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Abstract 

The article presents the results of research and work related to the implementation of the research and development project 
POIR.01.01.01-00-0120/17 co-financed by the EU, through the NCBR, entitled: Innovative technology using thermal analysis, TDA, 
of self-feeding manufacturing of high-quality cast iron to produce new generation, enhanced performance casts. In many foundries, 
thermal derivative analysis (TDA) is used in addition to chemical analysis to evaluate the physical and chemical properties of an 
alloy while it is still in the melting furnace or ladle and before it is poured into the mold. This fact makes it possible to improve 
the metallurgical quality of the alloy by introducing alloying additives, carburizers or modifiers into the furnace as part of the 
pre-modification or primary or secondary modification in the ladle or when pouring into molds. Foundry machinery (modifier 
dosing systems and spheroidizing station) is very important in these operations. Only the full synergy of modern equipment with 
modern technology ensures high quality and repeatability of the casting process. The article mainly discusses the obtained param-
eters of TDA analysis (with the use of the ITACA system) at different stages of melting and how to improve them by using modern 
and fully automated dosing systems (Itaca OptiDose, ItacaWire and ItacaStream). Special attention was paid to the minimum tem-
perature of the eutectoid. The change of its value after the modification process, its influence on the quality of the melted metal, 
a very strong correlation with the number of nuclei and the number of graphite precipitations in the casts were shown. 
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1. INTRODUCTION

Production of high-quality castings with complex shapes 
without defects requires modern equipment used directly in 
the manufacturing process (melting furnaces, spheroidiza-
tion and modification stations, molding stations) and quality 
assessment systems at its various stages, including chemical 
analysis, thermal derivative analysis (TDA), mechanical prop-
erties, metallographic tests and non-destructive tests (RT, UT). 

Thermal derivative analysis, which records the cooling 
curve and crystallization curve determined from it, is best 
suited for metallurgical quality assessment [1]. This analysis 
allows the evaluation of the physicochemical state of the met-
al and captures important parameters not shown by chemical 
analysis. An example is a modification process that results in 
a significant change in the properties of cast iron without any 
discernible change in the chemical composition. Among the 

most important parameters recorded and calculated are the 
characteristic melt temperatures of Tliquidus, Temin, Temax, 
Tsolidus, VPS index, Rec recalescence value. The most com-
mon systems used in foundries are ITACA [2] (used in this 
project), ATAS [3, 4] and QUIK-LAB [5]. The theoretical basis 
of thermal derivative analysis is discussed in many literature 
references [1, 6–10]. 

2. PROGRESSION AND METHODOLOGY OF  
THE RESEARCH

The research was carried out in production conditions in Od- 
lewnia Żeliwa Śrem Sp. z o.o. (Iron Foundry in Śrem) as a part  
of testing a modern, automated production line using metal-
lurgical quality control based on thermal derivative analysis 
TDA on individual stages (melting, secondary treatment and 
mould pouring).
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There is no doubt that the repeatable process of produc-
ing good quality cast iron begins with the selection of feed-
stock materials. It is important to ensure that they are of 
good quality, properly stored and accurately weighed. The 
melting process was carried out in medium frequency cru-
cible furnaces with a crucible capacity of 8t. The furnaces 
are equipped with charging trucks with a vibration system. 
Charged mixtures are weighed based on the batch composi-
tions transferred to the fully automated control system of the 
crane and the alloy additive hoppers (Figs. 1 and 2). 

After the charge is melted, a sample is taken for chemical 
analysis and TDA samplers are filled. Based on the results 
obtained, alloying and modifying additives (premodification) 
are introduced if necessary. The analysis results are automat-
ically entered into the system, which has the ability to store 
“learning” data and make corrections. 

The metal is then poured into a ladle. During this proc-
ess, modifiers are introduced into the metal stream using an 
automated system (ItacaOptiDose) and their weight is calcu-
lated and depends on the previous thermal analysis (Fig. 3).

The system allows introduction of one of the five modifiers 
found in the hoppers. The modifier is weighed into a feeder 
and introduced into the stream of overflowing metal (from 
furnace to ladle). 

The next step in the production of ductile iron is the 
spheroidization process. This process is carried out on stations 
enabling the introduction of spheroidizing master alloy in the 
form of PE flexible wire (ItacaWire – Fig. 4). The amount of PE 
fed is calculated automatically by the system based on the pre-
vious chemical analysis, temperature and thermal derivative 
analysis (VPS). Wire feeding rate mainly depends on the size 
of the ladle and the weight of the metal to be processed. Before 

the process, the temperature is measured by immersing the 
thermocouple in the treatment ladle, and the measurement 
result is automatically transferred to the system. The modifier 
(secondary modification) is also introduced in this station.

A great influence on metallurgical quality is exerted by 
secondary modification, which is considered to be the most 
effective modification step. It is well known that the effects of 
both the magnesium treatment process and the addition of 
modifiers are reduced over time. By moving the modification 
further to the late stage of pouring, this problem is minimized. 
Often a small modifier addition at the final stage can replace 
a much larger addition introduced in earlier stages [11]. On 
automatic casting lines, the modifier is most often introduced 
into the metal stream when pouring into the molds. When 
filling large molds, an automated system (Itaca XLStream) is 
used to allow precise dosing of the modifier (Fig. 5). This dis-
penser is a combination of screw and injector dosing units. 

