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Abstrakt 
 P

ř
edložený č lánek pojednává o vlivu rychlosti ochlazování na hodnoty teplot 

fázových transformací niklové superslitiny IN 738LC. Zvláště  se zamě ř
uje na stanovení teplot 

fázových transformací v prů bě hu tuhnutí a chladnutí a na vliv mě nící se  rychlosti ochlazování 
na tyto teploty. Vzorky odebrané z pů vodního (litého) stavu superslitiny byly roztaveny 

ř
ízenou 

rychlostí oh
ř
evu (1, 5, 10 a 20°C/min) a ihned po roztavení byly 

ř
ízeně  ochlazovány stejnou 

rychlostí. K analýzám byl použit laboratorní systém fy SETARAM – SETSYS 18TM 
TG/DTA/TMA. Pro studium této slitiny byla vybrána metoda diferenč ní termické analýzy 
(DTA). Protože rychlost ochlazování má také vliv na výslednou strukturní a chemickou 
(mikro)heterogenitu byly následně  také mikroanalyticky studovány minoritní fáze v jednotlivých 
vzorcích pomocí elektronové mikrosondy a mikrostruktura jednotlivých vzorků  byla 
dokumentována pomocí 

ř
ádkovacího elektronového mikroskopu.  

 Byly zjiště ny následující hlavní výsledky: i) Teploty fázových transformací byly 
stanoveny ze získaných DTA-k

ř
ivek (teplota likvidu, teplota tvorby MC karbidů , teplota tvorby γ /γ ' eutektika, koneč ná teplota solidu, teplota precipitace γ ' z matrice γ ). Dále byly vypoč ítány 

rovnovážné transformač ní teploty extrapolací namě ř
ených teplot do nulové rychlosti 

ochlazování. Bylo zjiště no, že vliv rychlosti ochlazování na hodnoty tě chto teplot je znač ný, 
zejména se to týká teploty tvorby MC karbidů  a teploty tvorby γ /γ ' eutektika; ii) Nejvě tší č ástice 
a nejhrubší síť oví byly zjiště ny ve vzorku s nejpomalejší rychlostí ochlazování. Rozmě ry a 
rozložení MC karbidů  koresponduje s aplikovanou rychlostí ochlazování – se zvyšující se 
rychlostí ochlazování se morfologie karbidů  mě ní smě rem k menším č ásticím hustě ji 
rozloženým ve struktu

ř
e. 

 
 

Abstract  
 The paper deals with the effect of cooling rate on the values of transformation 
temperatures of IN 738LC nickel based superalloy. Particular attention was given to the 
determination of phase transformation temperatures in the course of solidification and cooling 
and to the effect of varying cooling rate on these temperatures. Samples taken from as-received 
state of superalloy were heated with controlled ramp rates (1, 5, 10 and 20°C/min) and 
immediately after melting they were cooled with the same controlled ramp rate with the help of 
the laboratory experimental system SETARAM SETSYS 18TM TG/DTA/TMA. The technique 
of Differential Thermal Analysis (DTA) was selected for the detailed study of nickel based 
superalloys. Then the microanalysis of minority phases was conducted with use of X-ray 
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spectroscopy and microstructure of the individual samples was documented by scanning electron 
microscopy. 
  There were found out these main results: i) The phase transformation temperatures 
were determined from DTA curves (the solid formation temperature from the liquid, the MC 
carbide formation temperature, the γ /γ ' eutectic formation temperature, the final solidification 
temperature, the γ ' precipitation temperature from the γ  matrix). Moreover, the equilibrium 
transformation temperatures were calculated by extrapolating of measured temperatures to zero 
cooling rates. It was found out that the effect of the undercooling (supercooling) on the cooling 
curves is significant, mainly in case of the beginning of MC carbide formation and the γ /γ ' 
eutectic formation temperature; ii) It was verified that as the solidification rate decreased, the 
precipitations and particles are more coarsed. Dimensions and distribution of MC carbides in 
assessed samples corresponded to applied cooling rates – as increasing solidification rate the 
carbide morphology changed from the blocky and script type to fine script type and spotty type. 
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1. Introduction 
 Nickel based superalloys are widely used in turbine blades and other engine parts 
[1,2]. IN 738LC is a modified version of superalloy IN 738 with enhanced carbide stability, 
castability and ductility, achived by lowering the carbon content. IN 738LC alloy is well known 
alloy, however, not many studies have been reported on effect of cooling rate on transformation 
temperatures in the course of solidification and on resulting chemical and structural 
heterogeneity.  
 Thermophysical properties (including transformation temperatures) are the critical 
input parameters in mathematical models of solidification and casting of metallic materials. 
Existing property data are sometimes only available for selected pure elements and a few simple 
alloys and compounds and often the techniques available for their measurement are subject to 
considerable uncertainty. For highly complex materials a complete thermodynamic description 
of the system involves a huge amount of work, and the predicted values differ from those 
measured. 
 In order to withstand the arduous conditions (higher operating temperatures) in a gas 
turbine engine, nickel based superalloy generally have complex compositions and small changes 
in composition can radically affect the properties. As industry moved towards a need for ever 
more efficient engines with higher operating temperatures, alloys were investigated that could be 
used at an increasing fraction of their melting temperature. The various properties that make 
these alloys suitable for such conditions, i.e. the high melting point temperature, mean that 
studies of the thermophysical properties have to take place at elevated temperatures, reducing 
the number of experimental techniques available [3].  
 In presented work the technique of Differential Thermal Analysis (DTA) was selected 
for the detailed study of nickel based superalloys. DTA - method is one of possibilities of energy 
changes measurement, occurring at heating or cooling of samples. With use of this method it is 
possible to obtain selected thermophysical and thermodynamical properties (e.g. temperatures 
and enthalpies of phase transformations). Particular attention was given to the phase 
transformation temperatures determination and to the effect of varying cooling rate on these 
temperatures. Because cooling rate at crystallisation and solidification of melt is one of very 
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important parameters affecting segregation of elements and thus chemical and structural 
(micro)heterogeneity, also microanalysis of minority phases was performed in electron micro-
probe. 

