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Dendrit ic monocrystals of n icke l -7 .5 wt  % a lumin ium-2.0  wt  % tantalum alloy were 
solidified at growth rates of 0.05 and 0.25 m h -1 , under average thermal gradients of 
6 x 10 a and 16 x 103 K m  -1. The segregation ratios of aluminium and tantalum were 
found to depend on growth conditions. That of aluminium increases only slightly wi th 
increasing local cooling rate, whereas that of tantalum increases more substantially. A 
diffusion model was introduced to analyse homogenization kinetics. Predictions of the 
index of residual segregation were in reasonable agreement wi th experimental 
measurements. Aluminium homogenizes much faster than tantalum during an isothermal 
treatment. It also homogenizes appreciably during crystal pulling. 

I n the as-cast material, the 3" particle size is finer at locations that are poorer in 
aluminium and tantalum and coarser at locations that are richer in these two metals. 
Following a homogenization treatment, the 3" particle size distr ibution becomes more 
uniform. 

1. I n t r o d u c t i o n  
Dendritic monocrystals of nickel-base alloys grown 
at high rates are both economically attractive and 
mechanically superior to dendritic polycrystalline 
material [1]. By analogy to previous findings 
which emphasize the beneficial effect of chemical 
homogeneity on mechanical properties of  various 
alloys [2, 4] ,  a fine cast microstructure and a 
uniform distribution of alloying elements within 
the 3,-phase are highly desirable. The objective of 
the work reported herein was two-fold: (1) to 
establish the concentration variation of aluminium 
and tantalum across the dendritic structure of 
nickel-7.5 wt % aluminium-2.0 wt % tantalum 
and its dependence on growth conditions; (2) to 
study the homogenization kinetics of these two 
alloying elements and their dependence on cast 
microstructure. The unidirectional solidification 
of the alloy in the form of dendritic monocrystals 
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[5], followed by quenching of the remaining 
liquid at a given moment, appeared most suitable 
for the proposed study, because of the simple 
geometry of the resulting dendritic structure. 

2. Experimental procedure 
Dendritic monocrystals of nickel-5.7 wt % alu- 
minium-2.0 wt % tantalum were unidirectionally 
solidified under argon in an induction furnace 
equipped with a bottom water-cooled chill and a 
graphite susceptor minimizing induction stirring of 
the melt. The alloy was placed in an alumina 
crucible (0.005 m i.d. x 1.00 m long) which was 
lowered out of the furnace at a uniform rate of 
0.05 or 0.25 m h -1 . For this particular set-up, the 
growth rate of  the solid in the direction of heat 
flow, R,  was equal to the rate at which the crucible 
was pulled. Two average thermal gradients in the 
solid-liquid region were used: G ~, 6 x 103 K m  -1 
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and G ~ 16 x 10 3 K m  -1 . Under these growth con- 
ditions, solidification was dendritic. Growth of  the 
dendritic monocrystal was interrupted at a given 
moment  by quenching the remaining liquid, 
achieved by pulling the crucible out of  the furnace 
at very high speed. 

The temperature at a given location within the 
dendritic monocrystal at the moment of  quench 
was determined by the procedure described else- 
where [5].  

Specimens were taken from various locations 
within the dendritic monocrystals and were hom- 
ogenized at 1588K in a vacuum furnace for 2, 5 
and 10h. The distribution of  aluminium and 
tantalum in as-solidified and in homogenized speci- 
mens was established by electron microprobe 
analysis, using the point counting technique. 
Measurements were made along various paths on 
two perpendicular faces of  each specimen, which 
corresponded to longitudinal and transverse 
sections o f  the monocrystals, following a pro- 
cedure described previously for unidirectionally 
solidified AISI 4340 low alloy steel [6].  These 
paths included points situated along the primary 
axes o f  dendrites, where solute concentration, 
Cm, was minimum and points situated in the 
interdendritic spaces, where solute concentration, 
CM, was maximum. 

