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Abstract 
 
The paper presents the results of research on the impact of impurities in the feed ingots (master heat) on the precipitation of impurities in 
the ATD thermal analysis probe castings. This impurities occur mostly inside shrinkage cavities and in interdendritic space. Additionally,  
insufficient filtration of liquid alloy during pouring promotes the transfer of impurities into the casting. The technology of melting 
superalloys in vacuum furnace prevents the removal of slag from the surface of molten metal. Because of that, the effective method of 
quality assessment of feed ingots in order to evaluate the existence of impurities is needed. The effectiveness of ATD analysis in 
evaluation of purity of feed ingots was researched. In addition the similarities of non-metallic inclusions in feed ingots and in castings 
were observed. 
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1. Introduction 
 

The performance of aircraft engine components depends on 
macro- and microstructure shaped during solidification of casting 
and on the presence of non-metalic impurities evolving mostly in 
the last stage of solidification [1]. Nickel and cobalt superalloys 
are contaminated mostly with non-metallic precipitates and gases. 

During melting process different impurities may pass to the 
liquid alloy. The most common sources of these are: 
 contaminated feed materials, 
 ceramic crucible material, 
 contaminated mould cavity, 
 products of reaction between the molten metal and mould 

materials, particularly when pouring temperature is high. 

Nickel superalloys melting technology, due to closed furnace 
chamber, prevents any refining processes, slag removal etc. 
Therefore, each of aforementioned factors can lead to 
contamination of casting with non-metallics and gases. These 
phenomena may consequently lead to shrinkage porosity and non-
metallic inclusions, especially at grain boundaries. 

Most non-metallic impurities have low freezing point and 
crystallize last. This causes their accumulation at the front of 
solidification and formation of eutectics. The composition of this 
eutectics often include impurities present in the shrinkage cavities 
and porosities of feed ingots (so-called "master heat"). These 
eutectics reduce operational properties of castings. Moreover, 
during the high temperature heat treatment of castings (e.g. 
aircraft engine turbine blades), melting and re-dissolution of these 
constituents in the eutectic matrix may lead to a significant 
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increase in shrinkage microporosity. These processes are 
associated with the release of energy (exothermic processes) and 
therefore can be analyzed by ATD thermal analysis [2-4]. 
Particularly valuable for this analysis are information that can be 
read from the graph of the derivative dT/dt. The effects of the 
release of even small quantities of heat, that do not cause visible 
changes in the shape of the graph T = f (t), are visible as 
collapses, inflections and stops on the graph of the derivative. A 
particular advantage of the ATD method is the short time in 
which the data for the quality assessment of feed ingots can be 
obtained [5-7]. 

 
 

2. Research problem 
 
For the majority of nickel alloys, four main stages can be 

distinguished on the ATD graphs. They are shown in Figure 1 on 
the example of a cylinder (φ40x100mm) cast from the IN-713C 
alloy. 

 

 
Fig.1. Main stages of solidification and cooling of IN-713C alloy 

casting 
 

In stage I, from Tmax to Tlik (points A to B), the ATD graphs can 
provide information about the process of the formation of the 
nuclei of crystallisation (the effect of modification, primary 
carbides). 
In stage II, from Tlik to TEut (points B to D), the ATD graphs are 
the basis for quantitative evaluation of the metal matrix 
composition (γ phases, eutectics composed of carbides + 
intermetallic phases).  
In stage III, from TEut to Tsol (points D and E), the ATD graphs 
can serve as a point of reference for the evaluation of  alloy 
"purity". The presence of gas and impurities in the melt usually 
leads to the formation of low-melting point eutectics, the 
occurrence of which considerably prolongs the duration of the 
final stage of solidification and reduces the value of the dT / dt 
derivative (the rate of temperature decrease). 
In stage IV, from Tsol to Tot (from point E), the ATD graphs 
allow judging about the phase transformations that take place 
already in the solid state. 

The first examination of the solidification curve of  nickel 
alloys has already indicated that the ATD analysis is a good tool 
in evaluating the metallurgical quality of these alloys [7-9]. 
Analysis of derivative chart, illustrating the rate of decrease in 
temperature, makes possible to qualitatively evaluate the effect of 
non-metallic inclusions and gases in the alloy. 

3. Materials and methods of 
investigation 
 

Studies of the presence of non-metallic inclusions were 
conducted on master heat ingots and ATD probe castings made 
from the IN-713C nickel alloy with an average content of  0.03% 
Co, 13.26% Cr, 5.85% Al, 4.10 % Mo, 0.85% Ti, 2.27% (Nb + 
Ta), and in particular for the following supply batches: 

1. IN-713C, PWA655, master heat No V1542 (CAPI) 
2. IN-713C, PWA655V, master heat No 3V5677 
3. IN-713C, PWA655, master heat No AV 5737 and 3V 5400 

The ingot IN-713C (PWA655V, master heat No 3V5677) 
provided three samples taken from different heights (top, middle 
and bottom). In total, six samples were taken. 
 An example of the samples of feed ingots prepared for 
melting, with visible shrinkage cavities are shown in Figure 2. 
 

