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Abstract 

The paper presents the results of investigations concerning the influence of  growth velocity (v) and temperature gradient 
(G) on the interlamellar spacing (λ) in an irregular iron-carbon (Fe-C) eutectic unidirectionally crystallized. The aim of 
this study was to verify the growth model of D.J. Fisher and W. Kurz and to determine the relationship λ = f(v, G) based on 
experimental and numerical analysis. The crystallization process was carried out using the Bridgman-Stockbarger method 
with liquid metal cooling (LMC), and the structure was studied using optical microscopy and scanning electron microscopy. 
In parallel, numerical simulations were performed in ProCAST to determine the temperature gradient in the liquid at the 
crystallization front. The results showed that increasing the growth velocity at constant G leads to a decrease in 
interlamellar spacing λ, while at constant velocity a decrease in G results in an increase in λ. The experimental data 
obtained showed good agreement with the results of mathematical modelling, confirming the suitability of the W. Kurz and 
D.J. Fisher model in describing the crystallization of irregular Fe-C eutectic alloys. 
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Introduction1.

The process of eutectic crystallization is one of the 
key physico-chemical phenomenon occurring during 
phase transitions in metal alloys that fundamentally 
determines their structure, and, consequently,  their 
functional properties. Understanding the mechanism 
of eutectic crystallization enables deliberate control of 
this process in order to achieve an optimal alloy 
structure. The practical importance of mastering the 
mechanism of eutectic crystallization is particularly 
important in the case of iron-carbon alloys, which are 
widely used in the automotive, power, and 
engineering industries. These alloys play a key role in 
the geometry of the structure and thus allowing the 
improvement of such properties as fatigue strength, 
wear resistance, machinability or thermal 
conductivity [1, 2]. Proper structural design  and 
skilful reproduction during melting directly affect the 
reliability and durability of castings. The process of 
unidirectional eutectic crystallization is carried out 
using specialized equipment that ensures continuous 
unidirectional heat dissipation [3, 4]. One method is 
the use of Bridgman unidirectional crystallization 
technology, which allows alloys with improved 
mechanical properties. The issue of eutectic structure 

formation has been the subject of numerous studies 
for many years both in  volumetric and unidirectional 
crystallization [5-9]. One of the parameters describing 
the structure of the eutectic is the interlamellar 
spacing (λ), which forms the basis for assessing the 
homogeneity of the microstructure and the quality of 
the casting. Under conditions of unidirectional 
crystallization, process parameters such as the growth 
velocity of the crystallization front (v) and the 
temperature gradient (G) in the liquid phase are 
fundamental to the formation of the size and geometry 
of the eutectic phases [10, 11]. Analysis of various 
model of the eutectic growth law shows that some of 
them take into account the relation λ=f(v), where: v - 
the eutectic growth velocity v, while others take into 
account both: the eutectic growth velocity v and the 
temperature gradient in the liquid at the crystallization 
front G, λ = f(v, G) [6].  

The figure below (Fig. 1) shows a diagram of the 
shape of the front of irregular eutectic crystallization 
used in the modelling of eutectic growth by D.J. 
Fisher and W. Kurz: 

The model by D.J Fisher and W Kurz is based on 
the concept of weakly coupled eutectic growth, and 
takes into account the influence of the temperature 
gradient in the liquid at the crystallization front G. A 

J. Min. Metall. Sect. B-Metall. 62 (1) (2026) 91 - 101 



characteristic feature of graphitic eutectic growth is 
the phenomenon of branching of the faceted phase, 
which is a result of the non-traction  
of the crystallization front. With the movement of the 
crystallization front in the liquid, the local 
interlamellar spacing λ1 is increased to a certain 
maximum value λ2 and then the phenomenon of 
faceted phase branching occurs. The branching then 
increases in its crystallographic direction, which is 
incompatible with the direction of heat flow. The 
increase in branching continues until the interlamellar 
spacing reaches λ1 [12, 13]. This phenomenon limits 
the average interlamellar spacing, determined by the 
following formula: 

 
(1) 

 
 

It follows that, during the movement of an 
irregular eutectic crystallization front with the given 
velocity v, and the given temperature gradient G, there 
are areas characteristic of a regular eutectic structure 
λ1 and a locally stable crystallization front, and areas 
where β-faceted phase branching is observed, λ2 
(unstable front). The kinetics of faceted phase growth 
depend on the mechanism of planar defects, which 
have been described in other work [14-17]. On the 
crystallization front of the non-faceted phase α, an 
irregular eutectic, in the region of the structure λ2, 
here is a characteristic cavity z’, marked in the figure  
above (Fig.1.),which is described by the third degree 
function shown below: 

