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Solute partitioning on solidification of 
nickel-base ternary alloys 
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Department of Materials Science and Engineering, Nagasaki University, Nagasaki 852, Japan 

The coefficients for equilibrium partition of solute elements between solid and liquid were 
determined in nickel-base ternary alloys rapidly quenched from a coexisting solid-liquid state. 
A satisfactory accordance was observed between experimentally and theoretically determined 
partition coefficients, and factors influencing the ternary partition coefficients were clarified by 
a thermodynamic procedure. The availability of thermodynamic evaluation of the equilibrium 
partition coefficient was elucidated for application to nickel-base multicomponent alloys. 

1. I n t r o d u c t i o n  
In recent developments in super alloys, the design of 
materials plays an important part in fulfilling many 
requirements of appropriate properties for special 
applications. In processing super alloys, solute par- 
titioning may give rise to inhomogeneous alloy com- 
position which results in a local lack of expected 
properties and causes a lower level of restrictions 
for their applications. Hitherto, microsegregation of 
alloying elements, its effect on microstructure, and the 
effect of heat-treatment have been investigated [1-5] 
and equilibrium partition coefficients of solute ele- 
ments have been determined in several nickel-base 
alloys [1, 2, 5]. The information is, however, limited to 
specific alloys and it should be pointed out that a 
fundamental understanding of solute partitioning is 
indispensable for the design of super alloys. 

Microsegregation, which is closely related to par- 
titioning of solute elements in the process of solidifi- 
cation, is an inherent phenomenon in most alloys and 
brings about detrimental problems in super alloys, 
such as inhomogeneous solute distribution [1, 3], 
formation of non-equilibrium phases and low melting- 
point eutectics [2], and local fluctuation of volume 
fraction of precipitates [4], which cause degradation in 
mechanical properties and oxidation and sulphidation 
resistances at high temperatures. Heat-treatment is 
not necessarily capable of diminishing dendritic segre- 
gation [4], and hence the selection of alloy chemistry 
to reduce dendritic segregation is of importance in the 
consideration of balancing other desired structures 
and properties. The key parameter characterizing par- 
tition behaviour of a solute element is its equilibrium 
partition coefficient which may be deduced from 
thermodynamic calculations provided thermochemical 
data are available. 

In the present work, the coefficients of equilibrium 
partition of solute elements between solid and liquid 
were evaluated both experimentally and theoretically 
for nickel-base ternary alloys and the extension of the 
computation of partition coefficient to nickel base 
multicomponent alloys were investigated to elucidate 
its availability. 
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2. Experimental details 
Nickel-silicon-base ternary alloys containing alu- 
minium, cobalt, iron, chromium, molybdenum and 
tungsten were prepared by melting pure metals in an 
arc furnace. The purities of the metals were: > 99.2% 
Ni (Co < 0.03%), 99.999% Si, 99.99% A1, 99.5% 
Co, 99.99% Cr, 99.9% Fe, > 99% Mo, and > 99% 
W. After the inside of arc furnace was evacuated to 
less than 10-4pa and argon gas was introduced into it, 
pure titanium was melted as a getter of oxygen and, 
subsequently, about 20g of the above mentioned 
metals were melted on a copper hearth cooled with 
water. The chemical compositions of the alloys are 
given in Table I. 

For measurement of the equilibrium partition coef- 
ficients for solute elements between solid and liquid, 
about 10g alloy was melted at 1753K which was 
higher by about 100 K than the liquidus temperature 
predetermined by thermal analysis, and was cooled to 
a given temperature within the solidification tem- 
perature range. To attain equilibrium concentrations 
of solute elements in solid and liquid, the alloy was 
held at the temperature for 1 h, followed by quenching 
on a copper chill in a rapid cooling apparatus [6]. The 
liquidus and holding temperatures for the alloys are 
listed in Table II. The nickel-5 wt % silicon alloys has 
a solidification temperature range of about 100 K [7], 
thus the holding temperatures were taken to be about 
10 K lower than the liquidus temperatures so that the 
fraction of solid would be about 0.1. This fraction of 
solid ensures the fluidity of a coexisting solid-liquid 
alloy on quenching and a small deviation from the 
equilibrium solute concentration in the centre of the 
dendrites leading to a shortened equilibrium period. 

