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Abstract
Austenitic ductile iron belongs to the cast iron group characterized by high nickel content, ranging from 18% to 36% by weight, 
which allows the formation of an austenitic metallic matrix. As a consequence, this cast iron group exhibits a combination of 
highly beneficial properties allowing utilization under extreme conditions and justifies the increased price of these cast iron 
grades. Some of the applications require complex castings with changing geometry and wall thicknesses. For this reason, the 
main objective of this study was to determine the possibility of obtaining castings with various degrees of wall thickness, 
including thin-walled: 3 mm, 5 mm, 13 mm and 25 mm, and good quality microstructures without defects as well as with me-
chanical properties on a similar level. For our investigations the austenitic ductile cast iron grade EN-GJSA-XNi22 was select-
ed. Material characterization was carried out using optical microscopy, and static tensile test measurements. Additionally, the 
thermal analysis during crystallization was also determined. The investigations showed the highly homogeneous mechanical 
properties of castings with various wall thicknesses. The main differences in the microstructure parameters concerned the 
number and diameter of the graphite nodules.
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1. INTRODUCTION

Cast iron is one the most widely used foundry alloys due to 
its good balance between cost-effectiveness and desirable 
properties. Nowadays, the demand for advanced materials 
is continuously increasing, a fact driven by the need to oper-
ate materials under extreme conditions. For some of these 
purposes,  high-nickel austenitic cast iron may be a viable 
solution.

High-nickel ductile cast iron, belonging to the group  of 
Ni-Resist cast iron, is characterized by a  nickel content 
of  18–36 wt.% and treatment with magnesium to form 
nodular graphite [1]. A nickel content >18% allows stable 
austenite to be obtained because the transformation from 
austenite (γ) to ferrite (α) does not occur [2, 3]. The combi-
nation of the austenitic metallic matrix and nodular graph-
ite results in beneficial properties such as high ductility, 
improved mechanical properties, improved corrosion re-
sistance and a wide range of service temperatures, includ-
ing cryogenic conditions [4–6]. Thanks to these properties, 
high-nickel ductile iron is used in various applications rang-
ing from chemical processing (cryogenic equipment), the 
electrical power industry (non-magnetic housings), inter-
nal combustion engines (exhaust manifolds) and others [6]. 

This study examines the possibility of obtaining cast-
ings with various wall thicknesses, including thin-walled, 
and 3–25 mm, with good quality microstructures and me-
chanical properties across the entire cross-section of wall 
thicknesses. For this investigation, the high-nickel austen-
itic ductile iron grade EN GJSA XNi22 was chosen. Castings 
were examined using optical microscopy to determine 
microstructural parameters such as graphite percentage, 
mean diameter and number of particles per 1 mm2 and de-
gree of spheroidization. To determine the mechanical prop-
erties, the tensile test was also carried out. 

2. METHODS

2.1. Alloy preparation

For melt preparation an electrical induction furnace 
IMSK 10 (Inducal Göllingen, Dresden, Germany) of interme-
diate frequency with a  15-kg-capacity crucible (Mammut, 
Puschwitz, Germany) was used. One chemical composition, 
based on EN GJSA XNi22 was prepared, where the charge 
consisted of sorel metal, steel scrap, pure nickel, technically 
pure silica and Fe-Mn. 
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The melt was superheated to 1490 °C and held at this 
temperature for 2 min. Next, the spheroidization and inoc-
ulation processes were carried out using the bell method. 
Then, the melt was placed in the furnace again for 2 min. The 
liquid metal was poured into a mold to obtain Y block ingots 
with plate thicknesses 3 mm, 5 mm, 13 mm and 25 mm at 
the bottom end, at a temperature of approximately 1400°C. 

2.2. Thermal analysis

The phase diagram of the investigated alloy was calculated 
using Thermo-Calc 2019a (TCFE7 database), enabling the 
estimation of phase volume fractions and phase transfor-
mation temperatures. For thermal analysis, the crystalliza-
tion and cooling curves were recorded during preparation 
of the castings with Agilent 34970A. 