 
Fig. 2. Feed ingot (master heat AV5737) – visible shrinkage 

cavities in the axis of the ingot 
 
 Samples of cross-sections weighing about 1 kg were melted in 
an induction VIM furnace Balzers VSG-02 using an Al2O3 
crucible which, thanks to the stability of the technological 
parameters, is suitable to melting of high-purity materials. 
 Melting was carried out in a vacuum of about 10-3. Prior to 
pouring, the volume of the furnace was filled with argon. Pouring 
was conducted under an argon atmosphere at the pressure of about 
900 hPa. The test casting was designed in the shape of a cylinder 
of dimensions φ30x120mm with the 40x45x17mm sprue head. 
 Thermocouples ware placed at a height of 40 mm in the 
moulds adapted to the tests from the moulds made by lost wax 
process in the WSK Rzeszów. Pt-PtRh10 thermocouple wires, 0.5 
mm thick, were shielded inside the quartz tubes embedded in the 
mould wall. View of the mould inside the induction furnace 
chamber is shown in Figure 3.  
 

 
Fig. 3. Chamber of VSG-02 induction furnace 
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4. The results of investigations and 
discussion of results 

 
Dendrites in the shrinkage cavity and non-metallic inclusions 

in interdendritic spaces are shown in Figures 4 and 5. 
 

 
Fig. 4. Dendrites on the surface of the shrinkage cavity 

 

 
Fig. 5. Non-metallic inclusions in interdendritic spaces in the 

shrinkage cavity 
 
 Observation of the microstructure and chemical composition 
microanalysis were carried out on Hitachi scanning electron 
microscope S-3400N coupled with EDS X-ray microanalysis 
systems, Thermo Noran, equipped with a software System Six. 
The sample results of these tests are shown in Figure 6. 
 

 
Fig. 6. Non-metallic inclusions in the shrinkage cavity 

Research revealed numerous non-metallic inclusions, mainly 
silicates, in the interdendritic spaces. Traces of magnesium were 
detected on the surfaces of shrinkage cavities. Cross sections of 
shrinkage cavities were very porous. In the pores, inclusions 
containing oxygen and Si, Al and Mg were found. 

Figure 7 and 8 show examples of ADT graphs for analysis of 
feed ingots (master heat) with good and bad metallurgical quality. 
The presence of non-metallic impurities, forming a eutectic 
systems, change the character of the ATD graph before the end of 
solidification. Mainly, it lowers the temperature Tsol, increases the 
difference (Teut - Tsol) and extends solidification time. 

For standard test conditions, in the case of an IN-713C alloy, 
following parameters indicate good metallurgical quality: 
temperature Tsol is above 1225°C, the difference (Teut - Tsol) is less 
than 60°C and the time of the last stage of solidification is under 
50s. 

 

 
Tmax A   35 s 1380 °C 
Tliq B   57 s 1329 °C 
TEut C   117 s 1286 °C 
Tsol D   157 s 1231 °C 
Tpst E   213 s 1153 °C 

Fig. 7. ATD analysis of IN-713C (PWA655V, master heat No 
3V5677) with good metallurgical quality 

 

 
Tmax A 22 s 1411 °C 
Tliq B 47 s 1326 °C 

TEut1 F 110 s 1287 °C 
Tsol G 140 s 1253 °C 
TEut2 H 168 s 1212 °C 
Tsol I 175 s 1202 °C 
Tpst J 237 s 1150 °C 

Fig. 8. ATD analysis of IN-713C (master heat No 3V5400) with 
bad metallurgical quality 
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EDX analysis show the presence of non-metallic inclusions 
on the surface of the ATD probe casting, results are shown in 
Figure 9. 

 
Fig. 9. X-ray microanalysis of dark spots on the surface of the 

ATD probe casting 
 
 

5. Conclusions 
 
ATD thermal analysis can be a useful tool to rapidly assess 

the quality of feed ingots (master heat). It is especially useful for 
detecting the presence of metallic impurities present in the pores 
and shrinkage cavities. The presence of non-metallic impurities, 
forming a eutectic systems, change the character of the ATD 
graph before the end of solidification. Mainly, it lowers the 
temperature Tsol, increases the difference (Teut - Tsol) and extends 
solidification time. For the standard test conditions, in the case of 
an IN-713C alloy, following parameters indicate good 
metallurgical quality: temperature Tsol is above 1225°C, the 
difference (Teut - Tsol) is less than 60°C and the time of the last 
stage of solidification is under 50s. Numerous non-metallic 
inclusions, mainly silicates containing the Ca, K, Fe were found 
in the interdendritic spaces. Traces of magnesium were detected 
on the surfaces of shrinkage cavities. Cross sections of shrinkage 
cavities were very porous. In the pores, inclusions containing 
oxygen and Si, Al, Mg, Ca, K and Na were found. 
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