The surface of a quenched specimen in contact with 
the copper chill was polished and etched in a nitric 
acid-hydrochloric acid solution. The areas in both 
solid and liquid before quenching where the concen- 
trations of solute elements were to be measured by 
an electron microprobe analyser were marked with 
Vickers microhardness indentations and then the 
surface was repolished to remove etch features ready 
to be subjected to electron microprobe analysis. 
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Figure 2 Microstructure and the distribution profiles of silicon and 

chromium in the Ni -S i -Cr  quenched specimen. 

Figure 1 Microstructure and the distribution profiles of silicon and 

cobalt in the Ni -S i -Co quenched specimen. 

3. R e s u l t s  
The microstructures and solute distribution profiles 
are shown in Figs 1 to 4, for quenched specimens of 
Ni-Si-Co, Ni-Si-Cr, Ni-Si-Mo and Ni-Si-W alloys, 
respectively. The shape of the primary solids in 
the sections examined are spherical, elliptical, or 
cylindrical and they are about 100 #m wide. The line- 
scanning profiles of solute concentrations in the solid 
region are relatively fiat, except in the vicinity of solid- 
liquid interfaces. 

The equilibrium partition coefficients of solute 
elements in nickel-silicon-base ternary alloys were 
determined as a ratio of the solute concentration in 
the solid region away from the interfaces to that in 
the liquid region before quenching, and are shown in 
Fig. 5, where the equilibrium partition coefficients in 
the nickel-base binary systems evaluated thermo- 
dynamically (Appendix 2) are given by the solid lines 
for silicon and the broken lines for the other elements 
for comparison. The binary partition coefficients 
can easily be estimated from the available phase 
diagrams. However, these partition coefficients might 
be erroneous and thus the thermodynamically evalu- 
ated ones are adopted. 

Cobalt and iron have equilibrium partition coef- 

ficients of almost unity in the nickel-base binary 
systems, while in the nickel-silicon-base ternary 
alloys, these elements were captured in the primary 
solids during solidification, e.g. an example for cobalt 
is shown in Fig. 1. This means that the equilibrium 
partition coefficients of these elements are larger 
than unity. This is the case of "newly introduced 
segregation" produced by an addition of silicon. As 
can be seen in Fig. 2, the chromium concentration in 
the solid region is higher than that in the liquid region 
before quenching and chromium is enriched in the 
primary solid during solidification. Thus the equilib- 
rium partition coefficient of chromium is larger 
than unity. In the nickel-chromium binary system, 
chromium has an equilibrium partition coefficient less 
than unity, and hence, the addition of 5% silicon has 
the effect of "inverting" the segregation of chromium 
in the binary alloy. A similar effect was observed in the 
Ni-Si-A1 alloy. In the Ni-Si-Mo alloy, the segregation 
tendency of molybdenum was somewhat reduced by 
an addition of silicon ("reduced segregation"). In 
the Ni-Si-W alloy, the "enhanced segregation" of 
tungsten by silicon was observed where the equilib- 
rium partition coefficients of tungsten in the ternary 
alloy and in the nickel-tungsten binary system are 
larger than unity and the former is larger than the 
latter. In all the ternary alloys, the equilibrium par- 
tition coefficient of silicon remains less than unity, and 

T A B L E  I Chemical compositions of the alloys used 

Alloy Chemical composition (wt %) 

Ni Si A1 Co Cr Fe Mo W 

Ni 5Si Balance 4.79 . . . . . .  

Ni-5Si-A1 Balance 5.10 2.84 . . . . .  
Ni-5Si-Co Balance 5.12 - 3.28 . . . .  
Ni-5Si-Cr  Balance 4.91 - - 3.20 -- - - 

Ni-5Si-Fe  Balance 5.09 - -- -- 3.06 - - 
Ni -5Si -Mo Balance 4.97 . . . .  3.22 -- 

Ni -5Si -W Balance 5.30 . . . . .  3,34 

T A B L E  I I  Liquidus and holding temperatures of the specimens 

Specimen Liquidus temperature Holding temperature 

(K) (K) 

Ni-5Si 1639 1630 

Ni-5Si-3AI 1632 1624 

Ni-5Si-3Co 1620 1611 
Ni-5Si-3Cr 1618 1609 

Ni-5Si-3Fe 1620 1612 
Ni-5Si -3Mo 1619 1612 

Ni-5Si-3W 1632 1624 
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Figure 3 Microstructure and the distribution profiles of silicon and 
molybdenum in the Ni-Si-Mo quenched specimen. 
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Figure 4 Microstructure and the distribution profiles of silicon and 
tungsten in the Ni-Si-W quenched specimen. 

there is little significant influence of the interaction 
between a third element and silicon. 