 
 

2. Experimental material and methods 
 Chemical composition of as-received superalloy, IN 738LC, ingot was as follows (in 
wt%): 0.010B, 0.114C, 3.46Al, 3.41Ti, 16.17Cr, 0.23Fe, 8.49Co, 0.05Zr, 0.87Nb, 1.76Mo, 
1.798Ta, 2.73W, balance nickel. Little rod with diameter of approx. 3 mm was mechanically cut 
out of the casting and 4 samples with height of approx. 3 mm were cut from it. 
 These samples were then analyzed by DTA-method on experimental equipment DTA 
SETARAM Setsys 18TM. This device has been modified by adding a commercial gas 
purification unit to reduce the effect of oxygen, moisture and other possible contaminants. The 
Al 2O3 crucibles were used for measurement. Argon (purity > 99.999999%) was used for 
washing of the inert space of oven before each analysis (flow time approx. 15 min), then 
evacuation followed and again filling up with argon. During analysis the constant dynamical 
atmosphere was kept in the oven space (flow rate of argon was 2 l/h).   
 Samples of nickel based superalloy IN 738LC were heated with controlled ramp rates 
(up to temperature of approx. 1350°C) and immediately after melting in they were cooled with 
the same controlled ramp rate (up to temperature of approx. 500°C). Applied heating and 
cooling rates: sample A (1°C/min), sample B (5°C/min), sample C (10°C/min), sample D 
(20°C/min). 
 The results were loaded into PC and evaluated with the help of SETSOFT software. 
Output from this software is DTA-curve which expresses the thermal effects in the course of the 
sample heating and cooling. From these DTA-curves the temperatures of phase transformation 
were read. The obtained values of temperatures were corrected to melting point of pure nickel 
(purity 5N). 
 The samples thus prepared were then pressed into conductive bakelite and structures 
were photographed with use of light microscope Olympus IX70. Microanalysis of minority 
phases was performed in electron micro-probe and photo documentation of microstructure of 
individual samples was taken with use of scanning electron microscope. Electron microscopic 
analysis was made on scanning electron microscope JEOL JSM -5510 in the mode of secondary 
electrons. Microanalysis was made on electron micro-analyser JCXA 733 equipped with energy 
dispersion analyser EDAX Sapphire. Chemical composition of minority phases and metallic 
matrix was determined by standard-less analysis [4].  

 
 

3. Results and their discussion 
3.1  DTA analysis 
 Fig. 1 presents DTA curves obtained for the individual samples during cooling with 
different cooling rates. The phase transformation temperatures were determined from these 
curves in conformity with Ref [5]: 1 – the solid formation temperature from the liquid (liquidus), 
2 – the MC carbide formation temperature, 3 – the γ /γ ' eutectic formation temperature, 4 – the 
final solidification temperature, 5 – the γ ' precipitation temperature from the γ  matrix. Values of 
these transformation temperatures are given in Table 1. 
 The effect of the undercooling (supercooling) on the cooling curves is significant, 
mainly in case of liquidus temperatures and the beginning of MC carbide formation. It should be 
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noted that it was very difficult to determine the values of transformation temperatures for 
cooling rate 1°C/min. For this reason some uncertain values are marked by question mark. 
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Fig.1 The DTA curves (cooling rate: A-1°C/min, B-5°C/min, C-10°C/min, D-20°C/min) 

   
 

 Table 1  DTA results - temperatures of phase transformations 
Temperature (°C) Cooling rate 

(°C/min) Liquidus MC 
Carbide γ − γγ − γγ − γγ − γ, , , , eutectic    Solidus γγγγ,  ,  ,  ,  precipitation     

20 1315 1294 1189 1179 1111 
10 1323 1297 1192 1183 1109 
5 1331 1300 1191 1183 1103 
1 1342 1332 1291 ? 1241 ? 1095 

0(calc.) 1340 1320 1252 1219 1098 
 
 

