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Abstract 
The influence of long-term aging heat treatments on the tensile behaviour of <001> single crystals of the 
MC2 nickel-based superalloy was investigated at room temperature, 650 and 950°C. The precipitation of 
brittle particles of a W-rich 1 phase did not induce any deleterious effect on the tensile strength and ducti- 
lity. The decrease in yield strength and the increase in ductility were attributed to the coarsening of they ' 
strengthening particles which promotes by-passing of the precipitates by matrix dislocations and the ho- 
mogeneization of deformation. 

Introduction 

Single crystalline yly ' nickel-based superalloys are used as turbine blade and vane materials in aeronauti- 
cal engines. The MC2 alloy shows a very high creep strength, especially at temperatures above 100O0C, 
resulting partly from the large content of Mo and W, which, in return, renders the alloy prone to the preci- 
pitation of W-rich 1 phase particles during prolonged exposures at temperatures above 850°C [I]. 
Concurrently, the creep conditions lead to the oriented coarsening of the strengthening y ' precipitates as 
rafts normal to the <001> stress axis. This study was aimed at evaluating the effects of such microstructu- 
ral instabilities on the tensile behaviour of cool> MC2 single crystal specimens. 

Experimental Procedure 

Dendritic single crystal rods were directionally cast by the withdrawal process on <001> seeds. The che- 
mical composition (wt.%) of the heat was : Ni-7.89Cr-5.08Co-2.11Mo-7.99W-5.05A1-1.49Ti-5.96Ta. 
The single crystals were applied the following standard heat-treatment cycle : 130O0C/3 hours/A.C. + 
1 100"C/4 hours1A.C. + 850°C/24 hours1A.C. resulting in a homogeneous distribution of cuboidal y ' parti- 
cles aligned along the <001> directions and with a mean edge size of 0.35 prn (Figure la). Cylindrical 
tensile specimens with a 4 mm diameter and a 30 mm gauge length were machined from these rods. Some 
plate specimens were prepared with mecanichally polished faces parallel to {001) planes in order to ob- 
serve the s l i ~  bands. 

Figure 1 : Microstructures of 
MC2 single crystals : 

a) standard heat treatments : 
1300OCI3 h0urstA.C. + 
1 100°C/4 hours/A.C. + 
850°C/24 hours1A.C. ; 

b) standard heat treatments + 
200 hours at 1050°C under 
80 MPa (longitudinal sec- 
tion). 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993753

http://www.edpsciences.org
http://dx.doi.org/10.1051/jp4:1993753


348 JOURNAL Dl3 PHYSIQUE IV 

Room tem~erature 

I . . . . , . . . .  

Before exposure 
65ooc 

After exposure 

Before exposure 

After exposure 

95ooc 

t . , . . I . . . .  

A 
lo00 

A 

lo00 
a" z m  5 2 ,  
t w  
b fn 

400 
H 
5400 

Half of the tensile specimens were subjected to a prior tensile creep test for 200 hours at 1050°C and 80 
MPa. The resulting microstructure is illustrated in Figure lb. The y ' particles have coarsened as rafts nor- 
mal to the c001> stress axis. Their thickness is close to the size of the initial cuboidal precipitates, and 
their length may attain several tens of micrometers. Some particules of a W-rich phase precipitated within 
the core of the dendrites. These precipitates appear as needles or as spheroidal particles. Observations on 
different sections of the specimens showed that the needle-like particules are platelets with a thickness of 
about 0.5 pm and a length which may attain 25 pm. The globular particules have a diameter close to 1 
pm. The W-rich phase has been identified as a rhombohedra1 T.C.P. (topologically close packed) p phase 
with parameters close to a = 8,94 A and a = 30'50'. The localized precipitation of the p phase within the 
dendrite cores is due to a residual segregation of W [2]. The volume fraction of p, phase in the aged speci- 
mens was evaluated to be less than 0.5 %. 

