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Abstract

Evolution of they/y’ microstructure during creep at 1050°C and
150 MPa of the AM1, MC2 and MC544 single crystgienalloys
was followed and quantified by evaluating the Jéoia of the
specific connectivity number of they phase N(Y).
Complementary assessments of thephase connectivity were
performed on a modified MC544 alloy with a redu@edount of

y phase and on René N6 and CMSX-10M third genamatio
superalloys. The transition from the secondanhéotertiary creep
stage is correlated to the topological inversion tbé vy
microstructure. The/ phase initially surrounded by thephase
matrix becomes progressively the connected phagdbeasreep
deformation increases. This topological inversiatuss during
creep of single crystal superalloys when th@hase fraction is
higher than about 50% and therefore depends onatloy
chemistry and on the temperature. Whe' topological inversion
occurs sooner during creepyasamount increases above 50%.

Introduction

During creep of commercial nickel-based single talys
superalloys at temperatures above 900°C and ur@Er><tensile
loading, combined effects of centrifugal stresdfudion, y/y
coherency stress aiyly elastic modulus misfit cause directional
coalescence of strengtheniigrecipitates as rafts perpendicular
to the tensile axis. The destabilisation of thée@imicrostructure
during the creep life can then sometimes occur utino a
topological inversion of they/ly microstructure as explicitly
reported for CMSX-4 at 950°C [1] and 1100°C [1, @MSX-10

at 1100°C [2], SRR99 at 980°C [3], MC-NG at 10502 5],
Alloy 221 at 1050°C [6] and René N6 at 982°C [7]h&k they
precipitates are initially finely dispersed in thenatrix, theyly
rafted can indeed progressively evolve such as ythphase
completely surroundg phase patrticles. This topological inversion
coincides with the onset of the accelerated créageswhich is
linked to a growing activity of the deformation rh@nisms in
both y andy phases [2-5]. However, the topological inversion
does not occur for instance during creep at 1058f°&lloy 211

[6] and CMSX-6 [1, 8]. The purpose of the preseaper is

therefore to focus on the evolution and stabilityttee y/y' rafted
microstructure through the analysis of experimenésults and
published data on a series of experimental and @iat alloys
and to deduce some indications for alloy selecfion suited
applications.

Materials

High temperature creep behaviour analysis was pedd on
AM1 [9] and MC2 [10] first generation superalloy®|C544
fourth generation superalloy [11] (also known as-MG), on a
modified MC544 alloy with a reduced contentyophase, named
MC544-LGP (Low Gamma Prime), and on René N6 [6] and
CMSX-10M [12] third generation superalloys (Table MC544-
LGP was derived from MC544 by decreasing the cdatefAl,

Ti and Ta proportionately in order to reduce sigaifitly the
amount ofy phase and by keeping almost the sayh@hase
chemistry.

Small-scale laboratory heats of MC2, MC544, MC543F., René
N6 and CMSX-10M were melted in a high vacuum indct
furnace at ONERA, while AM1 was produced by Howrh&d.
then provided by Snecma. All single crystal rodsreve
directionally cast at ONERA by the withdrawal pregeusing
<001> oriented seeds, except for the AM1 singletafy cast by
Snecma in an industrial directional solidificatiémrnace. The
single crystal rods had orientations within 5° aff <001>
direction. They were fully solution heat treated @ged using the
following procedures:
AM1: 1300°C/3h/air
850°C/24h/ A.C;
- MC2: 1300°C/3h/ A.C., 1100°C/4h/ A.C., 850°C/240C.;
- MC544 and MC544-LGP: 1310°C/3h, heating for 1@Qiisoat a
rate of 3°C.H, 1340°C/3h/ A.C., 1100°C/4h/ A.C., 850°C/24h/
AC,;
- René N6: 1320°C/3h/ A.C., 1120°C/3h/ A.C., 108@tZ A.C.,
900°C/4h/ A.C.;
- CMSX-10M: 1337°C/3h, heating for 10 hours atate of
3°C.H', 1367°C/3h/ A.C., 1152°C/6h/ A.C., 870°C/24h/ A.C.
760°C/30h/ A.C.

cooling (A.C.), 1100°C/9h/A.C.

