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Chapter I
Background Smdy
1.1 Historical Perspective

The history of superalloys strictly dates back to around 7000 8.C. when people first began
to make objects from copper as opposed to stone. It took about ancther 4000 years for the
benefits of alloying to be realised whea it was discovered that copper could be cast more -
easily if tin or arsenic were added to it. A move important result of these additions was the
solid solution strengthening that made bronize a beiter matetial for use in tools and wespons.
Since the onszt of the Bronze Age the ever increasing demand for better tools and weapons
has driven the metals industry to more sophistic~ted technologies.

The jet engine ‘revolution’ of the 1930’s was, initially, the driving force behind the
development of the superalloy. It required materiais that could be used at the extremely high
temperatures and under the severe stresses encountered in gas turbine engines.

Around 1930 experiments were done with small amounts of titanium and aluminium added
to «he then well known '80/20' nickel-chrome alloy. Significant creep strengthening was
found. Further research showed that these nickel-based so-called ‘superailoys’ with their
close-packed FCC crystal structure could have the properties required for use in jet engines.
Cohalt- and iron-based supe-alloys also showed promise in similar applications.

By the 1940’s an important aspect of the strength of the nickel-based superalloys had been
identified: fine coherent precipitates with an ordered cry..al structure were observed
embedded within the disordered solid solution mairix. The precipitate phase became known
as the y’ phase and the matrix as the y phase. Obgervations of y’ revealed that it can be
widely alloyed, its yield strength increases with temperature and it has good oxidation
resistance, meking it a very useful sirengthener.

In the 50's and 60’s much experimentation was done on improving the properties of the
superalloys by changing their chemical composition.

- Aluminium was identified as the primary y’ former and as an important protective
oxide forming element, Al,Q, scales forming on surfaces at high temperatures.

- Titanium and nichium were also added for their y’ forming capabilities.

- Solid solution strengthening of the matrix was developed through additions of cobalt,
molybdenum and other rufractory elements e.g.tuagsten and later hafnium. These
elements were also combined with carbon to strengthen grain boundaries,
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- Chromium was always pnesent o 1mprove oxidation res:stauce, aﬁempls to reduoe the -
Cr convent 50 as to 1mprove st:engm pmpernes led to hot corrosion problems

- Tt was tound thnt careful control of chemical compomtton oould also prevent the '
formation of undesirable phases - such as o,y and Laves phases - - which mvanably

degraded the propert:es of the superalley. -

After the 60's the chelmca! wmpmlnon ¢ sickel-based superalloys varied. relauvely httle_
but much work was dorie on the processine .. the superalioys. The advent of vacuum meltmg
around 1950 had allowed major improvements in the processing of supéralloys but it was in
the 70’s and 80’s that process development really became important. ’ﬂns ultlmately 1eci o
dxrmCmally solxdlﬁed and single crystal alloys. :

Today, over 50% of an advanced Jet mrcraft engine is made of mckel—based superalloys and

the aerospace industry continues to drive advances in the field. However, superalloys -also

see service in industrial gas turbines, space vehicles, rocket engines, nuclear reactors,
submarines, petrochemical equipment and in other machmery tluat requires long-term sirength

and corrosion resistance at lngh temperatures

L2 Ohs’ervaticns of Raftmg

A modern nickel-based superalioy, after oomplete ageing, consists of a periodic array of
cuboidal y’ prec:pltates aligned along < 100> directions. The cokerent precipitates are
typically 0.2-0.5um in length and make up about 60% of the volume fraction of the
superalloy. A “misfit’ parmneter is deﬁned to describe the difference in unconstrained lattloe
parameters of y and y:

3= A-a
al+a

Usually, }&| <0.005 and is témperature deperdent as a result of differing thecmal expansion
coefficients in the two phases.

The term ‘rafting’ refers to the chenges in morphology of the precipitates at high
temperatures - oertamly above 750°C, but often even higher temperatures are required. At
these temperatures ¢' cuboids link together to form ‘rafts’. Rafting has been observed in the
absence of an applied stress. In this case the rafts are randomly orientated on (100} planes.

