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Dendritic monocrystals of nickel-rich Ni-AI-Cr alloys were directionally solidified at rates ranging 
from 0.05 to 2.00 m per hour, under gradients of 8 • 103 and 20 • 10 3 K per meter. It was found 
that if growth is cellular dendritic, the cellular dendritic spacing exhibits the same dependence on 
growth rate or local cooling rate as does the secondary dendrite arm spacing in columnar dendrites. 
A study of the isothermal coarsening kinetics of the dendritic solid indicated that an increase in 
chromium or aluminum concentrations slowed down coarsening, yielding finer cast microstructures. 
At equal atomic percental increase in concentration the effect of chromium was more significant than 
that of aluminum in refining the dendritic structure. With increasing local cooling rate the maximum 
solute concentration remained practically constant, the minimum solute concentration slightly de- 
creased, the segregation ratio slightly increased, and the volume fraction of nonequilibrium inter- 
dendritic 3" phase increased substantially. This phase dissolved during crystal pulling faster in crystals 
that were grown at a higher rate. The homogenization kinetics of aluminum and chromium were 
established both analytically and experimentally. A longer time was necessary for chromium than for 
aluminum in order to achieve the same index or residual segregation. 

I. INTRODUCTION 

I N  previous publications the unidirectional growth of 
dendritic monocrystals of Ni-AI-Ta alloy was used to 
establish: (1) the coarsening kinetics of dendrites, ~ both 
isothermally at a temperature between the liquidus and 
the eutectic temperatures, as well as during continuous 
solidification; (2) the distribution of solute during and after 
solidification and its dependence on local cooling rate; 2 
(3) the effect of dendritic coarsening on this distribution;: 
(4) the solution kinetics of the nonequilibrium interdendritic 
3" phase; 2 and the homogenization kinetics of aluminum 
and tantalum, 3 both isothermally and during crystal pulling. 

An increase in tantalum or aluminum contents was found 
to slow down coarsening. At equal percental increase in 
concentration the effect of tantalum was more significant 
than that of aluminum. The evolution of the solute distribu- 
tion profile across the dendritic structure during solidi- 
fication was found to be controlled by back-diffusion in the 
solid rather than dendritic coarsening. With increasing local 
cooling rate the maximum solute concentration, CM, re- 
mained practically unchanged, the minimum solute concen- 
tration, Cm, slightly decreased, the segregation ratio, 
S = CM/C,~, increased, and so did the volume fraction of 
nonequilibrium interdendritic 3" phase. This phase dis- 
solved during crystal pulling much faster at higher crystal 
growth rates. Solution kinetics were found to depend on the 
dimensionless parameter DO/L  2, where D is diffusivity of 
solute at a given temperature at which a given transverse 
cross section of the crystal remains for a time 0 and L is half 
the primary dendrite arm spacing. A diffusion model was 
introduced to analyze homogenization kinetics. Aluminum 
was found to homogenize much faster than tantalum during 
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an isothermal treatment. It also homogenizes appreciably 
during crystal pulling. 

A similar investigation was conducted on the Ni-A1-Cr 
system and was ultimately extended to the quaternary Ni-A1- 
(Ta + Cr) system. The work on Ni-AI-Cr is reported herein. 