Table . Nominal chemistries of the single cri/stgperalloys (wt.%)
Alloy Ni Co Cr Mo w Re Ru Al Ti Ta Others
AM1 Bal. 6.5 7.8 2 5.7 - - 5.2 11 7.9 -
MC2 Bal. 5 8 2 8 - - 5 15 6 -

MC544 Bal. - 4 1 5 4 4 6 0.5 5 0.1 Si; 0.1 Hf
MC544-LGP Bal. - 4 4 5 3 4 5.8 - 6 0.1 Si; 0.1 Hf
CMSX-10M Bal. 1.75 2 0.4 54 6.5 - 5.78 0.24 8.2 080Nb

René N6 Bal. 125 4.5 1.1 5.75 5.35 - 6 - 7.5 ®18,9.05 C; 0.004 B
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Experimental Procedures

Constant load tensile creep tests were performediririn the
temperature range 950°C-1150°C on cylindrical speos (20
mm gauge length, 3 mm diameter) machined from fiigat
treated single crystals. Creep tests were inteztutt different
times at 1050°C and other ones were run to rupatré50°C,
1050°C and 1150°C. Fully heat-treated single ctystanples
were also aged for 300, 1000 and 3000 hours at°@%fthout
external applied stress.

Microstructural assessments were carried out biyrsng electron
microscopy (SEM) using the secondary electron mmu@auge
sections parallel to the stress axis of the cr@egimens and on
sections of the aged samples cut normal to the x@ddwth axis
of the single crystal rods. After mechanical pahsf) they phase
was etched by using a mixture of 60% HCI, 15%;CEOH,
15% HNG; and 10% HO. They phase appears in dark on all the
SEM micrographs. Binary black and white images way@ined
by performing a grey level threshold processingtba SEM
images in order to select tifephase.

The microstructural changes occurring during craad during
the long-term ageing treatments were quantifiednieyasuring the
variation with time of the specific connectivity mber of they
phase N(Y) according to a procedure previously establishgd
Fredholm [6]. The specific connectivity number ofjiaen phase
is defined as the number of particles of this phase the number
of holes contained within these particles, per arga[13]. In the
fully heat-treated/y’ microstructure of single crystal superalloys,
Na(Y) is then equal to the number gfprecipitates per area unit,
i.e. the density of precipitates. In this referestae, they matrix

is the connected phase angd({) is positive. When thg phase
is totally connected, NY) is equal to one less the numberyof
phase particles embedded in tife matrix, and is therefore
negative. To quantify thg phase connectivity in the intermediate
states, thg' phase was skeletised and()) was calculated using
the following expression:

Na(Y) = (Nt — Nrp)/2S (1)
where N is the termination number and;Nthe triple point
number of the/ skeleton, and S is the area of the analysed.field
In the example of Figure 1, application of equatid) gives
Na(Y) = (35 — 22)/101.2 = + 0.128m that means thg phase is
still mainly embedded in thg matrix. Topological inversion
occurs when N(y) becomes negative. The topological inversion
is fully achieved when all thg particles are surrounded by the
connected/ phase.

Measurements of thg phase area fraction,fy) were performed

by image analysis on black and white images of itadgqal
sections of samples quenched after heat treatroeminge hour at
1050°C, 1100°C and 1150°C. The samples were takem f
specimens crept until a regulgfy rafted microstructure was
produced. Owing to the large lateral extensionhsfyt andy
rafts, the K(y') values determined from sections normal to these
platelets are considered to give a good estimaifotme volume
fraction ofy phase.
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Figure 1. Image analysis of a raftgty microstructure for the
evaluation of N(y): @) binary imagey in black) ; b) counting of
terminations[] ) and triple points@) of they skeleton.

Results and Discussion

The yly' microstructures in the fully heat treated coratis are
shown in Figure 2. These room temperature microsiras do
not illustrate accurately the situation at the oré¢he creep tests
because partialy phase solutioning occurs at these high
temperatures. They allow however to compareythgrecipitate
sizes and the My) values in the three alloys. /') increases
when they precipitates size decreases. Wherecipitates are the
finest ones in MC544 and the largest ones in AM1.