2.3. Microstructure analysis

A Leica MEF 4M microscope and a QWin v3.5 quantitative 
analyzer were used for the metallographic analysis. The 
parameters which were analyzed are the following: graph-
ite fraction, number of graphite nodules per 1 mm2 of iron 
casting surface, nodularity acc. to ISO 945-1 and mean di-
ameter of graphite nodules. Additionally, after etching with 
Stead’s reagent, the secondary dendrite arm spacing (SDAS) 
as well as the number of columnar grains (dendrites) per 
unit length NL were determined.

2.4. Tensile test

Static tensile tests at a constant strain rate were performed 
on a Zwick Roell AllroundLine Z10 testing system, equipped 
with a 10 kN load cell (class 0.5) and a dedicated specimen 
holder. A  non-contact strain evaluation, a  high-precision 
LaserXtens HP1-15 speckle-type laser extensometer (class 
0.5), coupled with optical cameras, was employed. The ap-
plied strain rate was 6.4 × 10⁻³ s⁻¹. Mechanical properties 
such as yield strength (Rp0.2), ultimate tensile strength (Rm), 
and elongation (A) were automatically extracted from the 

obtained stress–strain curves using the testXpert II soft-
ware package (ZwickRoell).

3. RESULTS AND DISCUSSION

3.1. Chemical composition

The chemical composition of the experimental cast iron is 
presented in Table 1. The carbon equivalent (CE) was calcu-
lated using the formula [7]:

CE = C% + 0.33 ∙ Si% + 0,047 ∙ Ni% – (0.0055 ∙ Ni% ∙ Si%) 

where C, Si and Ni denote the carbon, silicon and nickel con-
tents, respectively [wt.%].

The chemical composition of examined cast iron was 
based on high-nickel austenitic cast iron EN GJSA XNi22.

Table 1�  
Chemical composition of the experimental cast iron

Composition [wt.%] CE 
[%]C Si Ni Mn Mg S P Cr Fe

2.74 2.27 21.14 1.99 0.05 0.02 0.05 0.00 Balance 4.22

3.2. Thermal analysis
Figure 1 presents the results of Thermo-Calc calculations 
for the investigated alloy system in the phase fraction–tem-
perature representation. The alloy corresponds to a slightly 
hypoeutectic composition, one in which alloyed austenite 
(FCC_A1) is the first phase to crystallize at a temperature of 
1236.9°C. The equilibrium eutectic solidification tempera-
ture is 1207.8°C. Thermo-Calc predictions indicate the pres-
ence of graphite at a level of approximately 10 vol.% within 
the alloyed austenitic matrix, which, as shown later, is con-
sistent with the experimentally observed microstructure.

The recorded cooling curves are shown in Figure 2a, while 
the cooling rates and solidification time are presented in Fig-
ure 2b. The remaining crystallization parameters, determined 
on the basis of thermal analysis, are summarized in Table 2.

Fig. 1. Amount of phases vs temperature based on Thermo-Calc calculations
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a) 	 b)

1 The dependences of the casting wall thickness on the cooling rates Qγ and Qe can be described using a nonlinear function y = a – bcx. For Qγ, the 
fitted parameters are a = 2.47, b = –198.12, and c = 0.73 with a reduced chi-square value of 0.066 and coefficient of determination, R2 = 0.99. For 
Qe, the fitted parameters are a = 0.95, b = –567.31, and c = 0.37 with a reduced chi-square value of 0.60 and coefficient of determination R2 = 0.99. 
2 The relationship between the solidification time and the casting wall thickness can be described using a linear function y = a + bx, with fitted 
parameters a = –11.17 and b = 19.00, and is characterized by a coefficient of determination R2 = 0.99.

