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Abstract : A single crystal nickel base superalloy (CMSX-2) has been investigated by 
means of atom-probe techniques. The relationship between applied heat treatments and 
the composition of both Y and Yf phases are studied. The role of each precipitation 
sequence in the standard heat treatment (1050°C/16h f 850eC/48h air cool) is discussed. 
The high spatial resolution of the atom-probe is used for the investigation of the fine 
scale concentration fluctuations which may occur in the Y-solid solution. The 
microanalyses exhibit concentration modulations for chromium;the wavelength is close to 

25 A .  The spatial convolution effects of sine-like fluctuations with the analysis area 
are discussed. 

I. Introduction 

The design of new aircraft engines with a higher efficiency relies on the increase 
of both the turbine entry temperature and the rotating speed. For this purpose, new 

generations of nickel base superalloys like single crystal materials have been developed for 
turbine blades. The material we investigated, namely CMSX-2 alloy, belongs to this new class 
of superalloy. 

Nickel base superalloys derive their excellent creep performances from the 
presence of a high volume fraction of 7' ordered particles the composition of which is based 

on Ni3A1. High temperature (1000°C) properties of' these materials are closely connected 
with the lattice misfit between the solid solution Y and 7' precipitates. It is therefore of 
utmost importance to get a better understanding of relationships between applied heat 
treatments and phase composition which in turn controls the Y-Y' misfit. More subtle 
effects are also interesting to investigate. For instance, local concentration gradients 
near Y-Y' interfaces [I], [ 2 ] ,  or the occurrence of clusters in the 7 matrix [3], have been 
already reported and shown to have an influence on mechanical properties. Slight segregation 
of minor elements like boron or carbon at some of the Y-Y' interfaces were also observed in 
Udimet 720 [ 4 ] .  In contrast, APFIM studies of a high chromium superalloy IN939, revealed no 
detectable segregation of refractory elements like W and Ta to the 7-7' coherent interfaces 

[51. 

The aim of this study is to investigate the single crystal nickel base superalloy 
CMSX-2 by using time of flight atom probe techniques. The studies we have undertaken are 
focused towards the relationship between the microchemistry of these materials and the 
applied heat treatments. The spatial distribution of solute elements in the Y matrix will 
also be studied in detail. 
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The nominal composition of CMSX-2 is given in Table 1. The (001) oriented single 
crystals we used in this study, were provided by the ONERA. 

The material was subjected to a standard three-step heat treatment which consists 
in a one stage solution treatment (1315"C/30mn, air cool) followed by a sequence of two 
aging treatments (105OoC/16h, air cool + 85OoC/48h, air cool). This standard heat treatment 
leads to (001) well aligned cuboidal precipitates with a size close to 0.45 pm. The volume 
fraction is 70 % . As shown by CARON and KHAN [ 6 ]  , this regular microstructure improves creep 
performances. APFIM specimens were cut from the bulk and (001) oriented tips were prepared 
by standard electropolishing techniques. 

Major atom-probe experiments were performed using a high pulse fraction (20 %) and 
low temperatures (40 K) in order to prevent preferential evaporation of nickel atoms from 
interfering. Low detection flux (< 0.05 ion/pulse) was maintained in such a way to minimize 
pile-up effects. Figure 1 illustrates the field evaporation behaviour of (001) planes in the 
Y solid solution. Close examination of both the flux curve and the related composition 
profiles reveals the evaporation sequence in each plane : nickel atoms field evaporate 
before chromium atoms. This observation is in good agreement with both the preferential 
evaporation of nickel and the lower stability of nickel rich (001) planes in Y' we already 
observed in superalloys [ 7 ] .  

Table 1 : nominal composition of CMSX-2 as given by the manufacturer 
and overall concentrations as measured by atom-probe analyses 

111. Results 

In order to clarify the role of each precipitation sequence in the standard heat 
treatment, we have investigated the superalloy CMSX-2 in the following conditions : 
1315"C/30mn Air cooled + 105OoC/16h water quenched. This treatment corresponds to the first 
aging stage of the standard heat treatment. 