More commonly observed, is a directional evolution of morphology in the presence of a
uniaxial stress. In this case two types of behaviour are observed:

- 'I¥" type behaviour when the cuboids coarsen normal to the applied stress to form
plat-s

- 'P’ type behaviour when the cuboids coarsen parallel to the applied stress to ’r‘onn rods
of in some cases plates which lie parallel fo the stress direction,



The Effects of Rafting on Mechanical Properties

Rafting has a sigrificant effect on the mechanical properties of Ni-based superalloys. When
a rafted morphology was compared with cuboidal precipitates, negarive effects [36,45] and
positive effects £14,30] were reported. In 1986 the apparently conflicting observations were
rationalised by Caron et ai [85]. They suggested:

- At low temperatures and high stresses, rafting degrades the creep properties. Under
these conditions the dominant creep mechanism is the sheating of y* particles with y/p’
interfaces as barriers tothepmoess Rafting decreases the surface area of these batriers
and thus allows more y’ shearing.

- At high temperaiures anu low strecses rafting improves the performance of the 'alloy
Under these conditions the dominant creep mechanism is climb of dislocations over y
particles and rafts provide longer climb paths than cuboids.

When rafted morphologies were compared with each other, it was found that more perfecﬂy
lamellar rafts ere more desirable than irregular rafts {32,42].

It is clear that understanding the proczsses involved in rafting is important for the designers
and the users of Ni-based superalloys. It has thus been the subject of a great deal of research
over the past 27 years.

Obsexrvations of Rafting in the Absence of Applied Stress

A study of the modulated structure of Ni-Al alloys was done by Ardell and Nicholson [9]
in 1966. They investigated the ageing of a Ni-6.7wt%Al alloy at 750°C and 775°C.
Observations were made of spherical precipitates that were randomly distributed evolving into
larger cuboidal precipitates that were aligned along < 100> directions. Upon further ageing
the particles either coalesced or coarsened into plates on {100} planes. They pointed out that
elastic interactions between precipitates could explain the alignment process.

Ardefl and Nicholson’s observations were important in that it was seen that precipitates could
move from a cuboidal shape to a plate shape by coalescence, i.e. raft, even when no stress
was applied. Similar observations were reported by Miyazaki et al [20], Sadiq and West [75)
and Nathal [42]. The plates observed in [42] - and those observed in Nathal and Ebert’s
earlier study [40] - were fairly irregular, In beth [40] and [42] some loss of coherency was
reported.

Observations of Rafting Under Applied Stress

In the 30°s and early 60’s there were comments on the ‘modulation’ of the y* precipitates
in nickel-based superalloys but apparently no discussions of the rafting phenomenon. Towards
the end of the 60’s observations of rafting in Ni-based alloys were recorded during creep
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tests [4-8]. Some depmdﬂnw on dlreﬁtlon of apphed stress was apparent but was not
discussed in detail. -

A summary of ’rhe rafhng directions v served for various materials and test condmons from

1970 onwards is glven in Table L.1.

Table_ L1 .Su'i_ﬁmafy bf raﬂmg behavmur observed -

Authors - Ay | oMmm U “Test yvol | Rafiing Obe'd
' E-.rm&'cﬁpuy | 'Damee700 | to0zm o 05mMl |y ~tom | estc - fo3s | N} B
hzamrnn o | R “ ] sofier 147 MP :
Cony & Smudel | Aoy01 - | 0% | 28l | - 750°C-950°C 038 | P
1161 *78 ¥ ' 190 MPs-300 MPz § 0.51
| Miyaad et al Ni-l5a%Al | +0.56% +0.5% | C,=112 ' ~027 | P N
2ofr7e : C,,=63 750°C
Cy'=167 147 MPa
) i ) Cy'=107
Pmricnetsi. [ Alby143 | -078% | -n.somlag . 1038°C ~06 N
130) ‘a0 ' : : - 207 MEn
Cowon& Rabn | CMSx2 #0045 | -033m07 | B2 [ 760°C-1050°C 08 | W
132] '&3 : _ Cy =108 120 MP:-750 MEa
! : C,=5
Cu'_‘—-125
. _ _ Ca'=67
Nathal & Ebert - | NASAIR 0.36% D45%H44 |y ~12% 925°C1000°C | ~vi6
[37,38] "83.'85 f00 harter )148-310 MPa N
: 1501 ble=8. 4107 5 P
MacKay & Bbert 0.8% | 0.82% 927°C-1038°C
- 134,35,36) Afloy 143 - 14IMPr-234MEn | ~0.6 N
'83.'84_,'85 .
Fredholm & Alloy 61 +0.38% +0.38% - ~0.6 P
Steudel ceasx2 | omm | 0.33% see above 1050°C 0.68 N
[17,18] '84,'85 Alloy 221 0.23% £.23% . 14D MPy 0.68 N
‘Aligy 218 | ~no9m | ~0.09% . .63 N
Naihal & Fbert  § Alloy C | 0.23% 0.31%[491 to08eC - 0.5 N
(39,4042 Allpy E 0.00% -0.2206[44] - 148 MPa .57 N
'84,'85,"87 Alloy . 0.17% 0.17% _ 0.5 N
Tathad st a NASAIR | -0.4% | 045 ¥ ~ 25 760°C ~0.6 N
[45] '89 1m0 harder[59} 600-690M'a
Faller- SRR §9 0.21% £.21% I541 980°C 07 N
Knlepmsier & : Cyym 187 170 MPa
Link C,=129
[261 ‘89 C“'Sm
Cu’=133
Canley Ni-ALMp +0.4% 0.39%- _ 750°C 0.12 N
[27] 89 alloy ¢ : 0.6% 250MPa
Pollock & Argon | CMSX-3 -0.38% -0.38% Cy=202
[43] 92 | Cyy =139 850°C-1060°C | 0.7 N
_ | Cy' w170 50 WPa-552 MPa
C,/ =120
ns0C
PMA - 50 MPa-150 MPa | 0.5 P
 Beffor cstimarcs of mIshis Rive ofen boon mads afler chscrvaRors Were el publishod




