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Abstract 
Microsegregation is closely related to the solidification characteristics and microstructure development of a material. In this 

paper, the microsegregation of Si, Cu, Mn, and P was investigated on a spheroidal and a compacted graphite iron using a 

modified EPMA equipped with WDS spectrometers. On the basis of the approximated local equilibrium eutectic temperature, 

the solidification sequence of the matrix was estimated. The inferred microstructure development appeared to correspond 

well to published interrupted solidification experimental results. Solute profiles and effective partition coefficients were 

constructed using the solidification sequence. While the spatial microsegregation patterns clearly differed between the two 

materials, solute profiles and effective partition coefficients were very similar. For Si, Cu and Mn, the solute profiles 

corresponded reasonably with simulation results produced using the Scheil-Gulliver module of the Thermo-Calc software 

with the TCFE7 databank, indicating back-diffusion of these elements is negligible for SGI and CGI with solidification times 

up to 10 min. The effective partition coefficients for Si, Cu and Mn were fairly constant until about 90% of the matrix had 

solidified, after which they appeared to approach unity. 
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1. Introduction 
During solidification of alloys, solute typically partitions 

between the liquid and the solid, giving rise to microscale 

heterogeneities, a phenomenon called microsegregation. 

Under extremely slow cooling, partitioning is expected 

to proceed according to the equilibrium phase diagram. In 

most practical cases however, equilibrium only holds true 

locally over the solid-liquid interface [1]. For moderate 

cooling rates, the limited mobility of solute in the solid 

crystal prohibits the concentration in previously formed 

solid to equilibrate with the evolving composition of the 

liquid. This progressively enriches or impoverishes the 

liquid of solute which may cause the solidification sequence 

and phase equilibria to deviate from the equilibrium phase 

diagram. In the solid phase, the local equilibrium with the 

evolving liquid produces solute gradients which leads to 

local differences in properties and may influence 

subsequent solid state transformations. The solute 

gradients are subject to homogenization and back-diffusion 

[2]. 

Partitioning during solidification is usually 

characterized using a partition coefficient defined as 𝑘𝑋 =

𝐶𝑋
𝑆/𝐿

 /𝐶𝑋
𝐿/𝑆

, where 𝐶𝑋
𝑆/𝐿

 and 𝐶𝑋
𝐿/𝑆

 are the weight fractions of 

solute element X in the solid and liquid respectively close to 

their common interface when they are in equilibrium [3]. 

The partition coefficient is often assumed to be constant for 

simplicity, however it depends on temperature, pressure 

and interfacial curvature [3]. 

The effective partition coefficient [3] is often more 

practical, where 𝐶𝑋
𝐿/𝑆

 is replaced by the average 

concentration in the liquid 𝐶𝐿
̅̅ ̅, such that 

In cast irons, the partitioning behaviour of an alloying 

element has been shown to relate closely to its influence on 

the eutectic reaction [4, 5]. As a rule of thumb, elements 

which promote the stable graphite-austenite eutectic tend 

to enrich the austenite, while elements which promote the 

metastable cementite-austenite eutectic tend to enrich the 

liquid [6]. Interactions between the multiple elements in 

cast irons complicate partitioning. For example, upon 

solidification of steels, Si is rejected by the austenite into the 

the melt, while for carbon content cast iron range, Si tends 

to concentrate in the austenite, impoverishing the liquid. 

Theoretical work on Fe-C-X alloys suggests that this is a 

result of an interaction between X and C, where the 

partition coefficient increases with C content if X repels C, 

and decreases if X attracts C [7]. Moreover, it has been 

shown that the temperature dependence of the interaction 

of a third element with C contributes substantially to the 

temperature dependence of its partition coefficient [6]. 

The commercial software Thermo-Calc [8] captures 

many of these complexities by applying computational 

 𝑘𝑋
𝑒𝑓𝑓

=
𝐶𝑋

𝑆/𝐿

𝐶𝑋
𝐿̅̅̅̅

 
(

(1) 
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methods to thermodynamic data to calculate and explore 

multicomponent equilibrium phase diagrams. 

Experimental examinations of partitioning in cast irons 

similar in composition to industrially produced alloys are 

few. The signs of effective partition coefficients for common 

elements in spheroidal graphite iron (SGI) were found to 

correspond to those of Fe-C-X alloys as well as calculated 

values and the evolution of the chemical composition in the 

melt was found to be reasonably predictable by applying the 

measured effective partition coefficients to the Scheil-

Gulliver equation [9, 10]. Experimental solute profiles of Si 

and Mn in SGI were found to be in reasonable agreement 

with simulation results using the Scheil-Gulliver equation 

and simplified expressions for temperature and 

composition dependent partition coefficients [11]. The 

distribution of Si was investigated in compacted graphite 

iron (CGI) and SGI, noting that quantitative mapping of Si 

may be used to qualitatively infer the solidification 

chronology of the microstructure [12]. 

