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Abstrakt 
 Článek předkládá výsledky studia segregačního (mikrosegregačního) chování 
vybraných prvků při krystalizaci a tuhnutí niklové superslitiny IN 738LC. Cílem článku je 
výzkum mikrosegregace a chemické heterogenity lité a tepelně zpracované niklové superslitiny 
IN 738LC na základě experimentálního měření koncentračních rozdělení konstitutivních prvků 
ve větvích dendritů a v mezidendritických oblastech. Koncentrační soubory hliníku, titanu, 
chrómu, kobaltu, niklu, niobu, molybdenu, tantalu a wolframu byly měřeny ve 101 bodech na 
úsečce dlouhé 500 µm (vzdálenost mezi jednotlivými body byla 5 µm). Tato úsečka protínala 
několik dendritů, tzn. několik dendritických větví a mezidendritických oblastí. Koncentrační 
soubory těchto devíti prvků byly stanoveny použitím analytického komplexu JEOL JXA-
8600/KEVEX Delta V, Sesame a metody energiově disperzní spektrální mikroanalýzy. 
Mikrosegregační parametry všech analyzovaných prvků byly následně vypočítány z 
koncentračních datových souborů pomocí matematické statistiky a původních matematických 
modelů. V této práci je také představen původní matematický model pro stanovení efektivních 
rozdělovacích koeficientů prvků. Model je založen na zpracování naměřených koncentračních 
dat. Efektivní rozdělovací koeficienty prvků vypočítané tímto způsobem v sobě zahrnují jak vliv 
segregace během tuhnutí, tak vliv homogenizace a to jak v průběhu tuhnutí, tak v průběhu 
chladnutí slitiny. 
 Segregační chování analyzovaných prvků bylo popsáno pomocí tzv. distribučních 
křivek dendritické segregace, indexů heterogenity a efektivních rozdělovacích koeficientů těchto 
prvků. Tyto parametry byly také stanoveny pro stejné prvky u vzorků izotermicky žíhaných při 
teplotě 850°C s odstupňovanou dobou žíhání; v tomto případě parametry charakterizují 
redistribuci prvků po aplikovaném izotermickém tepelném zpracování. Difúzní procesy při 
krystalizaci analyzované slitiny byly charakterizovány pomocí bezrozměrového Fourierova čísla 
pro přenos hmoty, vyjadřujícího tzv. zpětnou difúzi. Fourierovo číslo charakterizuje rozsah 
difúze prvku v tuhé fázi v závislosti na vzdálenosti mezi větvemi dendritů a místní době tuhnutí. 
Pro výpočet Fourierova čísla byl použit Brody-Flemingsův mikrosegregační model. Tento 
model předpokládá úplnou difúzi v tekuté fázi a neúplnou zpětnou difúzi v tuhé fázi. 
 Byly zjištěny následující hlavní výsledky: i) v průběhu tuhnutí této slitiny prvky Cr, 
Co, W a Mo segregují (odměšují) do středových částí dendritů, prvky Ni, Ti, Al, Ta a Nb 
odměšují v opačném směru, tzn. obohacují mezidendritické prostory; ii) prvky Nb a Ta mají v 
průběhu tuhnutí této slitiny největší segregační schopnost ze všech analyzovaných prvků; iii) 
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dendritická heterogenita prvků v analyzované slitině je v průměru nejnižší v litém stavu, tj. bez 
aplikace izotermického tepelného zpracování a iv) chemická mikroheterogenita analyzované 
niklové superslitiny se zvyšuje se zvyšující se dobou izotermické výdrže na teplotě 850°C. 
Získané výsledky jsou diskutovány a porovnány s daty nalezenými v literatuře. 
 