II. EXPERIMENTAL PROCEDURE 

The experimental procedure used was identical to that 
previously described. ~.2 Dendritic monocrystals of Ni-14.0 
at. pct A1-4.2 at. pct Cr, Ni-18.0 at. pct A1-4.1 at. pct Cr, 
Ni-14.0 at. pct AI-8.2 at. pct Cr, Ni-19.2 at. pct AI-I 1.90 
at. pct Cr, and Ni-14.8 at. pct A1-8.2 at. pct Cr were solid- 
ified under a thermal gradient of 8 • 103 K / m  and at 
growth rates of 0.05, 0.10, 0.25, and 2.00 m per hour, as 
shown in the Table. Steady state growth of the dendritic 
solid was interrupted at a given moment by pneumatically 
pulling the crucible out of the furnace at very high speed and 
into a water bucket, thus quenching the remaining liquid. 
The monocrystals were sectioned transversely at different 
temperature levels at the time of quench. The temperature 
corresponding to each section at the moment of quench was 
measured as described previously, 4 and the distribution pro- 
files of aluminum and chromium across each section were 
established by electron microprobe analysis. Transverse 
sections made below the ternary eutectic temperature were 
used for measuring the volume fraction of the remaining 
undissolved nonequilibrium 3" phase and establishing its 
solution kinetics during crystal pulling. For studying the 
isothermal solution kinetics of interdendritic 3" pulling of 
the monocrystals was arrested at a given moment for differ- 
ent lengths of time prior to quenching th~ remaining liquid. 
The remaining volume fraction of interdendritic 3" was 
measured in cross sections corresponding to the same tem- 
perature in the various specimens and plotted vs holding 
time. Cross sections taken within the mushy zone were used 
for studying the isothermal coarsening kinetics of the solid 
at various temperatures between the liquidus and the eutectic 
temperature.1 This was done by measuring the solid-liquid 
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interface area per unit volume of solid, S,., at various 
locations corresponding to these temperatures in all speci- 
mens and plotting these data v s  isothermal coarsening time. 

In order to study the dependence of dendrite arm spacing 
on growth rate, R,  and average thermal gradient, G,  in the 
mushy zone, two additional dendritic monocrystals of 
Ni-18.0 at. pct A1-4.1 at. pct Cr were pulled under a 
gradient of about 20 • 10 3 K / m  and at growth rates of 0.10 
and 0.25 m per hour. 

For the homogen iza t ion  studies spec imens  (1 to 
1.5 • 10-3m thick) were prepared by sectioning trans- 
versely the single crystals at distances of about 10 to 
15 • 10-3m from the dendrite tips. At these distances the 
interdendritic nonequilibrium T-7 '  eutectic, or the Y' phase 
resulting from its divorce, were completely eliminated by 
dissolution during crystal pulling. Specimens were encap- 
sulated under vacuum conditions, homogenized at 1473 K 
or 1588 K for six and 12 hours and air cooled. Micro- 
segregation in these specimens was investigated by electron 
microprobe analysis. 

I I I .  RESULTS AND DISCUSSION 

In plotting dendrite arm spacings v s  growth rate or local 
cooling rate difficulties may arise when growth conditions 
are such that the columnar dendritic microstructure is re- 
placed by a cellular dendritic. Intuitively, but erroneously, 
cellular dendritic spacings are often assimilated with pri- 
mary dendrite arm spacings. It will be shown below that 
cellular dendritic spacings should rather be reported on the 
secondary dendrite arm spacing curve. 

The growth conditions corresponding to the mor- 
phological transition between cellular and columnar den- 
drites for Ni-18.0 at. pct A1-4.1 at. pet Cr alloy are shown 
in Figure 1. Among the five monocrystals processed, 
monocrystal  A was grown under G = 8 • 103 K / m  
and R = 0.25 m per hour and monocrystal  B under 
G = 20 • 103 K / m  and at R = 0.10 m per hour. The 
corresponding local cooling rate, e, for both monocrystals 
was therefore the same and equal to 0.55 K per second. 
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Fig. 1 - -G-R-e  diagram indzcating morphological transitmn. Ni-18.0 at. 
pct AI-4.1 at. pct Cr alloy. 
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Fig. 2--Photomicrographs of secnons of 2 dendritic monocrystals, A and 
B, of Nl-18.0 at. pct AI-4.1 at. pct Cr alloy. Magnification 40.7 umes. 
(a) and (b) are transverse and longitudinal sections, respectwely, of crystal 
A. G = 8 x l03 K/m,  R = 0.25 m/h .  (c) and (d) are transverse and 
longitudinal sections, respechvely, of crystal B. G = 20 • lO 3 K /m ,  
R = O.10 m/h.  
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Fig. 3 - -P r imary  and secondary dendrite ann spacings, and cellular den- 
drltic spacing vs growth rate for G] = 8 • l03 and G2 = 20 • 10 ~ K/re.  
Ni-18.0 at. pct AI-4.1 at. pct Cr alloy. 
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Fig. 4 - - P r i m a r y ,  secondary, and cellular dendritic spacings vs local cool- 
ing rate. Ni-18 0 at. pct AI-4 1 at. pet Cr alloy. 