4. Discussion 
4.1. Effects of holding period and back 

diffusion on the accuracy of the 
observed partition coefficient 

In the present work, a coexisting solid-liquid state was 
frozen by a rapid quenching to determine equilibrium 
partition coefficients of solute elements. The accuracy 
of the obtained partition coefficients depends not only 
on the accuracy of the electron microprobe analysis 
but also on the holding period in a coexisting solid- 
liquid state and the subsequent cooling conditions. In 
the following paragraphs, the solute diffusion in the 
primary solid during holding and the back-diffusion 
distances during quenching were evaluated using 
one-dimensional diffusion models. The computation 
methods are given in Appendix 1. 

The solute concentration in a solid crystallized at 
the liquidus temperature is given by Cs = koCo, 

where k 0 is the equilibrium partition coefficient of an 
element X and Co is the concentration of the element 
X in an alloy. As the time elapsed for the crystalliz- 
ation of a primary solid of 0.1 weight fraction during 
cooling from the liquidus temperature to the holding 
temperature was a few minutes, diffusion of solute 
elements in the solid can be negligible in such a short 
time interval, even for silicon which has the largest 
diffusion coefficient in this experiment. Therefore, the 
solute distribution in the solid at the beginning of 
holding can be given by the Shell equation [8] 

Cs = koCo(] - i s )  ( l )  

where fs is the fraction solidified. The solute- 
concentrations in the solid and liquid at the solid- 
liquid interface are given by the following equations 

C* = k0Co(0.9) (k~ (2) 

c *  = c /ko (3) 
If an effective partition coefficient is defined as k~ = 
Q/C*, the maximum deviation of the effective 
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Figure 6 Variations in a ratio of 
the partit ion coefficients ko/k o for 
solute elements in Ni-Si-base ter- 
nary alloys with holding period. 

partition coefficient from the equilibrium one can be 
evaluated by a ratio of ke/ko (= (0.9)~176 The ratio 
for silicon (k0 = 0.5) is 0.95 and that for tungsten 
(k0 = 2) is 1.11, leading to errors of about 5% and 
11% in the effective partition coefficients. 

In the electron microprobe analysis, the solute con- 
centration in the solid as well as in the liquid is taken 
as an average, except in the vicinity of the solid-liquid 
interface, and if we take the average solute concen- 
tration in the solid, (?s (= S ~ Cs dfs/fs) instead of Cs, 
the errors are reduced to less than 3% for silicon 
and 6% for tungsten. This means that in the method 
employed in the present work, the maximum error in 
a measured partition coefficient due to inhomogeneous 
solute distribution in the solid is at most 6% for severe 
segregating elements such as tungsten. It is, therefore, 
noted that holding in a coexisting solid-liquid state 
has two objectives: (1) further homogenization of 
solute distribution which reduces the error due to 
inhomogeneous solute distribution, and (2) coarsen- 
ing of the primary solid to a proper size for distinction 
from other primary solids formed during quenching 
and for the subsequent electron microprobe analysis. 
The ratios of kc/ko (ke = Cs/C*) for solute elements 
were calculated by the explicit method where the size 
of the primary solid was taken to be 100/xm. Because 
this size should be a resultant of coarsening during 
holding, it is thought that the calculation may give a 
longer holding period for homogenization. In Fig. 6, 
the values of k~/ko are plotted as a function of holding 
period. The holding time of 1 h gives a maximum error 
less than 1% due to inhomogeneous distribution of 
solute elements in the measured partition coefficients 
except tungsten. A holding period of about 7.5 h is 
required to ensure an error within 1% for tungsten. 
The standard deviations of the measured solute con- 
centration in more than ten solid particles in the elec- 
tron microprobe analysis was less than 5% and thus 
the total error in an observed partition coefficient was 
estimated by APtotal = •Pinhorn -t- Apmeas. The expected 
error in the partition coefficient for tungsten amounts 
to about 10%. On the other hand, the resulting errors 
in the observed partition coefficients shown in Fig. 5 
were 6% for tungsten and less than 5% for others. The 
smaller error in the observed partition coefficient for 
tungsten than that expected, possibly arises from the 
effect of coarsening, the approximation with one- 
dimensional diffusion model, and/or the electron 

microprobe analysis on the off-centred sections of 
solid particles in the sample. 