 The values of transition temperatures for cooling are usually lower than these 
obtained for heating as the undercooling reduces any smearing effect. This may be due to the 
many precipitates and different phases that are evolving during solidification. On heating the 
different phases may well dissolve slowly, as for the gamma prime dissolution. However in an 
undercooled system all the transitions may occur at a temperature obscured by the main freezing 
curve, so in effect the sample is smearing its own results [3]. There is a relation between the 
cooling rate and the amount of undercooling achieved: the slower the cooling rate, the less 
undercooling there will be.  
 The values of transformations temperatures extrapolated to zero cooling rates are also 
given in Table 1. Extrapolation to zero cooling rate is demonstrated on Fig.2. 
 The effect of cooling rate on transition temperature can be expressed in following 
form: 

 

 BvATt +⋅= , (1) 
 

where Tt is the transition temperature (°C), v is the cooling rate (°C/min) and A and B are 
constants given in Table 2.  
 There is obvious from the results given in Fig. 2 and Table 2 that cooling rate affects 
all analysed transformation temperatures, mainly within the range of cooling rate from 1 –
 5°C/min. In particular, cooling rate affects the γ /γ ' eutectic formation temperature and the final 
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solidification temperature, the differences between values of these temperatures measured at 
cooling rate 1°C/min and 5°C/min are significant. 
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Fig.2 Extrapolating to zero cooling rate (see Eq.(1) and Table 2) 

 
 

Table 2  Calculated values of A and B constants (Eq.(1)), coefficient of determination R2 

Transition temperature A B 
Coefficient of 

determination R2 
Liquidus -1,3465 1339,9 0,9185 

MC Carbide -1,6089 1320,2 0,5582 
Eutectic -4,0644 1252,3 0,4417 
Solidus -2,5149 1219,1 0,4819 

Precipitation 0,7822 1097,5 0,7973 
 
 

3.2  Structural heterogeneity 
 Discontinuous meshes of non-metallic particles were observed in metallic matrix of 
individual samples in polished state. It was established with use of X-ray spectrum micro-
analysis that these are complex carbides of Ta, Nb and Ti of type MC [4].  

  

   
Fig.3 Morphology of MC carbides, cooling rate 1°C/min. Fig.4 Morphology of MC carbides, cooling rate 

20°C/min. 
 
 

 It was verified after etching of samples that carbidic meshes are situated in segregated 
interdendritic regions. Their formation is connected with exceeding of the limit of solubility of 
individual carbide-forming elements in segregated regions during cooling. Dimensions and 
distribution of MC carbides in assessed samples corresponded to applied cooling rates – as 
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Fig.6 γ′ precipitation in interdendritic regions – 
cooling rate 20°C/min 

Fig.7 γ′ precipitation in interdendritic regions – 
cooling rate 1°C/min. 

increasing solidification rate the carbide morphology changed from the blocky and script type to 
fine script type and spotty type, as shown in Figs. 3 and 4 (projection of the phase MC in 
reflected electrons). Due to high protonic number of MC carbides these particles shows in 
projections in reflected electrons (material contrast) light contrast. Fig. 5 presents typical EDX 
spectrum of MC carbides. 

 

 
Fig.5 Typical EDX spectrum of MC carbides 

 
 

 Fine particles of precipitate γ′ ((Ti,Al)Ni 3) were segregated uniformly in metallic 
matrix of all evaluated samples. Coarseness of these particles is in conformity with applied 
cooling rates. Examples of distribution of these particles in interdendritic regions are 
documented for the samples cooled by cooling rate of 20°C/min and 1°C/min in Figs.6 and 4, 
respectively [4]. 

 

         
 

 
 

 

4. Conclusion 
 Objective of the article consisted in evaluation of influence of cooling rate on 
transformation temperatures in the course of solidification and cooling of nickel super-alloy 
IN 738LC by experimental research followed by processing of experimental data. Samples of as-
received state of this alloy were re-melted with use of differential thermal analysis and cooled 
down by exactly defined rates (1 to 20°C/min). Moreover micro-analysis of minority phases on 
electron micro-probe was performed, as well as photo documentation of micro-structure of 
individual samples was made with use of scanning electron microscope.  
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 There were found out these main results: 
I. The phase transformation temperatures were determined from DTA curves (the solid 

formation temperature from the liquid, the MC carbide formation temperature, the γ /γ ' 
eutectic formation temperature, the final solidification temperature, the γ ' precipitation 
temperature from the γ  matrix). Moreover, the equilibrium transformation temperatures 
were calculated by extrapolating of measured temperatures to zero cooling rates. It was 
found out that the effect of the undercooling (supercooling) on the cooling curves is 
significant, mainly in case of liquidus temperatures and the beginning of MC carbide 
formation.  

II. It was verified that as the solidification rate decreased, the precipitations and particles 
are more coarsed. Carbidic meshes are situated in segregated interdendritic regions. 
Their formation is connected with exceeding of the limit of solubility of individual 
carbide-forming elements in segregated regions during cooling. Dimensions and 
distribution of MC carbides in assessed samples corresponded to applied cooling rates – 
as increasing solidification rate the carbide morphology changed from the blocky and 
script type to fine script type and spotty type. 
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