 

Abstract 
 The paper deals with study of segregation (microsegregation) behaviour of selected 
elements in the course of crystallization and solidification of Ni-based superalloy IN 738LC. 
The purpose of this paper is investigation of microsegregation and chemical heterogeneity of 
cast and heat treated IN 738LC Ni-based superalloy on the basis of experimental measurement 
of concentration distribution of the constituent elements in the dendrite core and interdendritic 
regions. The concentration data sets of aluminium, titanium, chromium, cobalt, nickel, niobium, 
molybdenum, tantalum and tungsten were measured in 101 points on the 500 µm long line 
segment (the distance between individual points was 5 µm). This line segment crossed several 
dendrites, i.e. several dendrite cores and interdendritic regions. The concentration data sets of 
these nine elements were determined using a microanalytical complex JEOL JXA-8600/KEVEX 
Delta V, Sesame and the method of energy dispersive X-ray spectroscopic microanalysis (EDS). 
Microsegregation parameters of all analysed elements have been calculated from concentration 
data sets with use of mathematical statistics and the original mathematical models. In this work 
an original mathematical model for calculation of effective partition coefficients is introduced. 
The model is based on processing of the measured concentration data sets. The effective 
partition coefficients calculated in this way inherently include in themselves both the effect of 
segregation in the course of alloy solidification and the effect of homogenisation, occurring 
during the solidification as well as during the cooling of alloy. 
 Segregation behaviour of elements was described with the help of distribution curves 
of dendritic segregation, indices of heterogeneity and effective partition coefficients. The above 
mentioned parameters were also determined for the same elements on samples after heat 
treatment at 850°C; in this case the parameters represented redistribution of elements after 
isothermal annealing. Diffusion processes at the crystallization of analysed alloy were 
characterised by dimensionless Fourier number. The Fourier number characterises an intensity 
of diffusion of elements in the solid phase in respect to the dendrite arms spacing and to local 
time of solidification. The model of Brody and Flemings was used to estimate the Fourier 
number. This model assumes a complete diffusion in liquid and incomplete solid-state back-
diffusion.  
 There were found out the following main results: i) during solidification of this alloy 
Cr, Co, W and Mo segregated to the dendrite core; Ni, Ti, Al, Ta and Nb segregated in the 
inverse, i.e. they enriched the interdendritic regions; ii) Nb and Ta have the strongest segregation 
ability during solidification out of all the analysed elements; iii) dendritic heterogeneity of 
elements in the analysed alloy is at the average the lowest in as-cast state, i.e. without any 
applied heat treatment; and iv) the chemical microheterogeneity of analysed Ni-alloy increases 
with extended dwell duration at the same temperature (850°C). Obtained results are discussed 
and compared with the data from literature.      
 

Keywords: Nickel alloys, Solidification, Segregation, Partition coefficient, Fourier number 
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1. Introduction 
 During solidification of multicomponent Ni-based superalloy, solute segregation often 
leads to the formation of significant concentration gradients within the dendritic microstructure 
[1, 2]. Dendritic segregation is known to result often in formation of intermetallic secondary 
solidification constituents along dendrite interstices, as well as in inhomogeneous distribution of 
second phase precipitate particles. In particular, refractory solid-solution strengthening elements 
such as W are known to segregate strongly to the dendrite core, while Ta and Nb segregate 
preferentially to interdendritic regions [2].  
 The investigation of segregation behaviour and dendritic structure of nickel 
superalloys has recently been subject of interest of many research teams. For example, Sung and 
Poirer [2] present summary of liquid-solid partition ratios in Ni-based alloys, Tacret and 
Bhadeshia [3] studied the phase diagram and segregation simulation of a new Ni-based 
superalloy for power plant applications. The effect of carbon addition on the microstructure and 
solidification defect formation of a model Ni-based superalloy was examined by Al-Jarba et al. 
[4]. O.A. Ojo et al [5] realised the microstructural study of weld fusion zone of tungsten inert 
gas welded IN 738LC Ni-based superalloy.  
 The purpose of this paper is investigation of microsegregation behaviour and 
chemical heterogeneity of cast and heat treated IN 738LC Ni-based superalloy on the basis of 
experimental measurement of concentration distribution of the constituent elements in the 
dendrite core and interdendritic regions. Microsegregation parameters (heterogeneity indices, 
effective partition coefficients and Fourier numbers) of all analysed elements have been 
calculated from concentration data sets with use of mathematical statistics and the original 
mathematical models.  
 
 

2. Experimental  
 In this study, a Ni-based superalloy IN 738LC was used. Test castings (bars, 23 mm 
in diameter) weighing approx. 6 kg were processed (Table 1). One bar was left in its as-cast 
state; five bars were given isothermal heat treatment at 850°C in a resistance furnace at different 
dwell times (Table 2) and then the bars cooled down in the ambient air. Approximately 10 mm 
long samples were sectioned from these bars by an abrasive cutting wheel. Marking of the 
samples is also given in Table 2.  
 