A typical concentration profile is given figure 2. As cuboidal precipitates have 
their sides parallel to (100) planes, microanalyses of (001) oriented tips are frequently 
conducted in a direction which is perpendicular to Y-Y' interfaces. Both chromium and 
aluminium concentration profiles reveal an abrupt interface between a coarse primary 

precipitate and the Y solid solution. After aging at 105OoC, the material was rapidly 
quenched in such a way to prevent 7' forming elements to precipitate onto existing primary 
particles. The aluminium profile clearly demonstrates that small secondary precipitates 
(50 - 100,A) form in the Y matrix during cooling. This means that the supersaturation has 

been released without increasing the initial volume fraction of large primary precipitate in 
a large extent. As a consequenke, the overall composition of the solid solution (including 



fine secondary precipitates) is probably very close to the equilibrium one at'T - 1050°C. 
This should be also true for primary Y' precipitates. Tables12 and 3 summarize phase 
composition as measured by atom-probe techniques for this heat treatment (105OoC/16h). 

Air cooled 

Table 2 : composition of Y' precipitates for the two heat treatments 51 
105OoC/16h 6.1 0.4 20.6 58.3 9.3 0.8 4.2 0.4 

water quenched + 0.4 f 0.1 f 0.6 + 0.7 f 0.4 f 0.1 f 0.3 rt 0.1 
1050°C/16h 2.8 0.3 28.8 54.6 9.2 0.5 3.2 0.6 

+ 85OoC/48h f 0.2 + 0.1 2 0.5 f 0.5 + 0.4 + 0.1 f 0.2 f 0.2 
Air cooled 

Table 3 : composition of the 7 matrix 
Atom probe data include secondary particles 
for the one-step heat treatment (1050°C/16h) 

The composition of r and 7' for the standard heat treatment (105OoC/16h + 
850°C/48h) is also given in tables 2 and 3 for comparison. Atom probe data show that the 
composition of primary ?I' particles does not vary in a large extent with aging temperature. 
The standard heat treatment produces a monomodal dispersion of Y' the composition of which 
should be close to that of equilibrium Y' precipitates at T = 850°C. In contrast, Table 2 
clearly reveals that the composition of Y matrix is strongly dependent on the heat 
treatment. As expected, the limit of solubility of aluminium in Y is observed to increase 
with temperature whereas the chromium content decreases. These observations are in good 
agreement with that of HOPGOOD et a1 [I] who performed APFIM investigations on a similar 
single crystal superalloy (SRR 99). 

By using the lever rule, the volume fraction of small Y' existing in the matrix of 
the one-step aging treatment, may be estimated. The calculations shows that both A1 and Cr 

content in Y for T = 1050°C lead to a volume fraction F, close to 7 %. The phase composition 
for the standard heat treatment is consistent with the nominal composition as given by the 
manufacturer (table 1) for a volume fraction close to 70 %. However, small deviations, have 
been detected for chromium. The concentration of this element in Y matrix was found to vary 

from one region to another, typically from 25 at % to 30 at %. 

As discussed in the introduction, the occurrence of small clusters or 
concentration fluctuations in the solid solution may influence high temperature properties 
of nickel base superalloys. As a result, we have investigated the spatial distribution of 
solute elements in the Y matrix of the material which,was subjected to the standard 
treatment. The clearest trend we observe in CMSX-2, is the occurrence of fine scale 
modulations of chromium in the solid solution. As shown in figure 3, concentration 
fluctuations are detected for chromium with a wavelength close to 25 A ;  the lateral 
resolution is around 10 A. The various statistical tests (chi-squared tests) [8] we 



performed on our data, demonstrate that these chromium modulations are associated to a 
systematic trend. The amplitude of chromium fluctuations is close to 10 % (15 - 35 at % see 

fig 3). Similar fine-scale modulations were also observed for chromium in other experiments 
conducted on single-phase materials the composition (22.5 at % Cr) of which is close to 

that of the Y matrix of CMSX-2. A concentration profile obtained for a material aged at 
850°C for 768h is presented in figure 4. The related Fourier transform provided in figure 5, 
again exhibits the emergence of a wavelength around 25 A. It is important to notice that 
these fine-scale fluctuations are often difficult to be detected in the experiments which 
were performed with a low lateral resolution. When the analysis area has, for instance, a 
diameter (9,) greater than 15 A ,  the observed amplitudes (A*) get more and more attenuated 
because of the unavoidable radial convolution of fluctuations (A = 25 A) with, the analysis 
cylinder. For three-dimensional sinusoidal fluctuations (with an amplitude equal to A), one 
can qualitatively estimate the compression factor of amplitudes (G) as follows : 