3. Solute microsegregation 
Results of  microsegregation measurements, carried 
out on transverse sections at locations where the 
temperature was 1625K at the moment  of  
quenching, are summarized in Table I versus 
growth conditions. The table gives in each case 
CM, Cm, as well as the corresponding segregation 
ratio S=CM/Cm for both aluminium and 
tantalum. The cooling rate at a given location, e, 
which is approximately equal to G.R, increases 

from the upper left section o f  the table, to the 
upper right, to the lower left and, finally, to the 
lower right section. The variation of  microsegre- 
gation of  aluminium in this same direction follows 
a regular pattern. Thus, CM and S increase, where- 
as Cm decreases with increasing local cooling rate, 
presumably because less time is available for back- 
diffusion in the dendritic solid during solidifi- 
cation [7]. The variation of  microsegregation of  
tantalum follows approximately the same trend, 
though less regularly. 

4. Homogenization kinetics 
The "index of  residual segregation", ~i, for a 
solute, i, has been previously [6] defined as: 

- c o 

~ , -  c O - - C  o (1) 

where, C ~ and C ~ are the maximum and mini- 
mum solute concentrations measured after a time, 
0, of  homogenization. A dendrite model analogous 
to that used elsewhere [6] was used for calculating 
fit. Detailed electron microprobe analysis was con- 
ducted on a transverse section of  a dendritic 
monocrystal grown at 0.25 m h  -1 under a thermal 
gradient o f  16 x 103 K m  -I (Fig. 1). This section 
corresponded to a temperature of  1625K at the 
moment  of  quenching. Isoconcentration curves for 
aluminium and tantalum were established and are 
represented in Fig. 2 for the first quadrant of  the 
dendritic cross. 

The diffusion model employed herein assumes 
that: (1) concentration variations along the z-axis 
(growth axis) are negligible, (2) there is complete 
symmetry: dendrites are columnar and symmetri- 
cally placed as shown in Fig. 3. Each dendrite can 
then be inscribed into a prism of  approximately 
square cross-section, whose central axis is the locus 

T A B L E I Microsegregation, measured at locations corresponding to 1625 K at the moment  of  quench, versus growth 
conditions 

R G (Km -1) 
(mh -1) 6 X 103 16 X 103 

0.05 A1 CM = 8.05 A1 CM = 8.27 S = 1.13 S = 1.18 
Cm = 7.13 C m = 7.01 

Ta C M = 3.28 Ta C M = 3.78 S = 1.68 S = 1.84 
C m = 1 . 9 5  Crn = 2 . 0 5  

0.25 A1 C M = 8.28 A1 CM = 8.35 S = 1.20 S = 1.23 C m = 6.90 C m = 6.75 

Ta C M = 3.76 Ta CM = 4.10 S = 1.82 S = 2.10 C m = 2.07 C m = 1.95 
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Figure 1 Photomicrographs of a transverse section of a 
dendritic monocrystal of Ni-7.5wt% A1-2.0wt% Ta 
grown at 0.25 mh -~ under a gradient of 16 X 103 Km -~ 
(X 390). This section corresponded to a temperature of 
1625 K at the moment of quenching. 
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Figure 2 Isoconcentrafion curves for aluminium and 
tantalum within a quadrant of the dendritic cross. Arm 
length, l = 6.4 X 10 -sm. 

Figure 3 Typical arrangements of primary dendrite arms 
in a transverse section (X 100). Ni-7.5 wt% A1-2.0 wt% 
Ta dendritic monocrystal. 

of  minimum solute concentration, Cm, and whose 

four edges are lines of maximum solute concen- 

tration, CM. The solution remains valid if the 
prism is limited by four cylindrical isoconcen- 

tration surfaces of known, maximum solute con- 
centration and not by four vertical edges, (3) there 

is no mass transfer along the growth direction; 

isoconcentration surfaces are, therefore, ideally 
cylindrical and diffusion paths are horizontal 
(perpendicular to the growth direction) and 
normal to the family of isopotential surfaces. 

For diffusion in the (x ,y )  plane (Fig. 2), the 
applicable differential equations are: 

~)CA1 (()2 CAI + ~2CAll 
~0 - -  DA1--A1 \ ~X 2 ~ ' - ~ - ]  

+ DA1--Ta \ ~X 2 ~y2 / 

OCTa (02CAI, 02CAI~ 
()0 : DTa--AI \ ~X 2 * ~ 2 - ]  

+ D , . - , a  ~x ~ -  = - 7 / , ( 2 )  oy- / 
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where Cab Cwa are solute concentrations (wt %), 
x , y ,  are dimensional co-ordinates (m), D a l - a b  
Dwa_Ta are the on-diagonal diffusion coefficients 
in the solid and DAI_Ta, Dwa_gl the off-diagonal 
coefficients (m 2 sec -1) and 0 is time (sec). The 
complete absence of information on the values of 
DAI_Ta and DTa_A1 leads necessarily to simplifi- 
cation of Equation 2: 