Photomicrographs of longitudinal and transverse sections of 
these monocrystals are shown in Figure 2. Monocrystal A is 
columnar dendritic and B is cellular dendritic. The cellular 
dendritic spacing in monocrystal B is equal to the secondary 
dendrite ann spacing in monocrystal A, not to the primary. 
This would indicate that coarsening, which is known to 
control secondary dendrite arm spacing, controls also cellu- 
lar dendrite spacing in cellular dendrites. Figure 3 illustrates 
the dependence of primary and secondary dendrite arm 
spacings, and of cellular dendritic spacing on growth veloc- 
ity for two gradients: 8 • 10 3 and 20 • 103 K/m.  For each 
gradient the cellular dendritic spacings fall on the extension 
of the secondary dendrite arm spacing curve. The critical 
growth rates R~ and R2 at which the transition between 
cellular dendritic and columnar dendritic structures occur 
for G~ and G2, respectively, are indicated in the same Fig- 
ure. These values were deduced from Figure 1. The data 
points of Figure 3 were reported in Figure 4 vs local cooling 
rate e = G �9 R. Again secondary dendrite arm spacings 
and cellular dendritic spacings fall on one and the same 
curve, and primary dendrite arm spacings on another. 

A. Dendrite Coarsening 

Isothermal coarsening kinetics were experimentally 
determined for three alloy compositions: Ni-14.0 at. pet 
A1-4.2 at. pct Cr, Ni-18.0 at. pet AI-4.1 at. pet Cr, and 
Ni-14.0 at. pet AI-8.2 at. pet Cr. Figure 5 illustrates photo- 
micrographs of longitudinal sections of Ni-14.0 at. pet 
A1-4.2 at. pct Cr dendritic monocrystals grown at 0.25 m 
per hour and coarsened for: (a) 0 seconds and (b) 90 
seconds, prior to quenching the remaining liquid. The varia- 
tion of Sv/Svo, where Svo is the value of Sv for time 0 of 
coarsening, vs isothermal coarsening time is illustrated in 
Figure 6 for a temperature of 1676 K, between the liquidus 
and the ternary eutectic temperature and for the three alloy 
compositions. These curves indicate that: (1) at constant 
chromium concentration (curves A and B) an increase in 
aluminum concentration slows down coarsening; (2) at 
constant aluminum concentration (curves B and C) an in- 
crease in chromium concentration drastically slows down 
coarsening and; (3) at equal atomic percental increase in 
concentration the effect of chromium is more significant 
than that of aluminum. A comparison with the coarsening 
behavior of the Ni-A1-Ta alloy system I clearly shows that an 
increase in tantalum concentration slows down coarsening 

Fig. 5 - - P h o t o m i c r o g r a p h s  of longitudinal  sections of Ni-14.0 at. pct 
AI-4.2 at. pet Cr dendritic monocrystals  continuously grown at 0.25 m / h  
and coarsened for (a)  0 s and (b) 90 s prior to quenching the remaining 
liquid. Magnificat ion 39.5 times. 
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Fig 6 - - V a r i a t i o n  of Sv/Svo vs isothermal coarsening time at 1676 K and 
composmon.  Experimental  curves. 

more substantially than does an equal atomic percental in- 
crease in chromium concentration. The effect of aluminum 
and chromium contents on coarsening kinetics is further 
illustrated in Figure 7. In this figure the coarsening time 
required for a 50 pct reduction of Svo, or Sv/Svo = 0.5, at 
1676 K is plotted vs chromium concentration of alloys of 
compositions: Ni-14.0 at. pet A1-3.2 at. pet Cr, Ni-14.0 at. 
pct A1-4.2 at. pet Cr, Ni-14.0 at. pct A1-6.3 at. pet Cr, and 
Ni-14.0 at. pet A1-8.0 at. pet Cr and vs aluminum concen- 
tration for alloys of compositions: Ni-12.0 at. pet AI-4.2 at. 
pct Cr, Ni-14.0 at. pet A1-4.2 at. pct Cr, Ni-16.0 at. pet 
A1-4.2 at. pct Cr, and Ni-18.0 at. pet A1-4.2 at. pet Cr. 
Growth conditions of these dendritic monocrystals are given 
in the Table. Figure 7 shows very clearly that at equal 
percental concentration increases, chromium is more effec- 
tive than aluminum in slowing down coarsening kinetics, 
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reduction of Svo vs chromium concentration at 14.0 at. pet A1 and alumi- 
num concentration at 4.2 at. pet Cr. 