Apart from the dependence of rafting direction on stress orientation and misfit sign that is
apparent in Table 1.1, rmany other observations have been made of stress-aged superalioys:

1. General

At sufﬁclently high temperatm'es {> ~950°) rafis are generally observed to start formmg
during the primary stage of creep. {16-18,30,32,34-38]. The rafting rate increases with
increasing temperature and applied stress [36, 38 48] and also with increasing lattice misfit
[27,40 441

The y' volume fraction generally siys constar. during rafting {36]. It is, of course,
te:‘*peratme dependent [15,40,43].

2. Raft dimensions

When rafts are formed initially, their average thickness is observed to e very close fo the
thickness of the original y’ precipitate [16,30-38,42]. The average length of rafts appears to
increase linsarly with time until the material is fuily rafted [35]. This increase is initially a
result of the lengthening of individual precipitates but i later determined by the number of
cuboids that have merged. Thickening of the y matrix has been noted [18] as has
encapsulation of the y phase by the y'phase at large creep strains. The rafi-shape is stable
[30,35-37] although coarsening of the rafts is observed, especially at the onset of terfiary
creep [17,37-39,431.

It is easy to understand that the coarsening observed after rafting will degrade the creep
properties of the alloy since it leads to a decrease in the number of barriers to dislocation
motion - regardless of which creep mechanism is operating.

The coarsening is generally considered to be driven by the well-understood procc.s of surface
energy reduction. Perfectly lamellar structures are stabilized against this form of thickening
since the radius of curvature of interfaces is essentially infinite and the chemical potential is
thus constant. Less perfectly formed lamellae have more curved interface; and one would
expect them to coarsen faster if coarsening is driven by surface energy reduction. This is
what is observed [43]. The faster coarsening rate associated with irregular rafts gives an
important consequence of the rafting phenomenon and explains the observations [32,42],
mentioned earlier, that alloys with irregular rafts have worse creep properties thar, - ¢ with
regular rafts,

3. Effects of the size and regularity of the initial microstructure

Natha!l [42] found that the most cuboidal, regular precipitates produced the most regular rafts
under stress. This was also found by Caron and Katr §32]. In a study by MacKay and Ebert
{35] the alloy that had the most regular precipitates exhibited the best creep properties. They
attributed its success to the smaller size of the precipitates although it appears that the smaller
precipitates also produced more regular rafis. The size of precipitates can, of course, have
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T P A L L

an effect on creep pmperhes in the manner they suggested

The size and regularity of the prempitates also affects the raftmg rate. Caron and Kahn 1321
observed that rafting is retarded in alloys with irregular precipitates. Mad(ay and Ebert’s
[35) smallest precipitates rafted quickest, It makes sense that a smaller precipitate presents -
shorter dﬁfusmn Iengths but once: agam the regulmty of the pt‘empltates was surely also -
_nnportant

4. Theeffects ofplastic ﬂow

-Obsesvatlons Q‘E raftmg are generaﬂy acca)mpamed by observatlons of dlslocations bowmg out S

- on: {111} plmesthrough thenarrow 4 channels and fo:mmg mslocatlon networks at the yiy .