 Table 1 Chemical composition of used superalloy IN 738LC 

 B C Al Ti Cr Fe Co Zr Nb Mo Ta W 
heat 0.008 0.10 3.35 3.37 16.22 0.20 8.78 0.04 0.84 1.71 1.77 2.63 

 
 

 Table 2  Marking of samples and their dwell time of annealing at 850°C 
Sample 20 185 385 485 585 685 

Dwell time (h) as-cast 100 1000 2000 5000 10000 
 
 

 The microstructure of the samples was examined using standard metallographic 
sample preparation. The top face surfaces of the samples were polished and then etched with the 
Marble Etch to make the microstructure visible. Optical microscope EPITYP was used for 
microstructure analysis and the structurally similar representative areas were chosen and marked 
with ring markers on each sample. Then optical microscope NEOPHOT 2 equipped with micro-
hardness testing machine HANEMANN was used for marking the first and the last points of line 
in these representative areas for subsequent analysis.  
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 Then the concentration data sets of aluminium, titanium, chromium, cobalt, nickel, 
niobium, molybdenum, tantalum and tungsten were measured in 101 points on the 500 µm long 
line segment (the distance between individual points was 5 µm). This line segment crossed 
several dendrites, i.e. several dendrite cores and interdendritic regions. The concentration data 
sets of these nine elements were determined on re-polished and un-etched samples, using 
a microanalytical complex JEOL JXA-8600/KEVEX Delta V, Sesame and the method of energy 
dispersive X-ray spectroscopic microanalysis (EDS). 
 The operating conditions of EDS were the same for all the analysed samples: the 
operating voltage 15 kV, the beam current 1 nA, the time of measuring of one spectrum 50s, the 
user’s program Quantex VI (KEVEX) and quantitative evaluation of measured concentrations.  
 Figure 1 shows structure of the analysed area of the as-cast sample, Fig. 2 shows 
structure of the heat treated sample (850°C/10000h), both with distinctly visible trace of 
microanalysis (500 µm long); the first measured point is at the left side of the trace.  The results 
from EDS analysis were plotted as the measured weight percent (wt.%) composition versus 
number of measurements (along the measured line of 500µm long); for demonstration Figs. 3 
and 4 represent such dependences for titanium and tungsten, respectively. 
 

  

Fig.1 Structure of the analysed region of as-cast sample Fig.2 Structure of the analysed region of  sample 685 
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Fig.3 Experimentally measured concentrations of titanium 

(as-cast sample) 
Fig.4 Experimentally measured concentrations of tungsten 

(as-cast sample) 
 
 

3. Results and their discussion 
3.1  As-cast state 
 During solidification of IN 738LC superalloy the elements segregate either to the 
dendrite core or to the interdendritic region. On the basis of EDS analysis conducted on as-cast 
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sample it was established that during solidification of this alloy the elements such as Cr, Co, W 
and Mo segregated to the dendrite core, the values of their concentration measured in the 
dendrite cores were higher than those in the interdendritic regions. Elements such as Ni, Ti, Al, 
Ta and Nb segregated in the inverse, i.e. they enriched the interdendritic regions during 
solidification. This result confirms the findings of Sung [2] and Ojo [5].  
 To characterize the solidification segregation behaviour of alloying elements and also 
the extent of segregation, two segregation and partitioning characteristics were calculated for all 
the analysed elements – the effective partition coefficients (kef) and the indices of heterogeneity 
(IH). 
 
 