200 

Tensile tests were conducted on aged and unaged specimens in air at room temperature and in argon at 
650 and 950°C. The tests were performed with a constant crosshead speed corresponding to an initial 
strain rate of 1.1.10~s-l. Some tests were interrupted before failure in order to produce samples for 
T.E.M. analysis of the deformation mechanisms. 

200 

Ex~erimental Resul@ 

Typical engineering stresdstrain curves are shown in Figure 2. The tensile data are reported in Table 1. 
The main effects of the aging treatment on the tensile behaviour at 25 and 650°C of the MC2 single crys- 
tals are : i) the decrease of the yield strength, ii) the reduction of the length of the plateau region following 
the yield stress, iii) the increase of the ductility. At 950°C, the yield strength and the ductility are not af- 
fected by prior aging but the ultimate tensile strength is significantly reduced. 
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Figure 2 : Effect of temperature and of an exposure for 200 hours at 1050°C and 80 MPa on the engi- 
neering stress-strain tensile curves of <001> MC2 single crystals . 

The observation of fracture surfaces by scanning electron microscopy showed that the aging treatment did 
not affect the fracture mechanism eventhough, locally, p particles were found broken, attesting their britt- 
le behaviour. Observation of longitudinal sections of aged specimens tested at 25 and 650°C revealed that 
some of the p phase precipitates are fractured (Figure 3). The amount of broken p phase particles is in- 
creased near the rupture surface. The broken particles were segmented in many parts, but these cracks ne- 
ver propagated into the matrix. Furthermore, decohesion at the interface between p phase particles and the 
superalloy matrix occured very rarely and never initiated crack propagation in the single crystal specimen. 

Table 1 : Effect of a long-term aging treatment for 200 hours at 1050°C and 80 MPa on the tensile pro- 
perties of <001> single crystals of the MC2 alloy. 

Unaged Aged 
Temperature 0.2% Y.S. u . T ~  Elongation 0.2% Y.S. u.T.s. Elongation 

("c) (MPa) (MPa) (%I (MPa) (MPa) (%) 
25 1 146 1 292 9.0 887 1213 13.1 



: Longitudinal section of an aged MC2 Finure 4 : Surface of an aged MC2 plate speci- 
tensile s~ecimen tested at room tem~erature. men after 0.6% of ~las t ic  strain at R.T. 

In specimens tested at 950°C, p phase particles were not found to be broken. 

After deformation in the plateau region, the surface of the plate specimens tested at room temperature ex- 
hibited deformation bands parallel to { 11 1 ] planes, both in the aged and unaged materials. In the aged 
material, p phase platelets are found broken in several parts when they are intersected by a deformation 
band (Figure 4). 

T.E.M. observations of tensile specimens tested at 2S°C confirmed that, both in the unaged and aged 
structures, the deformation is mainly concentrated in planar slip bands where a high density of superlatti- 
ce stacking fault loops was observed within the y ' precipitates (figure 5). The faults are bounded by a 
a/3<112> partial and lie on the { 1 1 1 ] plane parallel to the deformation band. Outside these bands, the de- 
formation occured primarily by a/2<110> dislocation bypass of the y ' precipitates. Moreover, some tigh- 
tly constricted a124 10> dislocation pairs were identified within the precipitates. The faulted loops, unu- 
sual in superalloys after low temperature deformation, have been reported only in in the case of the PWA 
1480 single crystal alloy 131. It was proposed that the y ' are sheared by a<1 10> dislocations that leave 
faulted loops as deformation debris.-Indeed, if the superlattice stacking fault energy is low compared to 
the antiphase boundary energy, a a[101] disloc+tion may dissociate inside a y ' precipitate via the follo- 
wing reaction : a11 011-->a/3[2 l_I]+SISF+a/3[112] , instead of the more frequently observed reaction : 
a[i01] --> a/2[ioi] + APB +a/2[101]. 