~CA1 (~2CA1 + O2CAll 
O0 - D A I \  ax = 0y 2 ] 

~CTa (~2 CTa q_ ~2 CTat 
a0 = Dwa \ ~---ffX-~ o3y 2 /. (3) 

The solution to these equations, using the same 
boundary conditions as previously [6] and 
assuming that the lengths (l) of the two secondary 
arms of the dendritic "cross" are equal (Fig. 3) can 
be written as 

o ,  : o 

exp - ( n :  + m 2) ~ DiO + Ci 

(4) 
where Q (x, y ,  0) is the solute concentration at the 
point (x, y)  and at time 0, i is A1 or Ta, l is length 
of arms of the dendrite "cross", Di is the diffusion 
coefficient of A1 or Ta in the solid Ni-A1-Ta 
alloy and Ci is average solute concentration. 

Forn  r  m r  

Integrals are replaced by summations. The index 
of residual segregation, 81, is finally calculated 
from Equation 1 after appropriate values for C M 

and Cm have been determined from Equation 4. 
Details of application of this procedure for estab- 
lishing the homogenization kinetics, expressed as 
the time variation of 8i, are given in the Appendix. 
Fig. 4 illustrates the variation of 8A1 and 8Wa with 
(O/lZ), as given by Equations 13 and 14. The 
experimental points reported on the same graph 
correspond to specimens grown at 1.38 x 
10 -s msec -1 (0 .05mh -1) or 6.94 x 10 -s msec -1 
(0 .25mh-I) ,  under gradients of 6 x  103 or 
16 x 10 a Km -~ and homogenized for 2, 5 and 
10h. The agreement between experimental points 
and theoretical curves is very satisfactory, con- 
sidering (a) the possible inaccuracy of adopted 
diffusion coefficient values, and (b) the geometric 
variation of isoconcentration curves with growth 
conditions and with location within a given 
dendritic monocrystal, as will be explained below. 
Fig. 4 emphasizes the importance of the dendrite 
cross arm length, l, in homogenization kinetics. 
This length is approximately equal to half the 
primary dendrite arm spacing or to half the 
primary dendrite arm spacing, times l/x/2 (Fig. 3). 
For an ingot solidified at 1.38 x 10-Smsec -~. 
under a gradient of 16x 103Km -~, I = 8 . 9 x  
10 -s rn. After a homogenization treatment at 
1588K for l h, a length of time which is 
industrially acceptable, the residual indices of 
segregation for aluminium and tantalum are 
8A1 =0.3  and 5wa =0.9 .  Tantalum continues 

K.m 

Forn  = 0, m = 0 

1 f0Z;o K,m - l 2 . . .dxdy.  

Forn  = O, m --/= O, or n r O, m = 0  

2 f~ �9 
Knm J dxdy 

- I = 0 Oo " 
m I 

where, 

4 f t  ~ 1 nTrx m~ry 
= l~ o 0 j~(x,y)cos -7 -  cos ~ dxdy. 

Theoretical Curves 

(5) ~f \ A TO "L Experimental Points 

Bi o J 

I A  I l ~ i  , ~  I 
0 5x lO 12 IOx 1012 

0 
= 

C ~ (x, y)  = initial solute concentration of AI and ]2  
Ta at the point (x ,y)  Figure 4 Index of residual segregation, ~i, versus 0/12 for 

C i = C~ (6) alurninium and tantalum. Ni-7.Swt% A1-2.0wt% Ta 
dendritic monocrystals. 
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to be substantially segregated. Assume now that 
the ingot was solidified under the same gradient of 
16x 10 a K m  -1 at 1 . 3 8 x 1 0  -amsec  - t ,  a high 
speed which can be achieved in a furnace equipped 
with a liquid tin-chill. In this case,l = 5.5 x 10 -5 m 
and for a similar homogenization treatment 8 A1 = 
0.04 and 6 Ta = 0.69. The distribution of aluminium 
is completely uniform. Tantalum is still segregated 
but significantly less than in the previous case. 