3.1.1 Effective partition coefficients of analysed elements  
 The fundamental cause of segregation in multicomponent systems is the 
thermodynamics of solidification. Partition (or distribution) coefficient is the basic quantity 
characterising segregation behaviour of alloying element during solidification of metallic alloy.  
 When equilibrium exists at the interface during solidification of an alloy, the ratio of 
the element concentration in the solid to the element concentration in the liquid is known as the 
equilibrium partition coefficient k, which can be function of temperature and composition. 
Under real conditions of crystallisation and solidification of multicomponent metallic systems, 
the equilibrium normally cannot be reached. For this reason the effective partition coefficients 
have been introduced which include the actual conditions of solidification. 
 In this work an original mathematical model for calculation of effective partition 
coefficients is introduced. The model is based on processing of the measured concentration data 
sets. The procedure of the data processing will be outlined here as follows: 
 a) The element distribution profiles were plotted according to Gungor’s method [6, 7] 
from the concentration data sets measured by the method EDS along the line segment 500µm 
long (see the Part 2.Experimental). Data plotted as the measured weight percent composition 
versus number of data (Figs.3 and 4) were put in ascending or descending order and x-axis was 
converted to the fraction solid (fS) by dividing each measured data number by total measured 
data number. The element composition versus fraction solid, i.e. element distribution profile was 
then plotted; Fig. 5 represents such dependences for titanium and tungsten. The slope of such 
curve (ascending or descending) depended on the fact whether the element in question enriched 
the dendrite core or the interdendritic area in the course of solidification.  
 b) The sequence of such arranged concentrations (Fig. 5) was seen as a distribution of 
concentrations of the measured element in the direction from the axis (fS = 0) to the boundary 
(fS = 1) of one average dendrite. The effective partition coefficient kef was in this case defined by 
the relation  
 

 )()()( LSef SSS fCfCfk = ,  (1) 
 

where CS is the solute concentration in the solidus and CL is its concentration in liquidus and 
argument (fS) expressed the dependence of both concentrations on the fraction solid. 
 c) Perfect mixing of element in the interdendritic melt was assumed (this assumption 
is the same as e.g. in Scheil [8] and Brody-Flemings [9] model of solidification). It was therefore 
possible to substitute equation (1) by the formula  
 

 )()( Ref iCCik i= , (2) 
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where Ci is the concentration in i-th point of the sequence (i.e. in the i-th point of the curve in 
Fig. 5) and CR(i) is the average concentration of the element in the residual part of the curve 
(i.e. for fS ∈ 〈i, 1〉), expressed by the relation: 
 

 ( )[ ] ∑
=

⋅+−=
n

ij
jCiniC 11)(R , (3) 

 

where n was the number of the measured points. In this way it was possible to determine the 
values of effective partition coefficients for all i ∈ 〈1, n〉, i.e. for the entire curve characterising 
the segregation during solidification. For example, the calculated effective partition coefficients 
for titanium and tungsten are shown in Fig. 6. 
 

 
Fig.5 Courses of segregation of W and Ti in dependence on the fraction solid 

 
 

 
Fig.6 Calculated course of the effective partition coefficient in dependence on the fraction solid for titanium and 

tungsten 

 
   

 The effective partition coefficients of all the analysed elements were calculated by 
this original method. The average values of determined effective partition coefficients are listed 
in the first line of Table 3. For each element, the degree of segregation is represented by the 
magnitude of the average partition coefficient, kef, and its standard deviation σk. No segregation 
occurs when kef = 1; the higher is the deviation from the number 1, the higher is the segregation 
ability. It is also apparent from Table 3 that Al, Ti, Nb and Ta segregate at crystallisation and 
solidification of the IN 738LC superalloy to interdendritic areas, while Cr, Co, Mo and W  
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concentrate in the dendrite core. Niobium and tantalum have the strongest segregation ability out 
of all the analysed elements. Nickel, as the basis of a nickel superalloy, possesses the value of 
effective partition coefficient close to one.  
 The effective partition coefficients calculated in this way inherently include in 
themselves both the effect of segregation in the course of alloy solidification and the effect of 
homogenisation, occurring during the solidification as well as during the cooling of alloy. 
 For comparison, the Table 3 contains also the values of partition coefficients found in 
literature. From these sources only Sung et al. [2] and Ojo et al. [5] investigated the same 
IN 738LC alloy. The former presented the equilibrium partition coefficients of elements, the 
latter investigated microstructure of the weld fusion zone of this alloy. Tin et al. [1] studied 
model nickel base superalloys and Zupanič et al. [10] the IN 713C alloy. 
 