Discussion 

According to the literature, two mechanisms are proposed to explain the deleterious effect of T.C.P. britt- 
le phases, such as o, p or Laves phases, in polycrystalline superalloys [4]. The first one is a softening of 
the y matrix consecutive to its impoverishment in refractory elements which participate in the p phase for- 
mation. Considering the low amount of p phase precipitating in MC2 alloy (< 0.5 vol.%), this effect must 
be negligible. The second effect which could be expected is the initiation of cracks at the interface bet- 
ween matrix and T.C.P. phase particles. This event has never been observed in the case of MC2 superal- 
loy. The good cohesion of these interfaces is in agreement with the results of a recent study aiming at 

Finure 5 : Dislocation structures in tensile specimens strained to 2% at room temperature : (a) unaged 
material, (b) aged material. 
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identifying the orientation relationships (O.R.) existing between p phase precipitates and the matrix. In- 
deed, we have shown that the two O.R. which are the most frequently encountered generate good coinci- 
dence between both yly ' and p lattices, which could explain the further strong cohesion of the interfaces. 
This two O.R. are respectively (1 1 N (1 1 l)y,y and [01iIp /I[llZ] yly , and (1 1 I1 (210) y,y and 
[oii], 11 [ m i ]  y,y .. 
The observation of broken p phase particles facing deformation bands at 25OC tends to support the hypo- 
thesis that stress concentration due to dislocation pile-up's at the interface is at the origin of the fracture of 
these particles similar to the case of COTACNTAC type composites [5]. At 950°C, the pile-up mecha- 
nism probably does not occur anymore; y ' precipitates as well as p phase precipitates must be bypassed 
by matrix dislocations by a combination of slip and climb mechanisms thus explaining that p phase parti- 
cles are not found broken after testing at this temperature. 

Since the presence of p phase particles was not be found responsible for the changes in tensile properties 
resulting from the aging treatment, the effects observed were attributed to the y ' precipitate coarsening. 
Previous studies on the tensile behaviour of single crystal superalloys have shown that the deformation in- 
itiated by the bowing of a/2<011> dislocations through they matrix channels [6]. The motion of these dis- 
locations is thus primarily controlled by the Orowan stress, T,, = pbll, where p is the matrix shear modu- 
lus, b the Burgers vector and 1 the width of the y channel along the glide direction. The Orowan stress is 
obviously lower in the aged material where the mean value of the spacing between y ' rafts was evaluated 
close to 270 nm, than in the unaged alloy where the y corridor mean size is close to 30 nm (see Figure 1). 
It can therefore explain, at less qualitatively, the decrease in yield strength observed at room temperature 
and 650°C after aging at 1050°C. This hypothesis is supported by the fact that the aged material yielded 
more smoothly at room temperature (0.5% of plastic strain before the plateau region) implying larger 
amount of deformation in the matrix before the precipitates were sheared. Furthermore, the reduction of 
the length of the heterogeneous deformation stage and the increase of ductility in the aged single crystals 
can be related to the homogeneization of the deformation resulting from the multiplication of dislocation 
sources in the y matrix of the rafted structure. The decrease of the ultimate tensile strength observed in the 
overaged single crystals at 950°C will be interpreted on the basis of dislocation structure analysis which 
are presently at hand. 

Conclusions 

The main conclusions of this study are : 

1/ The presence of a low volume fraction (< 0,5%) of p phase particles induced by a long-term aging 
heat-treatment for 200 hours at 1050°C under 80 MPa did not lead to any deleterious effect on the tensile 
behaviour at 25,650 and 950°C of <001> single crystals of the MC2 superalloy. 

21 The oriented coarsening of the y ' precipitates resulting from this overaging heat treatment results in a 
reduction of the yield strength and a homogeneisation.of the deformation at 25 and 650°C. At 950°C, the 
yield strength remains unchanged, but the ultimate tensile strength decreases. 
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