Fig. 1. Automated charge material weighing and dosing system

Fig. 2. Alloy additive dosing units

Fig. 3. Automated system for introducing modifiers on the metal 
stream when pouring into a ladle

Fig. 4. The station for spheroidization and modification with the PE 
method

Fig. 5. Itaca XL Stream dosing system 
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As mentioned earlier, to evaluate the course of the modifi-
cation process and at the same time the metallurgical quality, 
it is best to use the thermal-derivative analysis [5, 6]. This 
results from the fact, among other factors, that the modifier 
addition is small and it affects the change in chemical compo-
sition to a very small extent (mostly imperceptible), but it is 
clearly visible in the course of the cooling curve as shown in 
Fig. 6. The dashed line represents unmodified cast iron and 
the solid line is modified cast iron. The modification reduces 
the degree of subcooling required for graphite precipitation 
(red arrow). In addition, it extends graphite formation and 
growth by increasing solidification time (blue arrow) [12]. 

One of the most important parameters of this analysis is 
the minimum temperature reached during eutectic solidi-
fication (Temin). At this point, the latent heat of crystalliza-
tion is equal to the heat given up during cooling. Temin is the 
most important indicator of cast iron nucleation. The higher 
this temperature, the better the nucleation potential. Below 
1135°C nucleation is considered low and there is a high risk of 
primary carbides occurrence in the casting. Between 1135°C 
and 1145°C nucleation is considered optimal and the risk of 
primary carbides will depend on casting wall thickness. Above 
1145°C nucleation is very good and there is no risk of primary 
carbides. The changes in TeMin temperature and nucleation 
index obtained by primary and secondary modification using 
different modifiers are shown below. These are silicon-based 
modifiers with Ba, Sr, Zr, metallurgical silicon carbide (SiC) and 
graphite carburizer (C). Modifiers with Bi and Ce were also 
tested in the secondary modification process. 

Exemplary TDA curves for cast iron obtained before prima-
ry modification (Ba2p melt) and after primary modification 
(Ba2k melt) are shown in Figures 7 and 8.

Temin temperature changes before (p-indexes – red bars) 
and after primary modification (k-indexes - green bars), for 
different modifiers are shown in Figure 9. 

A very important parameter about which information can 
be obtained from the derivative curve is the nucleation rate of 
the liquid metal. It depends on, among other things, the proc-
ess temperature of the alloy, cast iron melting and holding 
times, as well as the carbon and silicon content. For the initial 
cast iron to produce ductile iron, the value of this parameter 
should be 100. At lower values, the nucleation index can be 
increased by introducing a modifier, FeSi, SiC or C. This cor-
rection can be done in the furnace (premodification) and in 
the ladle (primary modification). The nucleation rate values 
obtained during the study are shown in Figure 10.

Fig. 6. Effect of modification on the cooling curve [12]

Fig. 7. The cooling and crystallization curve for the Ba2p melt – before 
primary modification
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Fig. 8. The cooling and crystallization curve for the Ba2k melt – after 
primary modification
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Fig. 9. Temin temperature change after primary modification
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Fig. 10. Change in number of nuclei after primary modification 
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One of the parameters of thermal and derivative analysis 
is VPS, which is the value of the angle formed by the cooling 
rate, whose value is related to the formation of shrink holes. 
In the initial cast iron for ductile iron production and in gray 
iron, this value should be in the range of 16–23. For ductile 
iron, this value should be 35–55. If the indices are higher than 
the limit values then the tendency to form shrink holes. If the 
ratios are lower then there is a risk of graphite degeneration. 
The effect of the modification process on the VPS value is 
shown in Figure 11.

From the results obtained, it can be concluded that Thermal 
Derivative Analysis shows clear changes in the parameters 
characterizing the smelted cast iron after the primary modifi-
cation process. This relates to the increase in Temin tempera-
ture and nucleation rate, and a decrease in VPS. The assumed 
values of these parameters were obtained regardless of the 
modifier used. 

An analysis of the dependence of the number of nuclei 
indicated by the TDA curve recording process on the Temin 
temperature was performed during the melt execution. The 
results are shown in Figure 12. 

Within the research, the process of the secondary modifi-
cation of ductile iron was also carried out. Some of the results 
obtained determining the effect of different modifiers on 
Temin temperature are shown in Figure 13. In all melts, the 
number of nuclei (TDA analysis) was 100.

Metallographic studies of the microstructure were per-
formed for all the melts presented above. The obtained 
results of measurements of graphite precipitations for indi-
vidual modifiers are shown in Figure 14.

In order to verify the thermal analysis parameters, the 
obtained Temin temperature recording results were related 
to the measured number of graphite precipitations found in 
metallographic studies. In Figure 15, a chart and the relation-
ship between these parameters are shown.

The obtained results confirm the high correlation between 
Temin (TDA curves) and the number of graphite precipita-
tions (metallographic studies).

Fig. 11. VPS ratio change after primary modification
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Fig. 13. Temin temperature after secondary modification
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3. SUMMARY

The studies carried out to evaluate the effectiveness of the 
modification process by thermal derivative analysis allow 
the capture of even small additives introduced into the liquid 
metal. This was demonstrated on only three parameters ana-
lyzed (Temin, nucleation index, and VPS index). The obtained 
values of these parameters confirmed the assumed expecta-
tions regarding their increasing or decreasing trends. This re-
search also demonstrated the ability to fully control the melt-
ing process from the charge weighing stage to the stage of 
pouring into the molds. Control based on thermal derivative 
analysis TDA provides collection of a very large amount of 
data enabling consequently “learning” of the system and the 
possibility to correct and control metallurgical quality at the 
earliest possible stage of melting and secondary (post-fur-
nace) processing. In total, there are approx. 45 different tem-
peratures and parameters for each filled sampler.

In order for such a control system to function properly, it 
is necessary, first of all, to have automated equipment to per-
form individual tasks. This is confirmed by the applied solu-
tions, including modern melting furnaces, dosing of charge 
materials, as well as modifiers and spheroidizers. 

Only the synergy of these two components (control system 
and working system) ensures the possibility of a fully repeat-
able, high-quality, controlled metallurgical process. 
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