Table  I .  C o m p o s i t i o n  o f  D e n d r i t i c  M o n o c r y s t a l s  
and  G r o w t h  C o n d i t i o n s  

R --- 0.05, 0.10, 0.25, and 2.00 m/h; G = 8 • 103 K/m 

Ni-14.0 at. pet A1-4.2 at. pet Cr 
Ni-18.0 at. pet A1-4.1 at. pet Cr 
Ni-14.0 at. pct A1-8.2 at. pet Cr 
Ni-19.2 at. pet AI-11.90 at. pet Cr 
Ni-14.8 at. pet A1-8.2 at. pet Cr 

R = 0.10 and 0.25 m/h; G = 20 • 103 K/m 

Ni-18.0 at. pet AI-4.1 at. pet Cr 

R = 0 .10m/h ;G = 8 • 103K/m 

Ni-14.0 at. pet A1-3.2 at. pet Cr 
Ni-14.0 at. pet A1-6.3 at. pet Cr 
Ni-14.0 at. pet A1-8.0 at. pet Cr 
Ni-12.0 at. pet A1-4.2 at. pet Cr 
Ni-16.0 at. pet A1-4.2 at. pet Cr 
Ni-18.0 at. pet AI-4.2 at. pet Cr 

yielding finer dendritic microstructures,  all other solidi- 
f icat ion condi t ions remain ing  the same. The effect  of  
temperature on the coarsening kinetics of  Ni-14.0 at. pet 
A1-4.2 at. pet Cr is illustrated in Figure 8. These kinetics 
become faster with increasing temperature, as previously 
established ]'s for other systems. 

B. Effect of Growth Conditions on Microsegregation 

The dis tr ibut ion of  a luminum and chromium across 
the dendrites was determined at 1661 K, a temperature 
which, as established by DTA, is about 2 K below that of  
the ternary eutectic temperature at which sol idif icat ion 
was completed. 
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Fig. 8 - -Var iauon  of Sv /Svo  vs isothermal coarsening time and tem- 
perature. Experimental curves. Ni-14.0 at. pet AI-4.2 at. pet Cr den- 
drltic monocrystals. 
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Figure 9 illustrates the dependence of  the maximum and 
minimum solute concentrations, CM and Cm, respectively,  
and of  the segregation ratio, S ,  of  aluminum and chromium 
in Ni-19.2 at. pet AI-11.9 at. pet Cr dendritic monocrystals 
on local cooling rate, e = G �9 R . ,  where G is the average 
thermal gradient in the solid-liquid zone and R is growth 
rate. The measurements  were conducted at 1661 K in 
specimens grown at various rates under a thermal gradient 
of  8 >( 103 K / m .  It can be seen that CM remains practi- 
cally unchanged with increasing e ,  Cm slightly decreases,  
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whereas S slightly increases. The volume fraction non- 
equilibrium interdendritic 3", go, increases with e (Fig- 
ure 10). These findings are in agreement with predictions 
by Brody et al 6 whose model assumes back-diffusion of 
solute during solidification. 

C. Solution Kinetics of  the Nonequilibrium Interdendritic 
3" Phase 

The solution kinetics of interdendritic nonequilibrium 3" 
phase were established as described previously. 12 Let go be 
the volume fraction interdendritic 3" within the cross section 
corresponding to an isotherm just below the ternary eutectic 
and g that remaining undissolved at a distance L below this 
isotherm, hence a time 0 = L / R .  The fraction residual 
nonequilibrium interdendritic 3" was plotted vs 0 in Fig- 
ure 11 for this monocrystal, as well as those pulled at 
0.05 m per hour and 2.00 m per hour. The volume fractions 
were measured by a systematic point count procedure. Solu- 
tion kinetics are faster for the rapidly pulled crystal, pre- 
sumably because primary dendrite arm spacing is then finer 
and so is the distance over which aluminum has to diffuse 
during dissolution of 3". 