Fig. 2. Cooling curves (a) and cooling rates and solidification time (b) as a function of casting wall thickness

Table 2	�   
Crystallization parameters from the recorded cooling curves

Casting wall thickness [mm] 3 5 13 25

Crystallization start [s] 29.9 41.9 56.7 62.2

Eutectic crystallization start [s] 35.8 49.4 104.2 166.3

Crystallization end [s] 62.3 135.1 301.3 521.2

Crystallization duration [s] 32.5 93.3 244.6 459.1

Eutectic crystallization duration [s] 26.6 85.7 197.1 355.0

Minimal temperature at the beginning of eutectic crystallization Tmin [°C] 1100.9 1130.4 1163.3 1177.7

Minimal temperature at the beginning of alloy crystallization Tmin [°C] 1159.6 1176.4 1194.5 1210.7

Tmax [°C] 1159.6 1132.7 1166.2 1179.9

Recalescence [°C] 0 2.3 2.9 2.1

Cooling rate Qγ* [°C/s] 80.4 44.2 6.13 2.4

Cooling rate Qe** [°C/s] 30.2 5.0 1.5 0.4

* Qγ represents the cooling rate of ductile iron in the vicinity of the equilibrium solidification temperature, estimated on the basis of Thermo-
Calc calculations, i.e., at 1236.9°C.
** Qe represents the cooling rate of ductile iron near the equilibrium graphite eutectic solidification temperature, also estimated from Thermo-
Calc calculations, i.e., at 1207.8°C.

The results of the thermal analysis indicate a pronounced 
effect of casting wall thickness on the cooling rates achieved 
by the alloy at the onset of solidification, as well as on the 
solidification time (Fig. 2b). Entering the thin-walled cast-
ing regime (g ≤ 5 mm) is accompanied by a significant in-
crease in the cooling rate1 (Fig. 1b). An exponential increase 
in the cooling rate was observed with decreasing wall thick-
ness, manifested by a several-fold rise when the wall thick-
ness was reduced from 13 mm to 5 mm. Thermal analysis 
also enabled the determination of the solidification time, 
which exhibits a linear dependence on wall thickness over 
the entire investigated range, with a high coefficient of de-
termination2 (R2 = 0.99).

3.3. Microstructures

The microstructure photographs at a magnification 100× 
are presented in Figure 3. All of the microstructures con-
sist of graphite in the shape of nodules and an austenitic 
metallic matrix. Importantly, it also shows that, across all 
of the tested wall thicknesses: 3–25 mm, a  high-quality 
microstructure can be achieved without chills and other 
structural defects like chunky or clustered graphite par-
ticles. Across the entire range of casting wall thickness-
es, the graphite volume fraction varied between 7.4 and 
8.5 vol.%. The average diameter of the graphite nodules 
in thin-walled castings was 13.9 µm and increased to 
19.6 µm for the casting with the largest investigated wall 
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thickness. A high degree of nodularity, ranging from 90.2% 
to 92.0%, was obtained for all of the examined castings. 
The relationship between the number of graphite nodules 
and casting wall thickness is presented in Figure 4, togeth-
er with the fitted curve and a high coefficient of determi-
nation (R² = 0.966).

The relationship between the graphite nodule count and 
the casting wall thickness is presented in Figure 4a, togeth-

er with the fitted curve and the corresponding equation, 
yielding a  high coefficient of determination (R² = 0.966). 
In general, with increasing wall thickness the number of 
graphite nodules decreases while their diameter increases. 
Figure 3b illustrates an exponential relationship between 
the graphite nodule count and the maximum undercooling 
with respect to the equilibrium eutectic solidification tem-
perature.

a) b)

c) d)

Fig. 3. Microstructures in castings with different wall thickness: a) g = 3 mm; b) g = 5 mm; c) g = 13 mm; d) g = 25mm. Stead etched
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Figure 5 shows the effect of wall thickness on the second-
ary dendrite arm spacing (SDAS) as well as on the number 
of grains (dendrites) per unit length.