In this work, the microsegregation of Si, Mn, Cu and P 

is investigated using a modified electron probe 

microanalyzer (EPMA) with wave length dispersive X-ray 

spectroscopy (WDS) on SGI and CGI. The results are 

compared to values calculated using Thermo-Calc. A 

secondary focus is to show that quantitative EPMA can be 

useful to infer a quantitative description of the 

microstructure development in Cast Irons.

 

2. Material and method 

Table 1: Chemical composition. A was measured using OES. 

# CE C Si Mn S P Cu Sn Mg Fe 

A 4.72 3.86 2.59 0.64 0.01 0.03 0.84 0.098 0.065 Bal. 

2.1 Material and experiment 

Cylindrical geometries of SGI were cast in 3D-printed furan 

sand mould. The melt was treated with Fe-Si-Mg using the 

tundish ladle method and in-stream Fe-Si inoculant.  

Smaller cylindrical specimens of 400±0.5 g were 

machined from the cast material to fit inside a cylindrical 

alumina crucible with an inner diameter of ø40 mm. Each 

specimen was remelted in a programmable vertical tube 

furnace protected by Ar which was continuously 

introduced from the bottom. The furnace was programmed 

to heat up to 1450 °C over 75 min, followed by a holding time 

of 10 and 60 min, and finally the furnace was shut down, 

allowing the specimen to cool and solidify inside. 

Solidification time was approximately 10 min. About 5 

min before the end of the holding time, thermocouples 

protected by sealed quartz tubes were introduced into the 

melt from holes in the lid covering the top of the tube 

furnace, one close to the center and another resting against 

the wall. The temperature measurements are not treated in 

this paper. 

 

2.2 Sample preparation 

The cylindrical specimen was cut 20 mm over its bottom 

surface, revealing a circular cross section. The section was 

ground with silica paper to a grit of P1000 (FEPA), then 

polished using a 3 μm diamond suspension on a napless 

cloth. The polishing was finalized using an oxide slurry. 

A picric based selective tinting technique was applied 

for a qualitative overview of the Si segregation in the 

specimens. Regions of interest were selected and marked 

with Vickers hardness indents and repolished. 

 

2.3 EPMA-WDS 

The selected 3x3 mm regions were scanned using a modified 

ARL-SEMQ DELL GX1-500 with an acceleration voltage of 

25 kV, a sample current of 6 µA, and equipped with six 

WDS spectrometers. Each specimen was moved along a 

300x300 raster under a stationary beam using digitally 

controlled step motors. Each measurement is an average of 

a 10x10 μm area for a time of 0.2 s. Calibration was 

performed by sampling the average of a 2x2 mm area (20x20 

points) on 8 certified reference materials, covering the 

composition range of the investigated material. Figure 1 

shows an example of the Si map with concentrations 

represented by a grey scale. 

 

 

Figure 1: EPMA-WDS elemental map of Si on SGI. 

 

2.4 Analysis 

Solute profiles of the metal matrix were estimated in a 

manner similar to a previously published method [13]. 

Measurements on graphite were excluded by excluding 

data points where carbon concentration exceeded 7 wt.%. 

Data points were rearranged in descending order of 

local solidus temperature, in this case assumed to be the 

equilibrium eutectic temperature approximated as 

 
𝑇𝐸

∗ = 1158.86 + 3.77𝛥𝑤𝑆𝑖 − 3.43𝛥𝑤𝑀𝑛 − 18.93𝛥𝑤𝑃

+ 3.30𝛥𝑤𝐶𝑢 

(

(2) 

where 𝛥𝑤𝑥  is the difference in weight percent of element x 

from the reference concentration. Equation 2 was obtained 

by fitting a hyperplane to results produced by systematic 
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calculations in Thermo-Calc for the composition range of 

the present alloy. 

Arranging the data according to the local solidus 

temperature is regarded by the author as a more general 

approach to obtain a common solidification sequence for all 

solute profiles in multi-component alloys, while providing a 

quantitative description of the solidification history of the 

matrix. For every data point, it can be assumed that the 

moment it solidified, all points with a higher 𝑇𝐸
∗ were 

already solid while points with lower 𝑇𝐸
∗ were still liquid. 

For every unique 𝑇𝐸
∗, 𝐶𝑋

𝑆/𝐿
 was estimated as the 

concentration in the corresponding point(s), 𝐶𝑋
𝐿̅̅̅̅  as the 

average of all liquid points. The effective partition 

coefficients could then be calculated according to Equation 

1. 

Two calculations, denoted EQ and SG, were performed 

using Thermo-Calc 2016b with the TCFE7 databank, with 

the Poly3 and Scheil-Gulliver solidification module 

respectively. C was treated as a fast diffuser in SG. Input 

concentrations for the calculation were the matrix means of 

the elemental maps for Si, Cu, Mn and P and according to 

Table 1 for other elements. Sn was not included in TCFE7 

and was therefore excluded from the calculations. 