In order to study isothermally the solution kinetics of 
interdendritic 3", four monocrystals were pulled at 0.05m 
per hour under a thermal gradient of 8 • 10 3 K/m.  The first 
one was quenched; for the other three pulling was arrested 
for 10 seconds, 20 seconds, and 30 seconds prior to quench- 
ing the remaining liquid. The volume fraction interdendritic 
3" was measured in transverse cross sections corresponding 
to 1645 K and 1660 K. Figure 12 illustrates the variation of 
g/go vs time, 0, for these temperatures (curves A and B, 
respectively), go being the corresponding volume fraction 
interdendritic 3" for the monocrystal that was continuously 
pulled and quenched. The same procedure was repeated 
with monocrystals pulled at 2.00 m per hour, curves C and 
D. As expected, solution kinetics are faster for higher 
temperatures and finer dendrite arm spacings. 

D. Homogenization Kinetics 

The diffusion model used herein was described else- 
where. 3 The initial distribution of aluminum and chromium 
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Pulling rates are: 0.10, 0.25, and 2.00 m/h .  Ni-19.2 at. pct A l - l l . 90  
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Fig 12--Variat ion of fraction residual nonequihbrium interdendritlc 7 '  
with isothermal holding time for 2 temperatures. 1645 and 1660 K and 
2 microstructures of primary dendrite arm spacings: 2.4 • 10-4m and 
1.2 • 10-4m. Ni-19.2 at. pct AI-I 1.9 at. pct Cr. 

within the dendritic microstructure of the as-solidified alloy 
which was used for analytically deriving homogenization 
kinetics is illustrated in Figure 13. The indices of residual 
segregation 3 for aluminum and chromium have been calcu- 
lated in the Appendix and are expressed as follows: 

/ Ir 2 DA~ 0~ 
6A1 = 1.04 exp ~-- Lz ] - 

o.o , + . . .  

[ 2 Dcr0'~ 
3c~ = 1.037 exp ~-Tr  ---~--) - 

o.037exp(-57r2-D~-2~ + . . .  

where DA~, Dcr are the diffusivities of aluminum and chro- 
mium at the homogenization temperature, 0 is homoge- 
nization time, and L is half the primary dendrite arm spacing 
or half the primary arm spacing, t imes 1/%/r2. 3 Figure 14 
illustrates the variation of 3A~ and 3cr vs the homogenization 
parameter O/L 2 for 1473 K and 1588 K. The experimental 
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quadrant of the dendritic cross. N1-14.8 at. pct A1-8.2 at. pct Cr. 

points reported on the same graph are for Ni-14.8 at. pct 
AI-8.2 at. pct Cr dendritic monocrystals exhibiting primary 
dendrite arm spacings of 240 • 10-6m and 225 • 10-6m. 
These specimens were homogenized at 1473 K and 1588 K 
for six and 12 hours. Agreement between experimental 
points and analytical curves is satisfactory, considering 
that the adopted diffusion coefficient values may be in- 
accurate and the geometry of isoconcentration curves 
depends on growth conditions and location within the 
dendritic monocrystal. 
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Fig. 14- - Index  of residual segregation, ~,, vs homogenization parameter, 
O/L 2, for aluminum and chromium. Ni-14.8 at. pct A1-8.2 at. pct Cr 
dendritic monocrystals. 

IV. CONCLUSIONS 

1. If growth is cellular dendritic, the cellular dendritic spac- 
ing exhibits the same dependence on growth rate or local 
cooling rate as does the secondary dendrite arm spacing 
in columnar dendrites. 

2. An increase in chromium or aluminum concentrations 
slows down coarsening, yielding finer cast micro- 
structures. At equal atomic percental increase in concen- 
tration the effect of chromium is more significant than 
that of aluminum in refining the dendritic structure. 

3. With increasing local cooling rate the maximum solute 
concentration, C , ,  remains practically constant, the 
mimimum solute concentration, CM, slightly decreases, 
the segregation ratio slightly increases, whereas the vol- 
ume fraction of nonequilibrium interdendritic y '  phase 
increases substantially. 

4. The rate of dissolution of the nonequilibrium inter- 
dendritic y '  phase which occurs during crystal pulling 
increases with increasing pulling or growth rate, due to 
the finer dendrite spacings. 