4.2. Effect of back-diffusion during 
quenching on solute distribution 

The solute concentration in the liquid at the solid- 
liquid interface increases during quenching for an 
element having a partition coefficient smaller than 
unity, and hence the concentration in the solid in 
equilibrium with that in the liquid also increases, 
causing the back diffusion of the element from the 
interface into the solid. Because silicon as an alloying 
element in the present work has the largest diffusivity, 
its back diffusion distance was evaluated by the 
explicit method described in Appendix 1. The cooling 
rate from a coexisting solid-liquid state was given as 
1000, 600, 300, or 150Ksec -~ which would corre- 
spond to the case of oil-quenching [9]. The diffusion 
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Figure 7 Back-diffusion distances of silicon during quenching of the 
Ni-5 wt % Si alloy for various cooling rates. 
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simulation was performed until the temperature 
decreased by 300K below the solidus, which was 
determined as a temperature where the fraction of 
solid became unity in the calculation. The result is 
shown in Fig. 7. The back-diffusion distance for 
silicon was at most 2#m for the slowest cooling 
rate, and other elements with smaller diffusion coef- 
ficients than that of silicon should be less. It is, 
therefore, ensured that there is no effect of back dif- 
fusion on the observed partition coefficients if the 
solute concentrations, exclusive of those in the vicinity 
of the solid-liquid interface, are adopted in determin- 
ing the partition coefficients. 

4.3. Thermodynamic evaluation of the 
partition coefficient 

To elucidate the availability of the thermodynamic 
evaluation the equilibrium partition coefficients of 
solute elements in nickel-base ternary alloys were 
computed using the thermochemical data given in the 
literature [6, 10-14]. The details of the calculation are 
described in Appendix 2. In Fig. 5, the calculated 
partition coefficients of solute elements are shown by 
open circles and squares. A satisfactory agreement is 
seen between the calculated partition coefficients and 
the experimental ones given by solid circles and 
squares, indicating that the thermodynamic evaluation 
is useful in determining the ternary partition coef- 
ficients and suggesting that it can be applied to the 
multicomponent systems. The experimental values of 
equilibrium partition coefficients of solute elements 
were given by Sellamuthu and Giamei [1] for MAR- 
M200 which was taken to be a hexanary alloy Ni-Co- 
Cr-W-A1-Ti, although it contains an additional four 
minor elements (carbon, niobium, zirconium and 
~boron). The equilibrium partition coefficients of 
five solute elements were computed by the procedure 
extended to the hexanary system. The calculated values 
are listed in Table III, together with the experimental 
ones given by Sellamuthu and Giamei. In determining 
the equilibrium partition coefficients, they employed a 
plane front solidification technique where the effect 
of diffusion of solute elements on their distribution 
profiles may be negligible and the possible error in 
their partition coefficients can be ascribed to that in 
the electron microprobe analysis. In comparison with 
the experimentally determined partition coefficients, 
the calculated values exclusive of that for chromium 
are in fair agreement with the experimental ones within 
a difference of 5%. For chromium, the discrepancy is 
about 16% which may give a maximum superposed 

T A B L E I I I Equilibrium partition coefficients of solute elements 
in the nickel-base multicomponent alloy (Mar-M200) 

Element X (wt %) Partition coefficient (k) (Ak/k) x 100t 
(%) 

Calculated Experimental* 

Co 10.5 1.09 - - 
Cr 9.4 0.78 0.93 - 16.1 
W 11,8 1.37 1.31 4.6 
A1 4,5 0.82 0.86 4.7 
Ti 2.1 0.57 0.60 5.0 

*[1]. 
t (Ak /k )  = (kr k~xp)/k~x p. 

error resulting from the accuracy of thermodynamic 
data and the procedures of both the experiment and 
analysis. The result represented in Table III reveals 
the availability of thermodynamic evaluation for the 
equilibrium partition coefficients of solute elements in 
nickel-base multicomponent systems. 