To compare the theoretical values to the measured 

values on a common axis, 𝑓𝐴
𝑛𝑜𝑟𝑚 is introduced. For 

empirical data it is calculated by dividing area fractions by 

the total area fraction of the metal matrix, and for 

theoretical calculations by dividing the instantaneous mass 

fraction austenite by the final mass fraction austenite on 

solidus. 

 

3. Results and Discussion 
The evolution of the microstructure suggested by 𝑇𝐸

∗ is 

visualized in Figure 2. Some dendritic austenite is visible, 

however, most austenite appears to grow from the center of 

vermicular graphite colonies or the periphery of graphite 

nodules in a roughly spherical manner. This is in agreement 

with the solidification chronology observed using 

interrupted solidification for SGI [10] and CGI [14], which 

indicates that the solidification sequence suggested by 𝑇𝐸
∗ is 

fairly accurate. Some details of the early microstructure are 

expected to have disappeared by phase coarsening [15-17]. 

The measured solute profiles in Figure 3 and Figure 4 

are very similar for SGI and CGI. The solute profiles of Si, 

Cu and Mn in Figure 3 are in good agreement with SG. This 

indicates that back-diffusion was negligible, as this process 

would drive the profile closer to EQ [2]. For first major part 

of solidification, their effective partition coefficients do not 

deviate greatly from SG. After about 90% of the matrix has 

solidified, their effective partition coefficients diverge 

strongly from SG and EQ and appear to approach unity. 

Figure 2: Three arbitrary stages of solidification of the metal 

matrix according to the approximated local eutectic temperature 

𝑇𝐸
∗. Grey: austenite, white: liquid, black: graphite. 

 

Figure 3: Measured and theoretical solute profiles for Si, Mn, Cu 

and P. Experimental values were smoothed using a 200 points 

wide moving average. 

 

Partition coefficients approaching unity is associated with 

solute trapping, however this must be regarded unlikely for 

a solidification time of about 10 min as solute trapping 

typically requires a cooling rate in the order of 104 °K/s [1]. 

 

                        CGI                                  SGI 
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Figure 4: Measured and theoretical partition coefficients for Si, 

Mn, Cu and P. Experimental values were smoothed using a 400 

points wide moving average. 

 

The carbon content has a significant influence on the 

partition coefficient of X in Fe-C-X alloys [7]. If this is the 

explanation for the late stage disagreement of the effective 

partition coefficients, the last melt must have been 

impoverished of C, allowing the partition coefficients for Si 

and Cu to fall and for Mn to rise. The elemental map for C 

indicates, to the contrary, an enrichment of these zones. Yet, 

as C is interstitial and diffuses easily in austenite, it is 

possible that the measured distribution of C is a result of 

solid state migration rather than partitioning. 

Impoverishment of C in the last melt to solidify cannot be 

ruled out completely. 

Since undercooling in practice is inevitable and in fact 

necessary, partitioning occurs at temperatures lower than 

in the simulation. The central part of austenite dendrites has 

been reported to feature lower concentration of Si in 

strongly hypoeutectic irons because of the higher liquidus 

temperature and wider solidification range [5]. According 

to a simplified expression [11] for the partition coefficient of 

Si as a function of temperature the value increases by about 

0.044 for 10 degrees of undercooling. This may possibly 

relate to the small transient for Si in Figure 3 and Figure 4 

for the first small fraction to solidify, which would 

correspond to the high undercooling before recalescence. 

P stands out relative to Si, Cu and Mn in that the 

effective partition coefficient appears to almost double over 

the course of solidification in defiance of both EQ and SG. 

The mean concentration of P for the first 80% of the matrix 

to solidify in the SGI is however only 48 ppm. This makes 

the assessment of the partition coefficient very sensitive to 

systematic measurement error compared to Si, Cu and Mn. 

For this reason, no conclusions are drawn for the effective 

partition coefficient of P other than that it is lower than for 

Si, Cu and Mn.

4. Conclusions 

• Quantitative elemental mapping can be used to infer 

development of the microstructure in the metal matrix 

of SGI and CGI. 

• Solute profiles and effective partition coefficients were 

very similar for CGI and SGI. 

• Solute profiles for Si, Cu and Mn agreed reasonably with 

simulation results using the Gulliver-Scheil module of 

Thermo-Calc, indicating that back-diffusion of these 

elements is small in CGI and SGI for solidification times 

up to 10 min. 

• For Si, Cu and Mn, partition coefficients were almost 

constant and in reasonable agreement with simulation 

results. However, after about 90% of the matrix has 

solidified, effective partition coefficients deviated 

considerably from the predicted values, appearing to 

approach values close to unity. 
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