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Abstract. Case hardened, double-walled train wheel, produced in the foundry of Abraham Ganz in 
1867 and used for long time on the railroad tracks, was studied and evaluated by modern methods 
of materials sciences. The investigations indicated the presence of 0.059m% antimony (Sb), 
distributed uniformly in the material of the wheel. This quantity is several times higher than the 
average Sb amounts (<0.01m%) of the other components get into the castings. Sb was detected even 
in the several mm thick crust; except in the outermost surface layer with < 1 µm thickness. Based 
on the 20th century comprehensive studies, the antimony content, detected in the wheel, was found 
to be ideal. In grey iron it is a powerful pearlite stabilizer which has favourable effects on its 
mechanical properties and serviceability. 
The investigation of the surface structure proved that the excellent hardness (~600 HV) at the crust 
surface was due to the “nano-composite” structure formed from the pearlite as a consequence of 
severe plastic deformation during service. This was also promoted by the high amount (4.09m%) of 
carbon present in the casting. The microstructure refinement during operation most probably 
contributes to the long service lifetime of the wheels. 
The secret of the Abraham Ganz’s train wheels is inherently present – besides the novel 
construction and production technology (case hardening) – in the above mentioned composition and 
the structure of the material. 

Introduction 

Abraham Ganz (1814–1867) was a Swiss-born famous iron factory founder who had a great 
influence on the industrial development in Hungary in the middle of the 19th century. His economic 
success was mainly due to his novel construction of railway wheels and to his technology giving 
better quality and longer service life. He has adapted and developed further the „case hardening” 
technology invented in England in the twenties of the 19th century in which the outer surface of the 
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wheel’s rim was hardened by flowing of the melted metal onto a cylindrical piece of cold iron [1]. 
Abraham Ganz patented [2] a new type of wheel construction without spokes and rims and a mould-

glaze [3] with antimony powder. In his patent antimony was patented as hardening agent of the cast 

iron, too. The new wheel construction was cast in one piece with double walls. (Fig. 1) 

 
Fig. 1. Drawing of cross section of the wheel in the patent of Ganz. 

In the sand mould a metal part was built in, enabling a faster cooling of the wheel surfaces which 
were in contact with the rails. These wheels had numerous advantages against earlier produced 
wheels with rims. They had lower weight and very good wearing properties, extended lifetime and 
good cold resistance, therefore their application was much more economic [4]. 

In the 21
st
 century the materials sciences make it possible to examine and evaluate the results of 

the 19
th

 century technologies developed by time consuming experiments without investigations and 
also to clear some materials science questions. In the last few decades a great number of 
experiments and comprehensive studies explored the role of Sb in cast iron [5,6,7]. Nowadays, it is 
well known that the favourable effect of Sb is strongly affected by its quantity in the cast iron. The 
most favourable properties are resulted in by addition of a small amount of Sb (~0.05m%). The 
most important role of antimony is to stabilize pearlite. Sb has 17% larger atomic radius than that 
of Fe, therefore its addition to iron enhances the hardness, improves the wear resistance, impedes 
grain growth and oxidation. The segregation of Sb decreases the grain boundary free energy. In 
improvement of the mechanical properties, Sb showed the best results among some similar metals 
(Sn, Pb, etc.). In Europe it is widely applied in small amounts at production of grey iron castings. 
This small quantity increases the stability of pearlite against heat effects and due to its addition the 
life time of grey iron can be doubled during cyclic experiments performed up to about 700°C. It has 
a favourable effect on the morphological features of graphite, too. High quantity of Sb is 
disadvantageous due to decreasing of toughness and enhancing susceptibility for fracture. Sb 

admixture may be performed with fine antimony powder putting it in the ladle before or during the 

filling. The aim of our study was to find answers for the questions connected to the excellent quality 
of case hardened railway wheels produced in the foundry of Ganz. During this work a huge amount 
of data was examined and all the necessary and modern methods were applied. Also, it was aimed 
to thoroughly characterize this less known relic of the industrial history. 