' Misﬁt rehevmg d.tslocatlon ﬁetworks

Dunng over—agem , in the absence cf apphed stress, dmlocanons formmg mterfaczal

networks are observed to be near-edge in character and have Burgers’ vectors lymg in the - N

plane of the interface [18,19,46]. They are arranged in hexagonal networks on y/y’

 interfaces parallel to {111} planes and in squate networks on interfaces paraliel to- {100}
planes. Itis clear that this is the dislocation configuration that best relieves the misfit strains
Ipresent in tbn allay 'Ihe dislocation spacmg is generally mversely proportlonal to the
misfit,

D1slocat10n networks developed under apphed stress

Undeyr the mﬂuence of an apphed stress, the fonnatmn of interfacial dislocation networks
is accelerated; at the onset of steady siafe creep, stable networks have already heen
established {46,47]. The networks formed under applied stress have different configurations
from those produced entirely by lattice misfit strains, The dislocations initially observed are
mixed in character and only partiaily misfit-relieving [18,46,47]. Later, multiple slip
systems are activated which produoe dislocations that are more efficient at relieving misfit -
[46]. _

Differences between observauons in chazmels normal to applied stress and those parallel to
apphed stress:

During primary creep, in a negative msﬁt a]loy, e channels paraliel 1o. a iensile stress
have ruch of their compressive misfit stress relieved; in the channels normal to the tensile
stress, the applied stress and internal stress combine to make large shear stresses. Plastic
deformation thus occurs morce easily in normal channels; in fact, in the initial stages of
creep, dislocations are observed caly in the normal channels and not iz the pmllel channels
[17,26,4F,47]. The reverse effect is assumed for positive misfit . sys.




Gabb ef al [46] suggesn w:.m:t the role of dlslocaucns in refd .r.mg 1s small

'When the effect descnbed abova was obaerved by Gabb et al for their neganve mlsﬁt'-' s
alloys, they noted that rafting was ocourring when dislocations were observed in the normat -~
~ channels and not observed in the parallel channels. The absence of dislocations in the =~

chanmels where coalescence was taking place led them to the conclusion that the role of

dislocations in rafting is small. This is supported by Fredholm and Strudel’s [17] ¢laim ﬂlat S

o rafnng seemed to "precede dlslucatmn mulnplmnon" in the three alloys they st.tdwd

. Gabb etat ackmwiedged however, that the. formation of dislocation networks was dn i
-~ inseparable part of the rafting process.Jt was suggested by them and by Fredholm and = . =
Stradel [luthatthepmsenceofdlslocanons m:ghtprovule d:fﬁ:smnshcrt mmmts andthus- o

_mult in enhanced malescenoe

 Gabbet al ilso ‘noted that, firstly, the networks are fully formed at the same time 35 the __
* rafting process is completed -generally at about the onset of secondary creep. Secondly,

they. noted that the dislocation networks first form on the interfaces which do not appear -
‘to advance in the rafting process. Buth observatzons saggested that the ne‘works play a m!e a
mswb:hzmgthemmrostmcmre. S . _ .

HWas aIsoI: mted out that mMacKay and Ebert’s [35]tests an abtmdanoe of&ﬂocahons
&t interfaces, prior to creep testing, decreases the rate of directional coarsening. However,
the alloy with no dislocations prior 1o festing was the one that had the most regular and
cuboidal prempxtaﬁes The effecs of \he dﬁferent variables on raftm,g rate are dxffv“.ﬁt to

distmgmsh
Pollock and Argon suggest that cmep fiow is 1m1'ortant in rafung

In Pollock and Argon’s study of CMSX-3 [47,48,87 88] very tittle rafn:ng was observed
below 1000°C. After 48h at 1050°C and 50 MPa rafting was only observed in CMSX-3
in some aress of their samples; it was notfed that these regions coincided with mgmns of
s:gmﬁcant dislocation densities.