5. Homogenization during crystal pulling 
The distribution of tantalum and aluminium in the 
solid at the completion of solidification, hence at a 
location where the temperature is just below the 
eutectic temperature, is gradually modified while 
the dendritic monocrystal is being pulled out of 
the furnace. This modification is caused by dif- 
fusion in the solid which takes place between the 
time at which the temperature at a given point is 
just below the eutectic, for example 1655 K and 
the time at which the temperature at that point 
has fallen to l l 00K.  Below l l 0 0 K  the diffusion 
rate becomes insignificant. 

Following the procedure described in the 
Appendix the calculation of the index of residual 
segregation for aluminium and tantalum, during an 
isothermal homogenization treatment, in a speci- 
men taken from a location whose temperature was 
1655 K at the time of quenching, yielded: 

6Ta = 1.014 exp (--Tr 2 D 0 )  

( D 0 )  
--0.014 exp --5~r 2 ~ -  + . . .  (7) 

6A] = 1 .067exp(--Tr2DJ)  

(oo) 
--0.067 exp --5~ 2 -~- + . . . .  (8) 

Iet 'C~, cim be the maximum and minimum solute 
concentrations at 1655 K and C~, C~ those at 
l l 00K.  The index of residual segregation after 
continuous cooling from 1655K to l l 0 0 K  can 
then be expressed as: 

+Bexp[(--5~--g) f DdO]+ ... .  (9) 

where, A and B are constants which depend on the 
geometry of isoconcentration curves. 

(dT/dO)' 

and replacing integrals by summations: 

-- - exp -- , (10) 
e e 1655 

where: e = dT/dO = G.R, cooling rate (Ksec-1), 
Do = 2.05 x 10-4(m 2 sec -1) for tantalum and 

Figure 5 Scanning electron micrographs of (a) transverse 
section, and (b) a longitudinal section, (X 780). 
Ni-7.5 wt % A1-2.0 wt % Ta dendritic monocrystal grown 
at 0.25mh -~ under a gradient of 16X 103Km -~. D= 
dendrite centre, I = interdendritic space. 
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1.87 x 10 -4 (m2sec -1) for aluminium. Q/R = 

35 625 for tantalum and 32000 for aluminium. 
Finally, Equations 7 and 8 become: 

~ T a =  l ' 0 1 4 e x p (  -1"054 x 10-n rr--~-2 ) l ?e  

and 

--0.014 exp (--5.27 x 10 -11 

5 m = 1.067 exp 

--0.067 exp 

--8.664 x 10 -11 1r--~2 ) 
l?e 

~- . . . 

(11) 

- -4 .332x 10 - 1 ~  + . . .  
l?e 

(12) 

As an example, assume that a monocrystal is 
solidified at 6.92 x 10 -s msec -1 under a gradient 
of 6 x 103 Km -1. The corresponding average 
cooling rate e = 0.416msec -1 and Equations i1 
and 12 yield: 

6Ta = 0"963 and 6 m = 0.759. 

It is obvious that an appreciable homogenization 
of aluminium, the fast diffusing species, has taken 
place during cooling. That of tantalum is by far 
less significant. 

6. y' precipitate 
An examination of the geometry of the 7' precipi- 
tate with scanning electron microscopy shows 
clearly that particle size depends on location 
within the dendritic structure, hence on local 
aluminium and tantalum concentrations. Fig. 5a 
and b shows that the 7' particIe size is finer in the 
centre of dendrites, where concentrations of 
aluminium and tantalum are lower and coarser in 
the interdendritic species, where these concen- 
trations are higher. The same observation can be 
made at a higher magnification in Figs 6a and b, 
which also shows the existence of a second 
generation of fine 7' precipitate between the 
coarser particles. While the coarser generation 
precipitated during continuous pulling of the 
monocrystal, the finer generation formed during 
quenching. 

Figure 6 Scanning electron micrographs of a longitudinal 
section of an Ni-7.5wt% A1-2.0wt% Ta dendritic 
monocrystal solidified at 0.25 mh -I under a gradient of 
16 X 103 Km -1. (a) Centre of dendrite (• 3900), (b) 
interdendritic region (X 3900), (c) homogenized specimen, 
(X 780). 
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The dependence of 7' particle size on local 
solute concentration is analogous to that established 
previously for cast Inconel 713C alloy [8]. In 
regions which are richer in solute the solvus 
temperature is higher [5] and 7' precipitation 
occurs earlier than in regions which are poorer in 
solute. Thus, coarsening of the precipitate operates 
for a longer time in interdendritic regions and this 
explains why particle size is coarser in these 
regions (average particle size = 1.4 x 10 -6 m) 
compared with that in the centre of the dendrite 
(average particle size = 0.87 x 10 -6 m). No signifi- 
cant variation of the vol % 7' was found across the 
dendritic structure. 