 
(2) 

 
where: 
x, y – coordinates (Fig. 1.), 
a, b, c, d – constants. 
Assuming appropriate boundary conditions, the 

independent constants a, b, c, and d are determined, 
which allows the determination of the relation 
describing the complex shape of the front at the 
microscopic scale shown below: 

 
 
 
 

(3) 
 
 
 

in which: 
 

(4) 
 
 

In the final stage of the procedure, a relation is 
obtained that takes into account five variables: the 
degree of undercooling (ΔT), the interlamellar 
spacing (λ), the growth velocity (v), the temperature 
gradient (G) and the cavity (z’). Assuming a constant 
growth velocity  v = const) and taking into account the 
mean parameter    , according to the equation above,   
numerical calculation is performed in which the 
cavity z’ is eliminated. This allows the remaining 
variables to be related as shown below: 

 
 

(5) 
 

where: 
n – exponent, depending on the type of alloy. For 

Fe-C it is 0,7 [7]. Despite significant progress in the 
development of the theory of Fe-C eutectic growth 
laws and experimental and computational tools, few 
studies combine experimental and modelling 
approaches. The aim of the present work is to conduct 
experimental and numerical studies to verify the 
growth model of D.J Fisher and W. Kurz for irregular 
Fe-C eutectics and to determine the relationship 
between the growth velocity v, the temperature 
gradient G and the interlamellar spacing λ. This work 
is an attempt to fill the cognitive gap regarding the 
influence of thermal conditions of crystallization on 
Fe-C microstructure. 

 
Research methodology 2.

 
The material for testing was collected under 

industrial conditions. Test specimens in the shape of a 
cylinder with a diameter of 5 mm and a height of 100 
mm were melted in an induction furnace for 
unidirectional crystallization using the Bridgman-
Stockbarger methodwith a vertical temperature 
gradient in a ceramic crucible with a wall thickness of 
0.5 mm. The heating chamber of the furnace was 
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Figure 1. Schematic of the shape of the irregular eutectic 
crystallization front using in the modelling of 
eutectic growth by D.J Fisher and W. Kurz
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heated to 1400 °C at a rate of 75 °C/min. Once  
the thermal conditions in the furnace chamber were 
stabilized, the specimens were pulled toward the 
cooler at a constant velocity of 9–40 mm/h. 
Temperature maintenance of the cooler is carried out 
with water at a temperature of approximately 22 °C. 
In order to eliminate the gas gap between the cooler 
and the crucible (and to increase the temperature 
gradient G), was filled with a high boiling point metal 
alloy which is liquid at ambient temperature (68.5 
wt.% Ga, 21.5 wt.% In and 10 wt.% Zn). The special 
device for unidirectional crystallization technology 
with LMC is shown below (Fig. 2.). 

The research was carried out at the Department of 
Cast Alloys and Composites Engineering, Faculty of 
Foundry Engineering, AGH. The table (Tab. 1.) below 
shows the chemical composition of the investigated 
alloy. The chemical composition of the alloy was 
analyzed using a SpectroMaxx Emission 
Spectrometer. 

Qualitative and quantitative metallographic 
analysis was carried out on the longitudinal sections 
of the samples using a KEYENCE VXH-7100 optical 
microscope connected to computer software and using 

a scanning electron microscope (SEM) from JEOL 
JSM 5500LV company. Specimens were digested in 
5% nitric acid solution (HNO3), in ethanol (C2H5OH) 
- with Nital reagent. The geometrical parameter     i.e. 
the average interlamellar spacing, was measured in 
the oriented part of the eutectic as the ratio of the 
length of the measurement lines ∑L to the number of 
intersections ƒ of these lines through the graphite 
particles [16, 18]. 

 
(6) 

 
 

Numerical simulations allow an accurate 
representation of the thermal conditions in the system 
and were carried out using ProCAST software [19]. 
The conditions present in the unidirectional 
crystallization device used in the research were 
simulated (Fig. 3). 

The temperature distribution in the sample is 
shown below (Fig. 3.), along with the overall system. 