Figure 2. SEM micrographs of ttyg/ microstructure in dendrite
of fully heat-treated samples: (a) AM1,(y) = + 3.49um% (b)
MC2, Nao(Y) = + 6.45um%; (c) MC544, N\(Y) = + 8.32um2.
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Figure 3. Typical creep curves at 1050°C and 15@iM&) creep strain vs. time and (b) strain ratealative time.

Typical creep curves at 1050°C and 150 MPa of tMdLAMC2

and MC544 alloys are compared in Figure 3a. Thepcrain
rate has been also plotted vs. relative time tdnlight the

differences in creep behaviour between the threersilloys and
to identify more precisely the different creep stagFigure 3b).
The comparison of the creep curves evidences sdfeestices in
creep behaviour, regardless of the creep ruptfiee Tihe creep
curve of MC544 is characterised by a short incapatperiod
preceding the primary creep stage. There is no seabndary
creep stage for MC544, the creep rate increasiagdiowly, then
faster, as soon as its minimum value is attaineghért quasi-
stationary creep stage is observed for AM1 betwadsout one-
third and one-half of its creep life. The secondargep stage
occurs earlier and is significantly longer in tlzese of MC2.

Typical y/y microstructures at increasing creep times at $G50
are shown in Figures 4 to 6. Whereas a raftgdmicrostructure
normal to the <001> tensile stress axis is alresshablished in
AM1 and MC2 after only 20 hours of creep, that @& the case
for MC544. The incubation period observed at thgiftm@ng of
the creep curve at 1050°C of MC544 was associabethis
morphological stability of thg’ precipitates and was analysed as
resulting from several factors [4]. The narrowechannels and
the higher level of solid solution strengtheningloéy matrix, as
compared to AM1 and MC2, impede the movement ofrimat
dislocations and therefore retard the plasticiratib they phase
which was reported to enhance the rafting procdsk [L5].

Moreover, the presence of rhenium in MC544 slowsrdall the
diffusion-controlled processes and particularly ¢barsening rate
of they precipitates, due to the very low diffusion caeifint of
this alloying element [16]. In AM1 and MC2, the mai
microstructural evolution is then the thickeningtbey andy
rafts which is faster in AM1. However, visual araty of the
micrographs does not permit to determine easily ciwhihe
connected phase is. On the other hand, the tomalbgiversion
of theyly’ microstructure is clearly visible in MC544 as soas
the oriented coalescence of tfieprecipitates occurred. At the
end of the creep test, coarsparticles are completely surrounded
by ay phase matrix, even far from the fracture surface.

The variations of N(y) with creep time are plotted in Figures 7
to 9 together with the respective creep strainstaie AM1 and
MCb544, the onset of the strain rate increase cporgds to the
topological inversion, i.e. to the moment at whitk(y’) becomes
negative. This transition occurs at half of thetase life in AM1
and already at the end of the primary creep staddG544. The
decrease of the absolute value @{{y) in MC544 during the long
stage of accelerated creep is due to the coarseiitigey phase
particles that reduces their number per unit aheaMC2, the
topological inversion is observed only in the ruptl specimen
and is not very pronounced, theandy phases remaining
strongly interconnected.

Figure 4. SEM micrographs of longitudinal sectiohAM1 specimens after creep at 1050°C and 150 M&at = 20h, M(y) = + 0.09
pum?; (b) t = 188h, N(Y) = - 0.09um% (c) t = 217h (rupture), Ny) = - 0.08um™2
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Figure 5. SEM micrographs of longitudinal sectimisMC2 specimens after creep at 1050°C and 150 M#&®at = 20h, N(Yy) = +
0.21pm’%; (b) t = 310h, N(y) = + 0.1um; (c) t = 599h (rupture), Ny) = - 0.015um?2,

Figure 6. SEM micrographs of longitudinal secti@isMiC544 specimens after creep at 1050°C and 15@:N#® t = 20h, N(y) = +
3.21pum%; (b) t = 217h, N(Y) = - 0.52pum%; (c) t = 486h (rupture), Ny) = - 0.22um2,

1.E-04 4

[ 4350

(]

—~ 1.E05 3 3

' =

3 25 8

g 1.E-06 . =

x -

c 1.E07 153

g 1 g
e

® 1.E08 05 3

o 23

1.E-09 L L L L 05F

0 50 100 150 200 250 .

