0.0010 
+0.0001 
+0.0019 
+0.0004 

+0.0002 

+0.0002 

+0.0001 

0.0030 
0.0055 
0.0071 
0.0091 
0.0221 

0.0039 
0.0066 
0.0070 
0.0109 
0.0162 

0.0034 
0.0045 
0.0051 
0.0067 
0.0080 
0.0080 

-
-

0.0039 
0.0054 
0.0046 
0.0061 

-
0.0085 
0,0186 

0,0038 
0.0055 
0.0051 
0.0061 
0,0067 
0,0103 
0.0171 

0.0035 
0,0044 
0.0051 
0,0080 
0.0117 
0.0097? 

0.0061 
0,0045 
0.0058 
0.0136 
0.0134 

0.0082 

0,0095 

0.0150 

+0.0002 
+0.0004 

-
-

+0.0002 

+0.0001 
+0.0004 

-
-

0.0023 

« 
±0.0003 
+0.0002 
+0.0001 

-
+0.0004 

-
-

+0.0001 
+0.0008 

-
-
-

+0.0011 
+0.0003 

0.0000 
0.0006 
0,0003 
0.0001 
-
-
-

+0.0001 
+0.0002 
0.0002 
0.0014 
0.0002 

-

+0.0002 
+0.0001 
+0.0000 
+0.0005 
+0.0006 

+0.0001 

+0.0000 

+0.0003 
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APPENDIX 

Calculation of Heat of Activation for Diffusion in the 
Ni2Al3 Layer. 

A. Assumptions 

1. The NigAlg (TT-phase) lies between 
the NiAl3 (p-phase) and a nickel-
rich solid solution; the concentra
tions at the interface boundaries 
remain constant with time and temper
ature . 

2. The displacement ratio, F ^ (T)/ 
Foi^ (T), is constant and independ
ent of temperature. 

3. The chemical diffusion coefficient (D) in the 
NlgAlo Cir^-ph-ase) is independent of concentration. 

4. The chemical diffusion coefficients in the NiAl3 
(^-phase) and in the nickel-rich solid solution 
are very much smaller than the chemical diffusion 
coefficient in the Ni Al Cy-phase). 

concentration of Ni in NiAlg (^-phase). 

concentration of Ni in Ni^Alg C7#^Phase) 
at the P-phase boundary, 

concentration of Ni in NigAlg (2r~Pha-se) 
at the 'V'-Ni phase boundary. 

chemical diffusivity of the Ni2Al3 ("Jf^-phase). 

time. 

absolute temperature 

position of the f>-*lf^ interface. 

position of the TT-Ni interface. 

B. Notation 

1. c. 

3. C irNi 

4. D 

5. t 

6. T 

7. F 

8. F 

Pr-

TTNi 

J -? 
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C. Analysis 

1. The general solutions of the three-phase inter-
metallic diffusion problem by Vasileff and 
Smoluchowski^^^ are applied as follows: 

•®^ F ^ (Cagy-CiyNi) Dy^^^ exp(-F^By/4Dyt) 
'^lpy^2py/F" "̂  erfc(Fp,»/2^1iyt - ertc (Fj^i'2/Bj.i) (C, (1) 

<SBy-^iyNi> V ^ ^ ^^p <-^ py/^^y^> - ^ ^ < r c / y N i ,^ , 
erfc (FQy/2VDy,t) - erfc ^^y^i^i^/^vO^t) 2 

2. Dividing equation (1) by equation (2): 

' irN i ~ ̂ 2Tf>N ±J \ ^JTN ±J 
= - exp [- (F23y-F\.^^)/4Dyt'] (3) 

or 

where 

K, = exp [- <^V-''VNî /̂ v'] 

^ \^^iyNi"^2yNiy v^VNiy 

(4) 

(5) 

3, Since: 

where C E Fft^/F, py/'yNi 

if a constant value of thickness is selected it is evident 
that (F gy~F jpNi) will be a constant independent of tempera
ture. 

Then :^ = exp [[- K2/4D„tJ (7) 

- ^2 where Ko = F o.»»-F 2̂ - gy-F vsj. is a function of the layer thickness. 

' 3k 
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4. Taking logarithms, equation (7) becomes; 

( 8 ) In K = - K2/4D^t 

and Dj% = - K2/4tlnKj^ = K 2 / 4 t l n 1/Kj^ ( 9 ) 

5 . S i n c e D y = D exp ( - Qy/RT): 

Ko 
° V " ° o v ^''P ^" Qy/RT) = 4 m I / K ^ i / t (10) 

In 1/t = In(4 In 1/K3^)/K2 + In D - Qy/RT (11) 

Thus if the logarithm of the reciprocal of the time 
required for the Ni2Al3 (U*) layer to reach a constant 
thickness is plotted as a function of the reciprocal of 
the absolute temperature, a straight line whose slope 
is equal to - Q/R is obtained. The heat of activation, 
as determined from the plot of the data in Fig. 10, is 
approximately 32,000 cal./mol. 

Calculation of Diffusion Coefficient at 600°C 

The assumptions and notation are the same as for the pre
vious section. In addition, it is assumed that the concen
trations C-ĵ oy , Cggy , and C-ĵ yĵ ^̂  are equilibrium concentra
tions which may be obtained from the Al-Ni equilibrium phase 
diagram, and that Cg-jp^j^ is equal to 88 a/o, 

A. Values of Parameters for 96 Hour Run at 600°C (Atmospheric 
Pressure) 

1 . F n y = 0 . 0 1 7 7 cm. 

2 . Fyjjj^ = 0 , 0 1 1 3 cm, 

3 . t = 3 . 4 6 X 10^ s e c . 

4 . Cj^oy = 25 a / o 

5 . ^ 2 3 ^ = 36 a / o 

6- ^V^ii±= 41 a / o 

'7- ^2yNi= 88 a / o 
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B. Calculations 

Substitution of numerical values in the formula: 

^ i p y C g p y , _ 3^p r _ (F^ - F 2 ) / 4Djp t | ( 3 ) 

CiyNi-^2yNi L ^^ y»*^ ^ J 

/ 25 -36 ' \ / 0 . 1 1 3 ' \ = _ exp I - ( . 0 0 6 4 ) ( . 0 2 9 0 ) / 4 Dy ( 3 . 4 6 x 10^)1 
^41-88/ ^ 0.177y L J 

_ ( . 0 0 6 4 ) (o0290) ^ J) ĵ jj 

4 X 3.46 X 10^ 
47y l o . i 7 7 y 

and D». = ( . 0 0 6 4 ) ( . 0 2 9 0 ) - 1.34 x 10"^° 
• (4 X 3.46 X 105) In f ( 4 7 ) ( . 1 7 7 ) 1 1^ 6 ,70 105) In f ( 4 7 ) ( . 1 7 7 ) ' ! 

I j l l ) (0,113)J 

Dip = 0 .7 X 10"-^° cm^ / sec , 

A similar calculation with the results from one 5-tsi 
pressure run for 96 hours at 600°C indicates that the 
diffusion coefficient is reduced to 2/3 of the above 
value. 

oh 
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