2 
sin n @:/A [ A ] with G = A*/A and 9: = @,\1;/2 

This rudimental calculation provides a rough estimation of the attenuation factor 
(G) for @, = 15 A close to 0.35. Similarly, the smoothing techniques, often used in 
concentration profiles, lead to an additional axial convolution. Again, the measured 
amplitudes (A*) are attenuated ; for a sine-like signal (C - C, + A sin 2n x/A)) smoothed 
over a depth (A), the attenuation factor (F) writes : 

sin n A/A 
F = with F = A*/A 

n A/A 

As a result, the use of a high spatial resolution (9,) reduces lateral convolution 
effects but may lead to an enhanced axial convolution. When 9, is small (10 A for instance) 
the reduced number of ions per layer (4 ions/A) often requires a large smoothing window (A) 
in order to ensure a reasonable number (N) of ions per sampling block (for 
N = 50 ionsfilock, A = 12.5 A (A/2) so that F = 0.64 for A = 25 A). 

Finer effects concerning A1 distribution were detected with the help of 
concentration histograms and were confirmed by the chi-squared tests we made. This very 
subtle trend for A1 to form clusters is however difficult to see in concentration profiles. 

IV. Conclusion 

The investigations we conducted on the influence of heat treatments clearly show 
that the second aging treatment (85OVC/48h) leads to a volume fraction of primary particles 
7 % higher than the observed value at 1050°C. In the standard heat treatment, the material 
is not quenched but simply air cooled. After the first precipitation sequence (1050°C/16h), 
due to the supersaturation of 7 ,  Y'-forming elements in excess diffuse toward existing 
primary 7' particles. This produces an increase in the volume of primary precipitates. 
Subsequent aging at 850°C for 48h followed by an air cooling to room temperature leads to an 

overall volume fraction of precipitates close to 70 X .  

The high spatial resolution microanalyses we conducted, have shown that fine scale 

chromium fluctuations occur in the matrix of the standard material. The Fourier transforms 
(Figure 5) as well as autocorrelations we applied to chromium concentration profiles showed 
that the signal is composed of various Fourier components. The predominant wavelength of 



these modulations is close to 25 and the amplitude of concentration fluctuations is about 

10 % (c;, * 10 %). 

Recently, SCHONFELD et a1 [9] investigated the binary alloy Ni-19.4 at % Cr by 
diffuse neutron scattering. The authors proposed to interprete the short-range order 
scattering pattern they observed by concentration waves of "imperfectly ordered clusters" 
the composition of which could be based on Ni2Cr. As short range order is known to influence 

mechanical properties in solid solutions, it is thought that the chromium fluctuations we 
observed in the 7 matrix of the superalloy CMSX-2 should intervene in the material 
performances. 
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Figure 1 : Field evaporation behaviour of 
(001) planes in the pseudo-binary Ni-Cr 
alloy (Y phase) : concentration profiles 
and the related step like flux curve 
(number of applied evaporation pulses as a 
function of the number of collected ions 
(abscissa)) clearly demonstrate that 
nickel desorbs first in each (001) plane. 
chromium evaporates upon the completion of 
each evaporation sequence. 
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Fipure 2 : This concentration profile 
exhibits the presence of fine metastable 
secondary 7' precipitates (A1 rich phase) 
in the vicinity of a large primary 
particle. The CMSX-2 superalloy has been 
subjected to a single aging heat treatment 
(105OoC/16h) followed by a water quench. 

Finure 4 : This concentration profile 
shows the occurrence of fine-scale 
modulations in a single-phase Y alloy 
(22.5 at % Cr) aged at 850°C for 76811. 
The spatial resolution is around 10 A .  

Finure 3 : Concentration profile showing the 
presence of composition modulations in the 
chromium rich Y phase of CMSX-2 (standard 
heat treatment). As the solid solution is 
essentially composed of Ni and Cr, the 
fluctuations observed for these elements are 
opposite. 

Finure 5 : This spectral density exhibits the 
emergence of a Fourier component (A C= 25 A) 
related to the chromium (or nickel) 
fluctuations which are observed in the 7 

solid solution. 