Table 3 Comparison of determined values of effective partition coefficients of analysed elements with the values from 

various literary sources 
Al Ti Cr Co Ni Nb Mo Ta W source 

0.82 
±0.10 

0.75 
±0.12 

1.20 
±0.07 

1.15 
±0.06 

0.96 
±0.02 

0.58 
±0.34 

1.14 
±0.06 

0.52 
±0.37 

1.21 
±0.07 

this work 

1.2 0.6 1.05 1.1 – 0.4 0.85 0.7 1.4 [2] 
0.81 

– 
0.90 

– 
1.06 

– 
1.16 

1.03 
– 

1.13 

0.94 
– 

0.95 
– 

1.35 
– 

1.40 

0.69 
– 

0.89 

1.36 
– 

1.54 
[1] 

0.92 0.69 0.98 1.09 1.03 0.52 0.87 0.74 1.13 [5] 
0.99 0.55 0.96 – 1.03 0.46 0.82 – – [10] 

 
 

3.1.2 Indices of heterogeneity of analysed elements  
 The methods of mathematical statistics were used for processing of the measured 
concentration data. The basic statistical parameters were calculated from the data sets of the 
analysed elements measured on the individual samples. These parameters comprise: cm mean 
element concentration (arithmetical mean) in the selected section, σn-1 standard deviation of the 
measured element concentration, and also cmin minimum element concentration and 
cmax maximum element concentration – which were always measured in the selected section of 
the sample. 
 Afterwards the indices of heterogeneity for all the analysed elements were calculated. 
The index of heterogeneity IH was defined as a ratio of standard deviation σn-1 and the 
concentration mean value cm of the given element in the measured segment of the sample. 
Calculated values of indices of heterogeneity of all the analysed elements for as-cast sample are 
arranged in Table 4. It is evident from the Table 4 that niobium and tantalum have the most 
heterogeneity in concentration in as-cast sample; on the contrary, nickel and cobalt are 
distributed homogeneously.     
 
       Table 4 Calculated values of indices of heterogeneity IH of the analysed elements for as-cast sample 

 Al Ti Cr Co Ni Nb Mo Ta W 
IH 0.23 0.32 0.19 0.15 0.05 0.66 0.15 0.77 0.21 

 
 

3.2  Samples after heat treatment 
 During isothermal heat treatment of a superalloy the elements redistribute either to the 
dendrite core or to the interdendritic region. The driving force for this redistribution is the effort 
to decrease the concentration gradient between the dendrite core and the interdendritic region 
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caused by segregation during solidification and by precipitation during both the solidification 
and the applied heat treatment.      
 To characterise the change in the elements partitioning in the alloy structure due to 
the applied heat treatment, two segregation and partitioning characteristics (the same as in case 
of as-cast state) were calculated for all the analysed elements – the indices of heterogeneity (IH) 
and the effective partition coefficients (kef). Calculated values of these parameters are given in 
Table 5. 
 
 Table 5  Mean values of heterogeneity index IH and effective partition coefficient kef of elements in heat treated samples 

at 850°C   
Element 

Sample 
Para- 
meter Al Ti Cr Co Ni Nb Mo Ta W 

185 
IH 
kef 

±σkef 

0.27 
0.79 
0.11 

0.35 
0.73 
0.11 

0.21 
1.23 
0.06 

0.16 
1.16 
0.05 

0.05 
0.95 
0.02 

0.91 
0.46 
0.33 

0.16 
1.16 
0.06 

0.93 
0.44 
0.35 

0.21 
1.23 
0.04 

385 
IH 
kef 

±σkef 

0.30 
0.77 
0.13 

0.33 
0.75 
0.12 

0.24 
1.27 
0.06 

0.18 
1.20 
0.05 

0.06 
0.95 
0.02 

0.68 
0.58 
0.28 

0.17 
1.16 
0.07 

0.95 
0.48 
0.28 

0.21 
0.84 
0.12 

485 
IH 
kef 

±σkef 

0.32 
0.75 
0.12 

0.32 
0.75 
0.10 

0.23 
1.28 
0.06 

0.17 
1.18 
0.05 

0.06 
0.94 
0.02 

1.07 
0.39 
0.38 

0.20 
1.22 
0.06 

0.96 
0.42 
0.34 

0.22 
1.23 
0.09 

585 
IH 
kef 

±σkef 

0.36 
0.73 
0.16 

0.41 
0.70 
0.16 

0.28 
1.32 
0.10 

0.21 
1.22 
0.08 

0.07 
0.94 
0.03 

0.85 
0.48 
0.38 

0.22 
1.23 
0.08 

0.90 
0.46 
0.38 

0.14 
1.14 
0.05 

685 
IH 
kef 

±σkef 

0.34 
0.74 
0.13 

0.39 
0.70 
0.13 

0.27 
1.31 
0.08 

0.21 
1.22 
0.07 

0.07 
0.94 
0.02 

0.54 
0.64 
0.28 

0.17 
1.18 
0.06 

0.73 
0.53 
0.31 

0.19 
1.20 
0.08 

 
 