Time (h)

Figure 7. Evolution of N(y) during creep at 1050°C and 150
MPa of AM1.
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Figure 8. Evolution of N(y) during creep at 1050°C and 150
MPa of MC2.
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Figure 9. Evolution of N(y) during creep at 1050°C and 150
MPa of MC544.

Creep tests have been performed at 1150°C and 1P dh
AM1, MC2 and MC544 specimens in order to check if
topological inversion of thg/ly’ microstructure also occurs at very
high temperature. The stress-rupture life of MC544
dramatically longer than that of AM1 and MC2 (Figur0). The
creep curve of MC544 at 1150°C has a shape sinaldhat of
AM1 and MC2 at 1050°C and 1150°C. There is no iation
period, a significant steady-state creep stageaanabid tertiary
stage. At this temperatureA(y) evaluation has been done only
on creep ruptured specimens. For the three alldyg/) remains
positive till the rupture that means that fighase particles are
always surrounded by thg matrix at 1150°C as illustrated for
MC544 in Figure 11.
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Figure 10. Typical creep curves at 1150°C and 16@&Ma) creep strain vs. time and (b) strain ratealative time.

Figure 11. SEM micrograph of a longitudinal sectadra MC544
specimen after rupture in creep at 1150°C and 1B@:NW(Y) =

+ 0.13um™ Finey particles in they phase precipitated during

cooling.
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Figure 12. Variation with temperature of iarea fraction.

Variation with temperature in the 1050-1150°C ranf¢he area
fraction ofy phase K(y) in AM1, MC2 and MC544 is shown in
Figure 12. At 1050°C, KY) is respectively close to 44%, 52%
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and 62% in MC2, AM1 and MC544.,&/) then decreases
significantly when the temperature increases ud160°C. At
1150°C, K(Y) is lower than 50% in each alloy, the higher \&alu
being always for MC544.

Supplementary microstructural assessments wererpetl on
MC544-LGP, René N6 and CMSX-10M specimens in order
determine K(y) at 1050°C and 1150°C and,[y) at the end of
creep tests at these temperatures. Such datal ftreahlloys of
this study are compared in Table II.

These results evidence a strong relationship betwée
increasing amount of/ phase and the growing tendency for
topological inversion of thg/y microstructure. During creep at
1050°C only MC544-LGP which contains & fraction
significantly lower than 50% does not experiegyétopological
inversion. In MC2 where thg fraction is higher but still lower
than 50%, they/y’ topological inversion is observed only in the
ruptured specimen. In other alloys of Table Il @minhg more
than 50% ofy phase the topological inversion is completely
achieved. Moreover, when comparing the microstmattu
evolutions in AM1, MC2 and MC544 alloys during qoeat
1050°C, it appears that the topological inversioouos as earlier
as they fraction is higher.

The temperature increase between 1050 and 1156fS ® a
decrease of fy) to values lower than 50%, except for CMSX-
10M. For all the alloys of Table I, Ny') remains positive that
means that thg phase is once again completely surrounded by a
y phase matrix.

Table Il. Area fraction ofy phase and specific connectivity
number of the/ phase after rupture in creep at 1050°C and 150
MPa and at 1150°C and 100 MPa (nd : not determined)

T =1050°C T =1150°C

Alloy Fa(y) Na(Y) Fa(Y) Na(Y)

(%) (um?) (%) (um?)
AM1 52.0 -0.081 425 +0.105
MC2 445 -0.015 39.9 +0.265
MC544 62.4 -0.221 48.6 +0.127
MC544-LGP 40.4 +0.080 nd nd
René N6 61.1 -0.093 46.4 +0.1338
CMSX-10M 67.3 -0.115 55.2 + 0.094




Topological inversion of thgly’ microstructure has been reported
during creep at high temperatures of a number rajlsicrystal
nickel base superalloys, but often without mentignexplicitly a
possible relationship with thg volume fraction. In other cases,
this phenomenon is not outlined, whereas it is lasly obvious
when looking at the published micrographs.