Experimental methods 

The studied wheel was produced in 1867 in the foundry of Ganz and used for long time of 
operation. Therefore the microstructure and the properties changed during the long lasting usage 
which were taken into account in the interpretation of the results. 
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Appropriate samples were cut from the double-walled compact wheel. This was a very difficult 
task due to the huge mass (~140 kg) of the wheel and its very high hardness. The chemical 

composition of the metal was analysed by optical emission spectroscopy (OES, by means of 
METEKSPECTROLAB, LABLAVM10 type in the Investment Casting Shop Magyarmet) and 
energy dispersive X-ray spectroscopy (EDS).  The morphology was observed by optical microscopy 
(OM – Olympos PMJ3 type) and scanning electron microscopy (SEM – Philips XL-30 type). The 
Vickers microhardness was measured as a function of the distance from the surface of the wheel by 
means of Zwick Roell ZHµ microhardness tester using the load of 20N.  The microstructure of the 

outermost surface was studied by transmission electron microscopy (TEM – with a Philips CM 20 
microscope operating at 200kV and equipped with Nanoprobe Noran EDS). The crystalline phases 
were identified by X-ray diffraction (XRD) using a high resolution diffractometer with Co radiation, 
and the size and orientation of the grains were studied by electron backscatter diffraction (EBSD, 

EDAX-TSL type). X-ray photoelectron spectroscopy XPS and secondary neutral particle mass 
spectrometry (SNMS – INA-X, SPECS GmbH, Balzers QMG 422 type) were also applied for 
analyzing the chemical composition.  

Results 

The investigated sample contained 4.09 m% carbon and 1.15 m% silicon. The composition of 
the metal corresponds to that of the grey iron Fe-C. OES studies of the bulk metal have revealed the 
presence of 0.059 m% antimony which was uniformly distributed in the whole metal, except for the 
outermost layer of the crust, according to the SNMS investigations. Sb could be first detected at 
~0.7 µm depth after 15 hour sputtering and then the quantity of Sb increased in the crust (in 2-3 mm 
depth), achieving the same value observed in the bulk in another SNMS measurement. In the case 
of the XPS measurement, sputtering for 4 hours was not enough to reveal Sb in the spectrum. 
According to our studies Sb was missing in the outermost layer of the crust. This might be due to 
the moulding process (vaporisation) or to some processes occurring during long time usage (e.g. 
warming up of the surface). The antimony content detected in the wheel sample is considered in the 
20th century to be ideal for the structural and mechanical properties of the wheel. 

Looking by naked eye at the fractured cross sectional sample, the crust was rather white, while 
the bulk was grey. At the polished cross section of the sample the crust with some mm thickness 
could be well distinguished from both the next transition zone and the slowly cooled inner part 
(bulk). Composition of the various sample parts (crust, transition zone and inner part) was studied 
by EDS. The chemical composition of all parts of the sample was found to be identical, except for 
the MnS inclusions. 

OM image of the microstructure in the crust (Fig. 2a) corresponds to the structure of the 
composition described in the Greiner–Klingenstein structure diagram of cast iron (which illustrates 
the correlation between the structure formation of cast iron and the cooling conditions, i.e. the wall 
thickness).  As a consequence of rapid cooling, ledeburite and pearlite could be identified in the 

crust. This could be verified by microhardness measurements, as expected from the literature data 
[8,9]. In the slowly cooled bulk of the wheel, lamellar pearlite and graphite (Fig. 2b) were the main 
structural elements. MnS inclusions were found sometimes both in the bulk and the crust. 
According to the microscopic images and the microhardness measurements, the thickness of the 
crust is 3-4 mm. According to the EBDS images (not shown here), the average grain size of the 

crust (~10 µm) was much finer than that of the bulk (~20 µm). No preferred orientation was 
detected on the pole figures. 
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Fig. 2. OM images of the microstructure of the a) crust and b) the bulk after etching with Nital. 

The hardness of the material decreased departing from the outermost surface (treat) towards the 
bulk of the wheel. The hardness of the crust (except for the external 0.5-1 mm layer) was ~370 HV, 
nearly double of the hardness of the bulk (~200 HV) (Fig.3). The hardness of the outermost layer of 
the wheel was much higher (~600 HV) than the values published in the 20th century [8]. This 
difference might be due to the fact that the earlier studies were performed on an as-produced wheel. 
The surface of the wheel investigated in the present study became much harder due to the long-time 
usage on the railroad. 