 It follows from the values arranged for individual samples in Table 5, that 
heterogeneity index of majority of elements has with extended dwell duration at the same 
temperature (mostly till duration of annealing of 5000 hours) an increasing tendency. That 
means that at temperature of 850°C the chemical heterogeneity of analysed Ni-alloy increases 
with extended time of annealing. The values of effective partition coefficients arranged in Table 
5 supported this tendency. 
 
 

3.3  Characterisation of the diffusion processes by Fourier number 
 In this study the diffusion processes occurring in the course of solidification and 
cooling down of a cast Ni-based alloy were characterised by Fourier number. The model of 
Brody and Flemings [9] was used to estimate the dimensionless Fourier number. This model 
assumes a complete diffusion in liquid and incomplete solid-state back-diffusion. The Fourier 
number characterises an intensity of diffusion of elements in the solid phase in respect to the 
dendrite arms spacing and to local time of solidification. It was experimentally verified for steels 
that the segregation of elements increases during solidification with the increasing value of this 
number. The interval of solidification also extends and susceptibility of steel to cracking along 
dendrite boundaries significantly increases [11]. 
 Brody-Flemings microsegregation model can be expressed by  
 

 )21/()1(
0S ))21(1( kk

SfkkCC αα −−−−= , (4) 
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where CS is composition of the solid, k is the partition coefficient, C0 is the initial composition of 
the liquid, fS is the fraction solid, and α is the Fourier number defined as 
 

 
2
S

L

tD
=α , (5) 

 

where DS is the solid-state diffusivity, t is the local solidification time, and L is the diffusion 
distance (dendrite arms spacing). 
 The values of the Fourier number were calculated for the analysed elements by an 
iteration method from the Brody-Flemings model on the basis of experimentally measured 
concentration data and values of effective partition coefficients of these elements determined 
using the original model mentioned in the previous chapter. Table 6 gives the values of the 
Fourier number α for all the analysed elements. Supposing that the local time of solidification t, 
i.e. time between liquidus and solidus of the alloy, is identical for all the elements in one sample, 
the Fourier number characterises the rate of the diffusion processes (back-diffusion) of the 
individual elements at crystallisation and solidification of the IN 738LC alloy. 
 

     Table 6  Determined values of the Fourier number for the analysed elements 

Element 
Fourier number 

Al Ti Cr Co Ni Nb Mo Ta W 

α × 102 2.07 1.99 0.67 1.64 1.70 3.36 0.57 4.49 1.28 
 
 

 It follows from the Table 6 that the estimated value of the Fourier number varies for 
the analysed elements in the IN 738LC superalloy between hundredths and thousandths (0.0449 
for Ta to 0.0057 for Mo). Tin and Pollock [1] estimated the Fourier numbers for the back-
diffusion of the refractory elements (Ta, W and Re) in Ni to be in the order of 10-2. For 
comparison, Clyne and Kurz [12] have calculated the Fourier number for carbon diffusing in Fe 
to be in order of ~ 2.0. Since diffusivity of carbon in Fe (~ 1.6 × 10-9 m2 s-1) is approximately by 
two to three orders of magnitude higher than diffusivity of the analysed elements in Ni, the 
calculated values in Table 6 are a reasonable approximation of the Fourier numbers associated 
with the back diffusion of these elements. 
 
 

4. Conclusions 
 During solidification of IN 738LC Ni-based superalloy Cr, Co, W and Mo segregate 
into the dendrite core, and Ni, Ti, Al, Ta and Nb enrich the interdendritic regions. The latter two 
elements, niobium and tantalum, which are known to cause solid-solution strengthening, exhibit 
the highest segregating effects. These findings were correlated to the values of effective partition 
coefficients of investigated elements determined on the basis of original mathematical model 
from the experimental data. This model assumes that effective partition coefficients are not 
constant during solidification, but that they change in dependence on portion of solidified phase. 
Influence of back diffusion on resulting chemical microheterogeneity of the alloy is 
characterised by the Fourier number of the analysed elements.  
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