As illustrated in Fig. 6 the distributions of 7' 
particles across the 7 matrix and of the 7' particle 
size become more uniform after homogenization. 
This is understandable because after the homo- 
genization treatment the distribution of solute, 
hence the solvus temperature and coarsening time 
are more uniform. The mechanical behaviour of 
precipitation-hardened alloys is known to depend 
on precipitate particle geometry. It can be 
speculated that the beneficial effect of homo- 
genization on properties of nickel-base superalloys 
is, at least partly, due to the above-mentioned 
effect of the treatment on 7' particle size and 
distribution. 

7. Conclusions 
(1)The segregation ratios of aluminium and 
tantalum in dendritic monocrystals of Ni-7.5 wt % 
AI-2.0 wt % Ta depend on growth conditions R 
and G. They increase with increasing local cooling 
rate, G.R. 

(2) Homogenization kineticsbased on a diffusion 
model which assumes prismatic dendrites led to 
predictions of the index of residual segregation for 
aluminium and tantalum which are fairly close to 
those measured experimentally on specimens 
homogenized for 2, 5 and 10h at 1588K. 

(3) A longer time is necessary for tantalum than 
for aluminium in order to achieve the same index 
of residual segregation. 

(4) An appreciable homogenization of alumin- 
ium takes place during crystal pulling. That of 
tantalum is by far tess significant. 

(5) In the as-cast material the 7' particle size is 
finer at locations which are poorer in aluminium 
and tantalum and coarser at locations which are 
richer in these two metals. Following a homo- 

genization treatment the 7' particle size distribution 
becomes more uniform. 

Appendix. Calculation of the index of 
residual segregation 
A.I. 8AI 
The square of comers (0, 0), (l, 0), (l,/) and (0, /)  
was divided into sixteen partial squares (Fig. 2). 
The solute concentrations at any point of a square 
was taken equal to the concentration at the centre 
of that square. The average concentration of all 
partial squares is CA1 = 7.434 at time 0; the 
fA1 (x, y)  = C~1 -- CA1 at the different rectangles 
can then be calculated. Choosing for m and n the 
values: 0, 1, 2, the following values for Knm were 
found: Ko,o = 0, Ko, = --0.380, K0,2 =--0.082,  
K1, o = -0 .422 ,  K1,1 = 0.237, K1,2 = 0.076, K2,0 
= 0.0142,K2,1 = 0.033 andK2,2 = 0.017. 

The following expression was derived: 

8A] = 1.157 exp rfl 

--0.157 exp . . . .  

(13) 

The diffusion coefficient for A1 adopted here is: 
DA1 = 1.87 exp(--64000/RT) [9]. At the homo- 
genization temperature of 1588K, DA] = 3.313 x 
10 -13 m 2 sec -1 and Equation 13 becomes: 

--0.157 exp [--163.48 

A.2. ST.  

• 

(14) 

Following the same procedure as for aluminium, 
the average concentration of all partial squares is 
CTa = 2.467 at time O;thefTa(x,y ) = ~ -  ETa 
at the different rectangles is then calculated. The 
various values of Knm are: Ko, o = 0,Ko, l = 
--0.468, Ko,2 = 0.063, KI, 0 = --0.441, KI,1 = 
0.328, K1,2 = 0.00, K2,o = 0.007, K2,1 = 0.034 
and K2,2 = 0.035. The following expression was 
derived for the index of residual segregation of 
tantalum: 
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6Ta = 1.038 exp lr 2 

--0.038 exp (--5rr 2 DO) - F  + . . . .  (15) 

The value adopted for the diffusion coefficient of  

Ta in the alloy [9] is: 

DT,  = 2.05 exp )--~- ] .  At  1588 K, 

DTa = 3.70 X 10 -4 m 2 s e c  -1 

and 

,3/oil 
6 , a  = 1 .038exp  - 3 . 6 5 x 1 0 -  l f i ) J  

[ (~ - - 0 . 0 3 8 e x p  --18.258 x 10 -la f i  + . . . .  (16) 
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