The liquidus and solidus temperatures in 
ProCAST are calculated based on the CALPHAD 
thermodynamic databases, the chemical composition 
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Figure 2. Diagram of a furnace for unidirectional crystallization using the Bridgman method with liquid metal cooling 
LMC 

Table 1. Analyzed chemical composition of cast iron 

C Si Mn Cu P Mg Cr Ti Ni S Al Pb Sn
Chemical composition, 

% mass 3.840 1.880 0.2 0.03 0.03 0.039 0.03 0.016 0.01 0.008 0.007 0.002 0.002



L
f

 



of the alloy, and the solidification model (Lever). The 
amount of solid phase changes non-linearly and 
depends on the chemical composition and 
solidification conditions (the physicochemical state of 
the liquid metal). At the liquidus temperature, the 
entire metal is liquid, whereas at the solidus 
temperature, it is solid. 

ProCAST software was also used to determine the 
temperature gradient in the liquid at the crystallization 
front. The profile from the beginning to the end of the 
specimen was determined (Fig. 5). Then, the furnace 
feed was simulated at a given velocityand the 
temperature of the liquid metal was recorded along 
the route of its movement (Fig. 4.), i.e. the function 
T(x); where x is the distance from the beginning of the 
specimen. After numerical differentiation of the curve 
of the function T(x), the curve dT/dx, i.e. the 
distribution of the temperature gradient in the alloy G, 

was obtained (Fig. 7). The data were narrowed down 
to the range between the liquidus temperature TL and 
the solidus TS of the investigated alloy and then the 
temperature gradient in the liquid at the front of 
crystallization, i.e. at the liquidus temperature, was 
determined. 

Below (Fig. 4.) is a plot of temperature 
dependence on the profile distance and (Fig. 5.) shows 
the temperature distribution in the sample with the 
marked profile for determining the temperature 
gradient in the liquid at the crystallization front: 

Below (Fig. 6.) are the results of a simulation 
carried out in ProCAST showing the amount of 
solidified phase in order to visualize the 
crystallization front for the investigated velocities v. 

The simulation shows that, independent of the 
growth rate, the crystallization front is correctly 
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Figure 3. Simulation in ProCAST software - temperature distribution in the sample with the whole system, growth rate v 
= 2.5·10-6 m/s (liquidus temperature 1167.6 °C, solidus temperature 1100.2 °C)

Figure 4. Plot of temperature dependence on profile 
distance generated in ProCAST software

Figure 5. Simulation in ProCAST - temperature distribution 
in the specimen with marked profile for 
determining the temperature gradient, growth 
velocity v = 2.5·10-6 m/s 



located above the cooler in the device for 
unidirectional crystallization using the Bridgman 
method. 

  
Research results 3.

 
Below (Fig. 7.) is a diagram showing the 

dependence of the temperature distribution and its 
gradient on the distance of the beginning of the 
determined profile. 

Based on the simulation results in ProCAST 
software and the temperature distribution in the 
specimen, the temperature gradient in the liquid at the 
crystallization front was determined.  For the 
calculations, the gradient at temperature TL of the 
investigated alloy was taken and is G = 233 [K/cm]. 
The obtained temperature gradient value correlates 
with the conditions used in the tests on the alloy at the 
crystallization front. 

Below (Fig. 8-11.), the oriented microstructures 
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Figure 6. Simulation in ProCAST program - amount of solidified phase (crystallization front); a) v = 2.5·10-6 m/s; b) v = 
5.56·10-6 m/s; c) v = 8.33·10-6 m/s; d) c) v = 1.11·10-5 m/s

Figure 7. Plot of the temperature distribution and its gradient depending on the distance of the beginning of the profile 
determined in the ProCAST software



for different velocities are shown together with the 
marked direction of eutectic growth. 

As the growth velocity increases, the interlamellar 
spacing decreases. The matrix is pearlitic and it does 
not change with increasing growth velocity for the 
alloy studied. Selected locations of the unidirectional 
microstructures for the tested velocities are shown 
below (Fig. 12.): 

Selected images of microstructures obtained by 
SEM are shown below (Fig. 13.). 

Below (Fig. 14.) are maps showing the 
distribution of selected elements for the selected 

specimen and crystallization growth velocity of v = 
1.11 ∙10-5 m/s: 

The table below (Tab. 2.) shows the results of the 
interlamellar spacing λ investigated experimentally 
and calculated from the model of D. J. Fisher and W. 
Kurz for different velocities v, and different 
temperature gradients G: 

The plot below (Fig. 15.) shows the dependence λ 
= ƒ(ν) for the experimental results and those 
calculated according to the D.J Fischer and W. Kurtz 
model and the different temperature gradients 50 < G 
< 150 [K/cm], together with the marked trend lines: 
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Figure 8. Unidirectional structure, growth velocity v = 
2.5·10-6 m/s; on the right, etched with Nital