As In studies discussed sbove, they observed an gbsence of plastic flow in channels where
coalescence occurs (channels parallel to an applied fensile stress). They did not draw the
same conclusion from this as Ggbb et al. Instead, they commented on the evidence that
dislocations are always present when rafting occurs. They pointed out that the dislocations
will alter the misfit stresses in the matrix and inferred that it is thus "essential to consider
the details of the creep flow process in the formulation of a quantitative model.." of rafting,
It was acknowledged, however, that the initial misfit stresses are clearly important driving
forces in the rafting process sincc the process shows such & stmng" dependenoe on misﬁt
sign. .

Sccrate nd Parks [49] agreed with Pollock and Argon: the} clalmed that “1t is of_
fundamental tmporta.noe 1o consider the effec:ts of creep flow... '



Misfit relief during creep:

At temperatures around. 1000°C, under stresses of about 140 MPa, alloys with regular
precipitates generally raft fairly quickly: fully formed rafts have been cbserved after 20h
in CMSX-2 and NASAIR 100 [32,37], after 18h in NASAIR 100 [371, after 20h in alloy
221 [18] and 5h in alioy 143 at a higher stress of 207 MPa [30]. Observations of CMSX-3
[48} are an exception: a uniform rafted siructure was only reported after 64k at a
temperature of 1060°C and a stress of 138 MPa.

In [47],[87] and [88], Pollock and Argon discuss creep in CMSX-3 at 800-900°C. They
claim that misfit stresses are nearly eliminated by the time steady state creep begins. This
is consistent with Gabb et al’s observations except that in CMSX-3 the networks are more
thmedimensionalasnor&ftinghasocctmd

For alloy 221 at 1050°C and 140MPa [17,18], the beginnings of rafting were obser-ed 1h
into & creep test - less than about one fwentieth of the time taken before the onset of
secondary creep i.e. less than about one twentieth of the time taken to "nesrly relieve the
misfit stresses”. At such an early stage of creep it seems unlikely that misfit relief could
significantly alter the misfit stresses in the material. The alloy in which this was observed
had a fully developed rafted structure at 20h, This suggests that in the other all. ;s
mentioned above (excluding CMSX-3) it would be reasonable to assume that rafting had
started early in the creep process - before misfit relief could play an important role.

Evidence presented by Schneider and Mughrabi [86] supports this claim. They found, for
CMSX-4, that there is a slower build up of misfit relieving distocations at rafting
temperatures than at lower temperatures. Their low temperature test conditicns (800°C,
654MPa) are comparable with the conditions in much of Pollock and Argon’s work
presented in [47] (850°C, 552MPa). It seems possible, then, that even less relief of misfit
might have occurred at the onset of rafting - . nd during rafting - than one would have
predicted using results in [47]. The reason suggested for the temperature dependence, is that
at higher teriperatures, interface dislocations can "move away laterally by a combined
glide/climb process".

In Schneider and Mughrabi’s study, the iicrease in creep rate observed immediately after
the minimum creep rate was attributed to raft formation. They noted that detectable changes
in misfit were only first observed after the minimum creep rate was achieved. They say that
rafting ocours in a similar fashion to that observed by Feller-Kniepmeier and Link [26] in
SRR 99.

In SRR 99 rafting is observed at the onset of "stage II" creep [26]. If stage I creep is
equivalent to steady state creep, this is nct consistent with claims by Gabb et al and Pollock
and Argon that stable networks are present at this stage. It appears that stage II creep in
Feller-Kniepmeier and Link’s study corresponds better with Schneider and Mughrabi’s
rafting stage which occurs before their "plateau region”. If this is the case then rafting will
presumably start just before or about the same time as "dejectzble changes in misfit occur",
as in the CMSX-4 study. It does not seem clear how the rafting rate compares to the misfit
relief rate: misfit velief could be fast enough to influence the rafiing rate, but seems unlikely
to reverse the effects. As is discussed below, Socrate and Parks’ study [49] suggests
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otherwise,

In CMSX-3 rafting is very slow and considering {47] and [48] it seems that the alloy will
undergo significant plastic deformation before rafting is complete. Schneider and
Mughrabi’s observations [86] suggest that there might not be as much plastic deformation
as suggested in [47] but still, the conclusion drawn for other alloys does not necessanly
apply for CMSX-3. _

5. Observations of element concentration during rafting

Svetlov et al {28] crept samples of SC-83 to rupture at 900°C under a stress of 600 Mpa.
They then investigated the concentration of elemeats in various areas of their sampies. The
beginnings of N-type rafting were observed: in channels parallel to the applied stress higher
concentrations of ¥’ forming elements (AL, Ta) and lower concentrations of y elements
(Mo,Cr) were found when compared to channels normal to the applied stress.