4.4. Factors influencing ternary partition 
coefficient 

In an Ni-X-Y ternary system, the equilibrium par- 
tition coefficient of element X is represented by the 
sum of the following three terms. (see Appendix 2) 

lnkx = F1 + F2 + F3 (4) 

r l  = in (~xL/~Sx) + (/iLx -- t i S ) / R T  (5) 

F2 (SxXL X S  L = - ex k x ) N ~  (6) 

F3 (SxYL Y S  L 
= - ex  ky)N~ (7) 

The term F1 is characterized by the thermochemical 
nature of the element X, F2 is its concentration depen- 
dence term, and F3 is an interaction term between the 
elements X and Y. Figs 8 and 9 show the contribution 
of these factors to the partition coefficient of the ele- 
ment X in Ni-Si-X (X = A1, Co, Cr, Fe, Mo and W) 
alloys, where a lowering of temperature in the abscissa 
means a decrease in the liquidus temperature with 
increasing silicon content. It is known from Figs 8a 
and c that the "inversion" in the segregation tendency 
of aluminium and chromium in the Ni-Si-A1 and 
Ni-Si-Cr alloys is attributable to factor F3, i.e. the 
interaction between aluminium or chromium and sili- 
con. In Fig. 8b, it is noted that the "newly introduced 
segregation" of cobalt in the Ni-Si-Co alloy is not 
caused by the interaction between cobalt and silicon 
but by a reduction of solidification temperature with 
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increasing silicon content, through factor F1, while in 
the Ni-Si-Fe alloy shown in Fig. 9a, the contribution 
of factor F3 is the reason for an increased partition 
coefficient of iron. In Fig. 9b, the equilibrium partition 
coefficient of molybdenum increases with increasing 
silicon content in the Ni-Si-Mo alloy and the 
"reduced segregation" tendency of molybdenum is 
ascribed to factor F3, i.e. a repulsive interaction 
between molybdenum and silicon. In the case of the 
Ni-Si-W alloy shown in Fig. 9c, factors F2 and F3 act 
in opposite ways as is the case in the Ni-Si-A1 and 
Ni-Si-Cr alloys and the latter is predominant in deter- 
mining the partition coefficient at a lower tempera- 
ture, resulting in the "enhanced" segregation of tung- 
sten. The results given in these figures demonstrate 
that equilibrium partition coefficients of solute ele- 
ments in a multicomponent alloy would change by not 
only the interaction between solute elements but also 
a variation of solidification temperature with addi- 
tives. For the latter reason, alloying elements such as 
carbon, silicon and titanium are harmful when the 
added amounts of these elements increase. 

5. Conclusion 
The equilibrium partition coefficients of solute ele- 
ments between solid and liquid were determined for 
nickel-silicon-X (X = A1, Co, Cr, Fe, Mo, W) ter- 
nary alloys rapidly quenched from a coexisting solid- 
liquid state. The accuracy of the measured partition 
coefficients depends on the holding period in a coexist- 
ing solid-liquid state and the procedure of analysing 
solute concentrations as well as inherent errors in 
electron microprobe analysis. There is a precise size of 
primary solid for homogenization of solute concentra- 
tions in it, for maintaining fluidity, and for the subse- 
quent electron microprobe analysis. Selecting the 
holding temperature to obtain a weight fraction of 
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about 0.1 and the holding period, such an adequate 
solid size of the order of 100 ym was obtained. Back- 
diffusion distances of the diffusion species during 
rapid quenching were less than 2 #m, which gave an 
insignificant effect on solute distribution in primary 
solid. The total error in the obtained equilibrium par- 
tition coefficients was at most 6%. 

The equilibrium partition coefficients calculated 
using the available thermochemical data were in good 
accordance with the experimental ones, establishing 
the advantages of the thermodynamical evaluation of 
equilibrium partition coefficients of solute elements in 
nickel-base ternary and multicomponent alloys. From 
an analysis of ternary partition coefficients, it was 
demonstrated that the factors influencing the partition 
coefficients included the effect of an alloying element 
on solidification temperature as well as that of solute 
interaction between the species. 