Figure 9. Unidirectional structure, growth velocity v = 
5.56·10-6 m/s; on the right, etched with Nital

Figure 10. Unidirectional structure, growth velocity a) v = 
8.33·10-6 m/s; on the right, etched with Nital

Figure 11. Unidirectional structure, growth velocity a) v = 
1.11·10-5 m/s; on the right, etched with Nital



Adrian Świątkowski et al. / J. Min. Metall. Sect. B-Metall. 62 (1) (2026) 91 - 101 97

Figure 12. Unidirectional structure, a) v = 2.5·10-6 m/s; b) 2.5·10-6 m/s, etched with Nital; c) 5.56·10-6 m/s; d) 5.56·10-6 
m/s, etched with Nital; e) v = 8.33·10-6 m/s; f) 8.33·10-6 m/s, etched with Nital; g) v = 1.11·10-5 m/s; h) v = 

1.11·10-5 m/s, etched with Nital
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Figure 13. Microstructure images obtained using scanning electron microscopy 1.11·10-5 m/s, a) unidirectional structure, 
b) structure of the crystallization front

Figure 14. Element distribution maps; a) C, b) Fe, c) Si, d) Cu, e) Mg, f) Cr; Acc. Volgate. 20.0 kV, magnification 200x, 
Detector: EDS



The experimental results of the dependence λ = 
ƒ(ν), at a temperature gradient G = 233 K/cm,  were 
analyzed statistically, obtaining the regression 
equation in the form of λ = 8∙10-8∙ν-0584 and the 
correlation coefficient R2=0.9985. The influence of 
the temperature gradient G in the model by D.J. Fisher 
and W. Kurz on the interlamellar spacing, λ was also 
investigated, and its influence on the interplate 
distance was demonstrated. 

 
Conclusions 4.

 
Research was carried out on the interlamellar 

spacing, λ in the dependence of crystallization 
parameters such as solidification velocity v and 
temperature gradient G for the Fe-C irregular eutectic 
was carried out, and the relationship between them 
was obtained by statistical analysis. The tests 
established the eutectic growth law λ = 8∙10-8∙ν-0584 for 
the alloy studied. The analysis of the test results 
shows that, at a constant temperature gradient G, an 

increase in the growth velocity v results in a decrease 
in the interlamellar spacing λ. Above, the analysis of 
the test results shows that, at constant velocity v, a 
decrease in the temperature gradient G results in an 
increase in the interlamellar spacing λ. 
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UTICAJ BRZINE RASTA V I TEMPERATURNOG GRADIJENTA G NA 
MEĐULAMELARNO RASTOJANJE λ JEDNOSMERNO KRISTALISANE Fe–C 

EUTEKTIČKE LEGURE 
 

Adrian Świątkowski *, Tomasz Wiktor, Dariusz Kopyciński 
 

AGH, Univerzitet u Krakovu, Fakultet za livarsku tehnologiju, Krakov, Poljska 
Apstrakt 
 
U radu su predstavljeni rezultati istraživanja uticaja brzine rasta (v) i temperaturnog gradijenta (G) na međulamelarno 
rastojanje (λ) u nepravilnoj železo–ugljenik (Fe–C) eutektičkoj leguri kristalisanoj usmerenim očvršćavanjem. Cilj 
istraživanja bio je verifikacija modela rasta D.J. Fišera i V. Kurca, kao i određivanje zavisnosti λ = f(v, G) na osnovu 
eksperimentalne i numeričke analize. Proces kristalizacije sproveden je primenom Bridžmen–Stokbargerove metode uz 
hlađenje tečnim metalom (LMC), dok je mikrostruktura ispitivana optičkom mikroskopijom i skenirajućom elektronskom 
mikroskopijom. Paralelno su izvršene numeričke simulacije u programu ProCAST radi određivanja temperaturnog 
gradijenta u tečnoj fazi na frontu kristalizacije. Rezultati su pokazali da povećanje brzine rasta pri konstantnom G dovodi 
do smanjenja međulamelarnog rastojanja λ, dok pri konstantnoj brzini smanjenje G uzrokuje povećanje λ. Dobijeni 
eksperimentalni podaci pokazali su dobro slaganje sa rezultatima matematičkog modelovanja, čime je potvrđena pogodnost 
modela V. Kurca i D.J. Fišera za opisivanje kristalizacije nepravilnih Fe–C eutektičkih legura. 
 
Ključne reči: Fe–C legura; Usmereno očvršćavanje; Međulamelarno rastojanje; Brzina rasta; Temperaturni gradijent 
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