They explain their observations by suggesting that large atoms, which are also y’ forming
elements, move from the less compressed channels to more compressed ones so as to
relieve the pressure. However, their rough estimates of stresses in ¥’ channels seem to
indicate that the vertical channels are more compressed than the horizontal ones. This seems
to imply the movement of large atoms in the oposite direction to that observed.

Directional Coarsening in other alloys

Directional coarsening of precipitates in alloys that are not nickel-based has also been
observed:

1 In an Fe-N alloy [59] plate-like precipitates formed on ail {100} planes in the absence
of appiied stress but favoured the plane normal to an applied tensile stress and showed
some evidence for precipitation being inhibited normal to 2 compressive stress.

2 Rod-like Pb;Na precipitates with a negative misfit were observed [60] to coalesce
perpendicular to a tensile stress and parallel to a compressive stress.

3. Plate-like, Au-rich precipitates in an Fe alloy [61] formed on all {100} planes in the
absence of applied stress but normal to an applied tensile stress. The misfit was -0.1%
paralle! to the plate and 40% normal to it.

4 In an Al-Cu [62] alloy plate-like & precipitates formed on all {100} pianes in the
absence of applied stress. Stress applied along [001] favoured precipitation on (100} and
{010} in the compressive case and on (001) in the tensile case. The misfit was said to be
1.36% parallel to the plate and -28.2% normal to the plate.

5. A similar alloy was studied by Eto and Mori [63] and the reverse effects were observed.
No misfit was given.



In cases 1 and 5 the authors claimed that the stress affected precipitation dunng nuclea:wn
and in 3 the wuthor claimed it effected the eoarsemng phase.

The observatlons in these alloys show some resemblance to those in the Nl-based al.lnys in
their responses to tensile and compressive stresses and the possible dependence of alignment
on misfit. The ohservations clearly differ in that none of the alloys exhibit a cuboidal stage
and the misfit is generaily tetragonal The authors’ claim that the apphed stress affects the
nucleation stage and not the coarsening stage of precipitation also is in disagreement with
observations in Ni-based alloys. It seems fairly likely, though, that findings for Ni-based
alloys could have application for other alloys with misfitting precipitates.

An Alternative Elastic Energy Effect

In 1957 Westbrook [64] published his observations of what he called ogdoadically diced
cubes of Ni;Al precipitate in Ni-Al alloys. Since rhen, many observations [65-68] have been
made of these collections of eight cubes of precipitate all arranged on a master cube within
the matrix. In the same samples one often finds a configuration where two plates of
precipitate are arranged on a master cube. The phenomenon is explained {65-67,69-73] and
modelled [74,75] using elastic interaction considerations; the theory is based on the idea that
the decrease in elastic energy when a cuboidal precipitate breaks up into cubes or plates more
than compensates for the increase in interfacial energy.

It appears that the cube splitting phenomenon and the rafting phenomenon can both be
observed in a single alloy, e.g. SRR 99 [53] and the Ni-15Al alloys of Miyazaki et al [20,73]
but generally obsetvations of cube splitting are limited to Ni-based alloys with large misfit
(]6] > ~0.5) and low ¥’ volume fraction {f< ~0.5) [73] a. opposed to the rafting
phenomenon which generally appears in smaller misfit, higher y’ volume fractior 2"0ys.

1.3 Models of Rafting

Tien and Copley

Tien and Copley [12,13] developed a theory of rafting based on minirisation of bulk
precipitation strain energy. Using the positive mi~fit given in their paper, the theory correctly
predicted the morphology of precipuiates in Uaimet 700 after ageing under stress. At high
tetperatures it appears that Udimet 700 has, in fact, a negative miisfit [49]; using the
correcicd value, the theoty does not predict correctly. Problems with the theory are discussed
at length by Chang and Allen [24].
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Pinean

In 1976 Pinzau {21] developed 2 model based on Fshelby 8 equaIent mclumon method

[22,23]. Assuming the material was isotropic, he was able to compute the total elastic energy

of a single ellipsoidal inhomogeneity in an infinite matrix. The resu’t was a map giviag the

most stable ¢llipsoidal shape (sphere, oblate ellipsoid or proiate eﬂlpsmd) as a function of the
misfit, the applied stress and the ratio of Young’s modulus in y’ to that in y. Spheres were

taken - as an apprommatton to cubes, oblate ellipsoids as plates and prolate spheroids as
needles ' :