Fredholm and Strudel have studied the creep behiagtol 050°C
and 140 MPa of two experimental single crystal eidiase
superalloys, Alloys 221 and 211 [6]. Rafting of tfiephase is
observed in both alloys which exhibit negative nasth at the
creep temperature. Topological inversion of thgy
microstructure occurred in alloy 221 at about ohidt of its
creep-rupture life, whereas no topological inversazcurred in
alloy 211 throughout all the creep life. The comtef alloying
elements are the same in both alloys, excepttfmitim: 1.8wt.%
in alloy 221 and 0.9wt.% in alloy 211. The volunmaction ofy
phase must therefore be lower in alloy 211 thaalioy 221 as
confirmed by the respective values of 68 and 63% These
values are significantly higher than that determiirethe present
study. It should be however mentioned tifavolume fraction
measurements on 221 and 211 alloys were madey/gn
microstructure with cuboid3 precipitates.

A rapid change of the sign of thg phase connectivity was
observed during tensile creep at 950°C and 301 Mieaduring
creep at 1100°C and 140 MPa of <001> CMSX-4 siogystals,

[1]. Such ayly' topological inversion was also observed during

tensile creep at 1100°C and 120 MPa of <001> CMSand
CMSX-10 single crystals [2]. On the other hand, ¢banectivity
was observed to remain positive in CMSX-6 duringepr at
1050°C [1, 8]. We have measured the area fractign ghase on
a micrograph of a rafted CMSX-6 microstructure mafteeep at
1050°C, published in [8]. The resulting value of3#% for FR\(Y)

is coherent with the fact that no topological irsien occurs in
CMSX-6 at 1050°C. Such an
micrographs of rafted/y microstructure with a connected
phase in CMSX-4 taken from [17] give respectiveuesl of
53.5% and 50% at 950°C and 1100°C.

Topological inversion of they-y’ microstructure was also
evidenced in the SRR99 single crystal alloys dutergsile creep
at 980°C and 200 MPa [3]. Micrographs published3hshow
clearly that the/ fraction is significantly higher than 50% at this

temperature. This phenomenon was shown to be thst mo

pronounced at the transition from secondary tolecaied creep.

A temperature vs. time diagram was proposed forRbaé N6
single crystal superalloy indicating the region veheyly
topological inversion was observed [7]. The phenooneoccurs
in the temperature range 900-1100°C, and the rapgdly around
1050°C. Topological inversion is mentioned towscearlier in
interdendritic regions where thgvolume fraction is higher, and
does not occur above 1120°C. Both observationseagith the
present results (Table I1).

Topological inversion of theyly microstructure was also
explicitly reported to develop after tensile cre¢d000°C and 90
MPa in the René N5, CMSX-2, CMSX-6, CMSX-11B and RW
1483 single crystal superalloys [18]. The conndgtiof the y
phase was inferred to promote a brittle behaviduhese alloys
during tensile tests in moisture at room tempeeatdn outcome
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image analysis made on

of this study was a patent where single crystakelidbased
superalloys are claimed to contain less than 50% phase in
order to avoid topological inversion and therefaress of tensile
properties in moist environment due to the britidaviour of the
connected/ phase [19].

Working on modified TMS-75 single crystal supergfiowith
variousy volume fractions, Murakamo et al. demonstratedt th
the creep rupture life is the longest at 1100°Chveit/ volume
fraction of 55%, that is attributed to a high sli#piof the rafted
structure when the amounts of and y phase are nearly
comparable [19]. The notion of topological inversis however
never mentioned to explain this result.

Our results, reinforced by the published resultsotirer alloys,
therefore demonstrated unambiguously that topadbgdio/ersion
of the y/y’ microstructure during creep is inhibited in catalis
where the fraction of/ phase is lower than about 50%. Some
small discrepancies about this transition valuehefy fraction
above which the topological inversion occurs cagioate from
differences in method of measurement of yheolume fraction
by the different authors. Nevertheless, all resutsverge
towards a value close to 50%. Moreover, in alloybemwe
topological inversion is observed, higher is thacfion of y
phase, earlier this phenomenon occurs during thepdife.