5. Homogenization kinetics based on a diffusion model 
which was described previously led to predictions of the 
index of residual segregation for aluminum and chro- 
mium which are fairly close to those measured experi- 
mentally on specimens homogenized at 1473 K and 
1588 K for six and 12 hours. A longer time is necessary 
for chromium than for aluminum in order to achieve the 
same degree of residual segregation. 

APPENDIX 

Calculation of the index of residual segregation. 

A. 1 Aluminum 

The square of comers (0, 0), (L, 0), (L, L), and (0, L) was 
divided into sixteen partial squares (Figure 13). The solute 
concentration at any point inside a square was taken as being 
equal to the concentration at the center of thatsquare. The 
average concentration of the sixteen squares is CAj = 7.057 
at time 0; thefA~ (X, y) ---- C~ -- CA] at the different rectan- 
gles can then be calculated. Choosing for n and m the 

l158 - -  VOLUME 13A, JULY 1982 METALLURGICAL TRANSACTIONS A 



values: 0, 1, 2, the following values of  K,m were found: 
K0.0 = 0, K0,1 = 0.609,  K0.2 = 0 .045,  Ki,0 = - 0 . 5 7 5 ,  
Kl.l = 0.414, Ki,2 = 0.019, K2.0 = 0.055, K2.L = 0.006, 
and K2.2 = - 0 . 0 1 6 .  

Following the procedure described and applied pre- 
viously, 3 the index of  residual segregation of  aluminum is 
given by: 

[ 2DAI0~ 
~A, = 1.021 exp [ - T r  - ~ )  - 

/ 2DAI0X 
0.021 e x p / - 5 ~ -  - ~ - )  + . . .  

The diffusion coefficient for aluminum adopted here is: 
DL = 1.87 • 10 -4 exp [ - 3 2 , 2 0 0 / T ] T m  2 per second. At 
the homogenization temperatures of  1473 K and 1588 K, 
DAj = 5.896 • 10 -24 m 2 per second aml 2.875 x 10 -13 m 2 

per second, respectively, and: 

~at = 1.021 exp [ - 5 . 8 1 9  • 10 -13 (O/L2)] - 

0.021 exp [ - 2 9 . 0 9 5  • 10-13(0/L2)[ + . . .  

and 

~Al = 1.021 exp [--2.8375 • 1 0 - 1 2 ( 0 / L 2 ) ] -  

0.021 exp[--14.187 • 10-12(0/L2)] + . . .  

respectively. 

A . 2  Chromium 

Following the same procedure as for aluminum, the aver- 
age concentration of  the sixtee__n squares is Ccr = 7.105 at 
time 0; thefcr (x, y) = C~ -- Ccr at the different rectangles 
is then calculated. The values found for K,m were: Ko.o = O, 
Ko.i = 0.849, K0.2 = 0.077, Ki.0 = - 0 . 7 0 3 ,  KI.L = 0.413, 
KI.2 = 0 . 0 3 0 2 ,  K2.0 = 0 . 0 1 7 ,  K2.1 = 0 . 0 2 6 ,  and  
K2.2 = 0.0805. The following expression was derived for 
the index of  residual segregation of  chromium: 

[ 2Dcr0~ 
8c, : 1.037 exp ~-Tr ---~-) - 

/ 2 Dcr0X 
0.037 exp [ - 5 7 r  - ~ - )  + . . .  

The diffusion coefficient of  chromium adopted here is :  7 

6.04 • 10 -5 exp [ - 3 0 , 9 0 0 / T ] m 2 / s  

At the homogenization temperatures of  1473 K and 1588 K 
Dcr = 4.56 x 10 -14 m 2 per second and 2.091 • 10 -13 m 2 
per second, respectively, and: 

~cr = 1.037 exp [ - 4 . 5 0 8  • 10-13(0/L2)] - 

0.037 exp [ - 2 2 . 5 4 2  • 10-13(0/L2)] + . . .  

and 

~Cr = 1.037 exp [ - 2 . 0 6 3 7  • 10-13(0/L2)]--  

0.037 exp [--10.318 • 10-~2(0/L2)] + . . .  

respectively. 
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