By estimating'a smtable substitute for the ratio of Young’s moduti fmm the mfomlanon on -
elastic constants in Table 1.1 one can obtiin ten data points for Pineau’s stability map. The
predlcted raftmg for the taen pmnts is shown in Table I.2 and oompared with observed mfung '

Unforwnately, mast af the data pom’cs fall into (denoted ‘?’) or close to (denoted "’X’)
regions of uncertainty where Pineau’s graphical solution technique does not provide a
conclusive prediction of preferred shape. The one point that does fall into a clearly defined
area does not predict the correct direction of rafting.

Table 1.2 Predictions made by Pineau’s model

Alloy o (s | o |EE |R#t |Ratobs.
(MPa) | (%) 35 | pred.
Udimet700 | 148 - |23 [.031 |09 N N
a4 |03 o031 |os N | P
Ni-15A1 147 | +0.56 | 039 |11y ? P
| aer | 4056 |-039 |13 | N
NASAIRI00 | 148 [-0.45 |-0.46 |[1.12 N N
- -148 -0.45 046 j112 | 7 P
| 600 |-045 |18 (112 N N i
cmsx2 | w0 [-033 |06 |14 N N
CMSX-3 50 |-038 [-015 [0.92 IN N
(156 |03 |04 o092 | N |

Obvious problems with Pineau's model are:

(@ ¥t deals with an isolated inclusion in an infinite matrix and so is inappropriate for
most modern superalloys which have high ¥’ volunie fractions
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(i) It is based on isotropic elastzc-ty when Ni-based alloys are gemera]l lughly._
aﬂlsotrﬂplcr R . . s

(iii) E]]Jpsmds are constdered in plaoe of the observed para]leleplped shapes S

(iv) | It does not take mto acoount the effect of plastlc deformatlon

Despite the shortcommgs of Pmaau § model, 1t gave a very thorough account of
morphological evolution, under the influence of a uniaxial stress, it the low y volume
fraction a]loys avallable in 1976 o

Myaza]u etal

In. 1979 Miyazakl etal [20] performed similar calculatlons of strain energies, tlns time basmg '
them on anisotropic efasticity theory and including interfacial energy considerations. Their
model correctly predicted that the precipitates in their alloy would generally exhibit P-type -
behaviour under tension and N-type behaviour under compression. They also correctly
predivted that for their alloy a plate-shaped precipitate was energetically most favourable for
all annealing conditions - with plate normais parallel f. a compressive stress and
perpendicular to a tensile stress. : _

Using the model they were able to obtain plots of energy vs. aspect ratio and were able to
predict more than just the general direction of coalescence. They found:

(i) In the absence of applied stress, spheres represented a stationary point on the
energy vs aspect ratio curve. The point was a minimum for precipitates with radii
smaller than 40nm but became a local maximum for larger precipitates. Other
shapes were favoured for the larger precipitates.

(ii) Metastable states were predicted in applied siress cases. They correctly predicted
that under tension rods would form during the transitions from cubes to plates.
They did not, however predict that rods would form during the transition under
compression

The model had shortcomings (i), (iii} and (iv} of the Pineau model. In addition, Miyazaki et
al used Lin and Mura’s equations [77] for implementation of Eshelby’s method; Chang and
Allen [24] have shown that these are somewhat unreliable. It not clear whether the moiel
would give qualitatively correct predictions for other alloys.

Chang and Allen

Chang and Allen {24] improved on the model of Miyazaki et al by substituting Asaro and
Barnett’s {76] equations for Lin ard Mura's. The solution method was thoroughly tested
using comparisons with analytical solutions for simple cases. To determine the effects of
misfit, elastic inhomogeneity and applied stress, 250 combinations of material parameters
were investigated.
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They clannecl that the predicted morpholngxes are in good agreement w:th data for CMS -3
{48], Ni-15A1120] and Udimet 700 [13]. They have however assumed a positive misfit for
Udimet 700; assuming & negative misfit at high temperatures [49], their stability map given -
does not predict the correct shape, Their map also predicts rod-shaped precipitates forasoft -
inclusion with negative misfit under tension. CMSX-3 has elasucally soft mclusions [48] &
negative msﬁt and plates are ebserved under tensmn _