The relationship betweeyl volume fraction andyy topological
inversion can be explained by considering the tgtalinterface
area. Once the misfit stresses relaxed by the aeqdtworks of
matrix dislocations formed at th@y' interfaces, the/ precipitate
size and morphology will evolve so as to minimize ttotal
interfacial energy. This is obtained by a reduciiog/y’ interface
area that is the driving force for diffusion conlied coarsening of
the y particles during creep at high temperature. Wiieay
volume fraction is less than 50%, this morpholog@solution at
constanty fraction leads to fewer but coarser precipitates.the
other hand, when the' fraction is greater than 50%, the
minimization of the totaly/y interface area results from the
topological inversion of the/y' microstructure with the minor
phase embedded in the major one.

Microstructural assessments of AM1 and MC544 sirmjiestal
samples aged at 1050°C for increasing durations waitldout
external applied stress show also an evolutionhefyt phase
connectivity but much slower that under creep cioni.
Micrographs of Figures 13 and 14 illustrate therostructures of
AM1 and MC544 alloys in dendrite cores after agdiegtments
at 1050°C for 300, 1000 and 3000 hours. In AM1 afged300
hours, a number of precipitates have coalesced but thehase
is not totally connected whereas the topologiceéision is fully
achieved after creep for a similar duration(\ is still positive
after 1000 hours with a value of + 0.05 and evéer &000 hours,
where N\(y) was measured to be — 0.003, i.e. only slightly
negative, the topological inversion is not completachieved.
After 300 hours at 1050°C, thgé precipitates have coarsened in
MC544 but remains mainly cuboidal and thehase is still the
connected phase. That is always the case after 16065 and
3000 hours at 1050°C, even if ti)y’ microstructure is coarser.
Clearly the microstructural evolution is slowerNMC544 than in
AM1 due to the rhenium addition.



Figure 13yly microstructure in dendrites of AM1 after long4temgeing at 1050°C : (a) 300 hours; (b) 1000 hdwgéy/) = + 0.05um? ;
(c) 3000 hours, NY) = - 0.003um2.
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Figure 14y/y’ microstructure in dendrites of MC544 after loregrh ageing at 1050°C : (a) 300 hours; (b) 1000 $1diej 3000 hours.

The applied stress which is the driving force fatewoted

coalescence of thg precipitates during creep at high temperature

therefore also promotes topological inversion ofe tiy
microstructure during creep at high temperaturastil strain of
they matrix which leads to a relaxation of the coheyesitesses
at the yly interfaces is clearly essential for the topoladic
inversion to operate. This hypothesis agrees withanalysis of
Fredholm and Strudel who underline that yhyé inversion occurs
during creep of alloys containing more than 50% bl phase
whereas they phase still surrounds thg phase particles when
these superalloys are heat treated without exteypplied stress
[20].

An important issue is to evaluate the influence tioé yly

topological inversion on the creep behaviour. Wherehis
microstructural evolution has been observed duchegp in René
N6 within the temperature range 900-1100°C [7] end Ta rich
experimental alloy at 1050°C [21], the respectivethars
underline that this microstructural evolution doest have any
detrimental effect on the high temperature cresjstance. On the
contrary more recent studies highlight the accéleyaeffect of
the topological inversion on the creep deformatrate. The
deterioration of the creep resistance due to theolégical

inversion was thus predicted by Mughrabi on theishad a
composite model of deformation-induced internalessr [1].

Plastic deformation of theislands leads to a rapid increase of the

deformation induced internal stress which cannotrdiaxed by
glide-climb motion of theyly interface dislocations. These
dislocations are therefore forced to cut tfiephase matrix.
Several dislocation structure analyses have coefirnthe
increasing activity of the deformation mechanismshiey’ phase
when it becomes connected. High densities of fdulkebris and
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of pairs of a/2<110> dislocations have thus beesented in
MC544 after 120 hours of creep at 1050°C and 15@ ¥R 5].
During creep at 980°C of SRR99 the topological isi@ was
shown to correspond to a drastic increase of teepcrate [3].
The zigzag shape of thgly interfaces in the modified
microstructure is inferred to promote formation diflocation
pile-ups and consequently cutting of tfiephase. Creep studies
on CMSX-4 and CMSX-10 at 1100°C showed climb of @34
dislocations in the connected phase which in turn enables
dislocation glide in they matrix embedded particles [2]. The
topological inversion thus induces an increasehef dislocation
activity in bothy andy’ phases leading to the related accelerating
creep.