Appendix 1 
Solute distribution in a primary solid after cooling 
from the liquidus temperature to a holding tempera- 
ture can be represented by the Scheil equation (no 
solid diffusion and complete mixing in the liquid) 

Cs = koCo(1 - fs) (k~ (A1) 

where Cs and Co are solute concentrations in the solid 
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Figure A1 Simulation models for (a) diffusion during holding an 
alloy i-n a coexisting solid-liquid state, and (b) evaluation of a 
back-diffusion distance during quenching. 



and an alloy, respectively, k0 is the equilibrium par- 
tition coefficient of a solute element, and fs is the 
fraction solidified. The diffusion model for the com- 
putation of solute distribution profiles using the expli- 
cit method is illustrated in Fig. Ala.  The difference 
equation to calculate a solute concentration in a solid 
based on Fick's law is given by 

Ci j  = C,_l,j  

+ DAt(C~ ,,j-i - 2Ci-l,j Jr- C i - , , j + , ) / ( A x )  2 

(A2) 

where i, j are time (t) and distance (x) steps, respect- 
ively, and D is the diffusion coefficient of a solute 
element in a solid. 

Initial and boundary conditions are given by 
Equations A3 and A5 

C0j = k0C0(1 - fs) (k~ (A3) 

fs = 0.1(n + 1 - j )  (A4) 

C,,0 = C? 

= koC* (A5) 

where n is the number of divided elements, C* and C* 
are solute concentrations in the solid and liquid at the 
solid-liquid interface, respectively. The solute distri- 
bution profile at the beginning of holding is affected 
by the shape of a primary solid. Assuming its shape is 
cylindrical, the relationship between distance x and 
fraction of solidfs in Equations A3 and A6 is given by 

fs = 0.1(jAx) 2 (A7) 

Although the solute diffusion in a cylindrical solid 
during holding is two-dimensional, it is approximated 
by one-dimensional diffusion for simplification and 
this treatment gives a slightly longer holding period 
for homogenization. 

The model for evaluating a back-diffusion distance 
is shown in Fig. Alb.  A similar explicit method is 
applied where the initial and boundary conditions are 
given by Equations A8 and A9 

Co/ = Cs ~ (A8) 

Qo = kCL(T) (A9) 

T = r h -  VAt (A10) 

where C o is an equilibrium solute concentration in the 
primary solid before quenching, CL(T) is the solute 
concentration on the liquidus as a function of tem- 
perature T, Th is a holding temperature, and V is a 
cooling rate. 

Appendix 2 

In an Ni-X-Y ternary system, the equilibrium condi- 
tions for the elements X and Y are given by the 
following equations 

in kx = In (~xL/~ s) + (/ix L - tiS)/RT 

+ (~xL _ ~,~Skx)U~, + (~L  _ 4 S k y ) U ~  

(A1 l) 

In ky = in (~L/~S) + (fiE _ /IS)/RT 

+ ( 4 L  Ys L ev kv)N~, + (e xL xs L - - ev kx) N ~  

(A12) 

where ki is the coefficient for equilibrium partition of 
the element i between solid (S) and liquid (L), ~)7 and 
/i; are the activity coefficient of the element i at infinite 
dilution and the chemical potential of the pure ele- 
ment i in v phase (v = L or S) respectively, e/v is an 
interaction coefficient between the elements i and j in 
v phase, N~ L is a mole fraction of the dement  i in liquid, 
R is the gas constant, and T is the temperature where 
solid and liquid phases are in equilibrium. The values 
of ~L, 9S, (/iL _ /iS), •/L and s/s in the equations are 
given in the literature [6, 10-14]. If  we take the concen- 
trations of elements X and Y in an alloy as Nx L and Ny L, 
these equations involve two unknown parameters of 
k x and ky. The equilibrium partition coefficients of 
elements X and Y at the liquidus temperature were 
determined by solving simultaneous equations of 
Equations A11 and A12. In a nickel-base hexanary 
system, the equilibrium partition coefficients of solute 
elements were similarly obtained by solving five simul- 
taneous equations for five solute elements. 
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