 

Fig. 5. Secondary dendrite arm spacing (SDAS) as well as the 
number of grains (dendrites) per unit length vs wall thickness

The grain morphology in thin plate castings is not gov-
erned by wall thickness alone, but by the balance between 
thermal gradient and solidification front velocity, which in 
sand molds may still favor columnar growth. Directional so-
lidification in the analyzed case is further promoted by the 
fact that heat is extracted predominantly through the two 
opposite mold walls. The low thermal conductivity of the 
furan-based molding sand limits heat dissipation through 
the bulk of the mold. As a result, intensive melt convection 
is suppressed, and the solidification front advances in a sta-
ble and directional manner from the mold walls toward the 
center of the casting. Considering the quantitative param-
eters related to dendritic morphology, the secondary den-
drite arm spacing can be described by a linear relationship3, 
whereas the number of grains (dendrites) follows an expo-
nential dependence4 related to the casting wall thickness.

3.4. Tensile test

The results from the static tensile tests are summarized in 
Figure 6. All of the measured values are in accordance with 
values required by cast iron grade EN GJSA XNi22, based on 
which the chemical composition was selected.  

It can be concluded that, despite the substantial variations 
in cooling rates associated with wall thicknesses ranging from 
3 mm to 25 mm, the examined ductile iron exhibits relatively 
low sensitivity to cooling rate, as evidenced by its mechanical 
properties. Within the investigated wall thickness range, the 
differences in tensile strength, yield strength, and elongation 
were limited to ΔRm = 23 MPa, ΔRp0.2 = 37 MPa, and ΔA = 4%, 
respectively. This confirms the applicability of the investigat-
ed cast iron grade for components with complex geometries, 
including changing wall thicknesses. 
3  The relationship between the SDAS and the casting wall thickness can be described using a linear function y = a + bx, with fitted parameters 
a = 20.31, b = 1.55 and is characterized by a coefficient of determination R2 = 0.99. 
4 The dependence of the casting wall thickness on the number of grains can be described using a nonlinear function y = a – bcx. The fitted 
parameters are a = 0.64, b = –4.18, and c = 0.83 with a reduced chi-square value of 0.001 and coefficient of determination, R2 = 0.99.

Fig. 6. Summary of results from static tensile test

4. CONCLUSIONS

Based on the conducted investigations on high-nickel aus-
tenitic ductile iron EN GJSA XNi22 castings with wall thick-
nesses ranging from 3 mm to 25 mm, the following conclu-
sions can be drawn:
1.	 Sound castings free of chills and structural defects can be 

successfully produced over a wide range of wall thicknesses 
(3–25 mm). All of the examined sections exhibited a fully 
austenitic matrix with uniformly distributed spheroidal 
graphite, characterized by a high nodularity exceeding 90%.

2.	 Casting wall thickness has a pronounced effect on graph-
ite morphology, particularly on the graphite nodule count 
and mean nodule diameter. A decrease in wall thickness 
leads to higher cooling rates, resulting in a  significant 
increase in graphite nodule density and a  reduction in 
nodule size, while the overall graphite volume fraction 
remains nearly constant (7.4–8.5 vol.%).

3.	 Thermal analysis revealed an exponential increase in cool-
ing rate with decreasing wall thickness, especially under 
the thin-walled regime (≤5 mm), accompanied by a strong 
correlation between maximum undercooling and graph-
ite nodule count. At the same time, solidification time in-
creases nearly linearly with increasing wall thickness.

4.	 Despite substantial differences in cooling rates and 
the number of graphite nodules, the investigated aus-
tenitic ductile iron exhibits low section sensitivity in 
terms of mechanical properties. Within the analyzed 
wall thickness range, the variations in ultimate tensile 
strength, yield strength, and elongation were limited to 
ΔRm = 23 MPa, ΔRp0.2 = 37 MPa, and ΔA = 4%, respectively.

5.	 The results obtained confirm that EN-GJSA-XNi22 auste-
nitic ductile iron is well suited for complex castings with 
variable wall thickness, including thin-walled sections, 
while maintaining stable mechanical performance and 
high ductility close to 40%.
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