In the surface layer of the crust two phases were identified by X-ray diffraction as shown 
in Fig. 4: α-iron with bcc structure (ferrite) and orthorhombic cementite (Fe3C). The size of the 
“crystallites” (coherently scattering domains) was calculated by the Scherrer-method from the 110 

peak of ferrite phase: 35 nm at the outer surface, 85 nm at 2 mm below the surface and 105 nm at 
10 mm below the surface were obtained. The corresponding size values estimated from the 121 

peak of the orthorhombic Fe3C were 25, 100 and 85 nm, respectively. 

 

 

The superior hardness of the outermost surface of the wheel (which was in contact with the rails) 
is due to the structural changes in the ledeburite-pearlite structure, caused by intense plastic 
deformation during operation (see Fig. 5). 

At the outermost layer of the sample a „composite structure” containing fine (~100 nm) 
cementite lamellas has been developed (Fig.5a). In ferrite there were a lot of dislocations, while in 
cementite they could only rarely be found. Most dislocations were situated at the ferrite/cementite 

phase boundaries extending into the ferrite grains. 

Fig. 4. X-ray diffractogram obtained on the 
crust surface. 

Fig. 3. Microhardness (HV) versus the distance 
from the running surface. 
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Fig. 5. a) Ferrite phases and cementite lamellas in the „nano-composite” formed at the crust surface. 
b) Departing and piled up dislocations at the ferrit-cementite phase boundary formed in the nano-

composite at the crust surface. 

Discussion and conclusions 

    Based on the X-ray diffraction and TEM studies, it seems that the origin of the extreme hardness 
is similar to that of some processes occurring in other pearlitic structures, when they are treated 
with different high energy deformation methods (severe plastic deformation, mechanical alloying, 
wearing, etc.) [10,11]. The ledeburite-pearlite structure present on the crust surface is changing due 
to some mechanical effects caused by the wheel – rail interaction. Recently the chemical processes 
in special pearlitic materials treated by high energy deformation methods have been also studied by 
high sensitivity atom probe tomography [10]. According to the most probable explanation of the 
hardening process, the dislocation density is gradually increased in the ferrite phases while the 
carbon content of the cementite is dissolved in the ferrite matrix. The dislocation activity and 
cementite decomposition are associated phenomena and occur simultaneously during plastic 
deformation. In the course of cementite dissolution, the density of the cementite/ferrite phase 

boundaries is highly increased together with the enhancement of the carbon content of ferrites. Due 
to the intensive mechanical interaction, some kind of chemical mixture occurs at the phase 
boundaries. The growing hardness can be attributed to the enhanced carbon content of ferrite, the 
grain refinement and the the increment in dislocation density occurred during the usage of the wheel 
[12]. It was obvious that the carbon content has outstanding values at the cementite/ferrite phase 
boundaries.  
    The ledeburite-pearlite structure developed due to case hardening of the Ganz’s wheel is 
transformed due to the long lasting mechanical effects (plastic deformation) caused by the wheel-
rail interaction. By this way a ferrite/cementite „nano-composite” has been developed in the wheel 
of Abraham Ganz. The Ganz’s wheel was especially suitable for this transformation due to its 
composition and structure. The high (4.09%) carbon content of the wheel has facilitated this 
process, which was proved by investigations performed on materials with various carbon contents 
[13]. As a consequence, the lifetime of these wheels was much longer than that of other wheels 
produced at that time.  
    In this study, the microstructure, the chemical composition and the hardness of a Ganz’s wheel 
made in 1867 by case hardening method were investigated by different materials science methods. 
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It was found that the antimony content was ideal in the whole wheel for achieving the best 
mechanical properties, according to the literature data taken from the 20th century. In addition, the 
hardness of the crust increased during the operation of the wheel, which was attributed to the 
formation of a nano-composite microstructure consisting of ferrite grains and cementite lamellas, 
the development of a high dislocation density and the high carbon content of the ferrite phase. 
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