The stability of a rafted microstructure with a pes Yy
connectivity number therefore precludes massivengubf they
rafts by they matrix dislocations and allows to maintain a syead
state creep stage during the main part of the cliéemt high
temperature as illustrated by the creep behaviduMG2 at
1050°C or of MC544 at 1150°C. Comparison of creepves
where relative creep strain is plotted versus ikgattime
highlights the similarity between the creep behargoof MC2 at
1050°C and MC544 at 1150°C, regardless of the smgsture
life (Figure 15). The true tertiary creep stagejohtresults from
the combined effects of gauge section reductioncking,
initiation of cracks from the casting porosity oorh the surface
and so one, occurs while tiygphase is still connected, or at less
while they andy’ phases are strongly interconnected.
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It should be pointed out that at 950°C and 300 MRa,AM1,
MC2 and MC544 alloys exhibit similar creep behavigu.e. no
significant primary creep stage, no steady-staéemrstage and
consequently a continuous increase of the creemstite (Figure
16). Theyly topological inversion occurs within the threeost
as shown for AM1 and MC544 in Figure 17. Whereas/tiphase
is completely connected in MC544 at the end ofciteep test, the
creep strength of this alloy is significantly highthan that of
AM1 where somey particles are still embedded within the
matrix. Depending on the alloy chemistry, the cregpngth of an
alloy with a fully inverted microstructure can thésre be higher
than that of an alloy in which the topological irsien is not
completely achieved. Presence of rhenium in MC5#dro the
advantage of reducing the coarsening rate of'tharticles due to
the very low diffusion coefficient of this alloyinglement. The
resulting y/y microstructure at the end of the creep test
consequently as finer in MC544 than in AM1 althoubl creep
rupture life is four-time longer. Thg/y' topological inversion
does not seem to be as detrimental to the creepgilr as at
1050°C.

is

It can be pointed out that in alloys and in comais wherey/y’
topological inversion operates continuously durthg life of a
single crystal component, J{§/) measurements could be an
efficient way to evaluate the level of microstrueiudamage and
consequently of the residual creep life, in refeeeto standard
microstructures generated under given creep camditi

Some useful indications for selection or developnm@ran alloy
composition for a given application, depending loa temperature
regime which must be favoured, at less as creegngtin is
concerned, can be drawn from the present study Ahase
fraction as large as possible in order to obtaihigh creep
strength in the very high temperature regime (TL8QEC) is thus
not favourable to the creep behaviour in the higimgerature
regime (1000°C < T< 1100°C) where the stabilitaatgularyy
rafted microstructure witly matrix surrounding/ platelets plays

a fundamental role in the creep strength of theatemals. These
results evidence the difficulty to design an allofjiemistry
optimizing the creep strength in a very wide terapee range.
Clearly, if there is no need for very high temperat creep
strength, it should be better to design an allothwiy fraction
not higher than 50% at temperatures below 1100°@rdter to
preserve the connectivity of thephase and therefore to retards
shearing of they particles, and consequently precocious
accelerated creep.

Conclusions

The main conclusions drawn from this study are:

1/ Topological inversion of the/y microstructure in single
crystal nickel based superalloys occurs during gree high
temperature when conditions are such as the fraofig' phase is
higher than about 50%.

2/ Comparison of the creep behaviours at 1050°C&#hMPa of
the AM1, MC2 and MC544 alloys shows that the topgalal
inversion operates during the creep life as eaaléethey fraction
is higher.

3/ An increase of the creep rate is associated withy/y
topological inversion owing to the growing activif dislocations
in bothy andy' phases.



4/ As alloy chemistry and temperature are the patara which
determine the/ volume fraction, they influence the topological
inversion phenomenon. This can give precious in&tion for
design or selection of alloys suited for particulareep
temperature regimes.
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