Chan,g and Allen have negleeted to conmder mterfacxal energy However, Socrate and Parks :

[49] have pomted out that interfacial energy - and chemical energy - are invariant with

respect to the < 100> directions and thus cannot account for the directionality of

coarsening. They do, of cotirse, pldy a fundamental role in the coarsening process. Problems. -
(), (i) and- (hr) ‘persist and it appears that af feast one of these problems prevents correct
prediction of rafting direction. It should be noted that if one can neglect interfacial energy

then the model used by Miyazski et al is very similar to Chang and AJlens ’I'hus, the
predletlons made by the twe models are likely to be the same. '

thnson‘ N

Johnsonet: developed a mode} based on 2 single inhomogeneous ellipsoidal precipitate
in an infinite watrix. The sum of the elastic and interfacial energies was expanded into a
Taylor series about the sphencal precipitate state. Isotropy was assumed for the mterfacml
energy but not for tne elastic energy. :

Shapes giving energy extrema were in good agreement with those predicted and observed by
Miyazaki et al. Johnson et 4], however, gave 125nm - as oppos~d to the 40nm of Miyazaki
et al - as the diameter of precipitate at which, in the absence of : .plied stress, the sphere no
longer represents & minima on the energy vs. shape curve. In both studies the same elastic
constants were used but Johnson et al used a larger value for the imerfacial snergy. The
value given by Johnson et al is in agreement w1th Khachaturyan [78] The effect ef
metastable sta'ees is also dlSCllBSPd

Once again, the model suffers problems (1),(111) and (iv). Usmg a model that starts to
eliminate problem (i) Johnson, Abinandanan and Voorhees [56] huve studied the coarsening
kinetics of two spherical inhomogeneitivs in an anisotropic matrix under the influence of
applied stress. This is still a long way from the system encountered in high y' volume
fraction alloys and the complexity of the formulation makes extrapolations difficuit.

Carry & Strudel
In 1978 Carry & Strudel [16] proposed a model for rafting that was based on plastic flow,
If they assumed their alloy - alloy 01 - had a negative misfit they could explain the rafting

observed, It was later established, however, that the alloy has a positive misfit. Using the
sorrected value the theory failed to explain the phenomenon.

13



: Pollock & Argon Fimta E!ement Mﬂdel

F‘o!lowmg the observatlons descnbed in section 2. Pollock and Argon [48] develeped a 2-D S
model of rafting. using finite element analysis. A two dimensional mesh was constructed to
give a plane sirain approximation to the microstructural geometey o’ CMSX-3. Principal
internal stresses of ~433MPa were calculated in the y pa:allel to use phase mterfaoes and30 -~ .
MPa. in the y. perpéndicular to thie phase mterfaces Pnnc:lpal mtemal st:resses in the y .

cubmd were calculated 10 be 54 MP&

Imtlal mtemal stresses were: also caIcu!ated for the material when an- external stness was .
applied. The resulting resolved shear stresses on {111} < 110> slip systems were determined

in the horizontal and vertical matrix channels (with respect to the applied stress).  This

revesled that stresses in the horizontal channels were bigger than those in the vertical -

channels by as much as'a facte, of two. It was pointed out that the reverse would be the case

if the applied stress were compressive or if the alloy had a posmve misfit. This corresponds
~well with the observations of dislocation motion discussed in section I.2: dislocations were

initially observed in horizontal channels and not in verfical ones for a neganve mzsf‘ t a!loy
under tension. - LT :

To simulate the effects of an applied stress the y’ was allowed to deform elasﬁcallj while
the y was allowed to deform elastically and by creep. A simple power law relation was used
to describe the creep propertles of the matrix

Créep propemes for solid solution NHSW weré used n=4.5, A=5.4x 10" MPa5, Dumig
the prima:y creep transient most of the misfit stresses were relieved and a plastic strain of
7% 10" accuraulated.

As the creep progressed a negative pressure bullt up in the horizontal channels and a positive
pressure in the vertical ones. Since the misfit strains have already been relieved at this stage,
this effect would of course not be reversed in the case of positive misfit al]oy The resultmg
flow of material cannot therefore be the rafting mechanism. -

Pollock & Argon ~ Outline of Kinetics

At the end of the paper discussed above, Polleck and Argon outline a possible process for
rafting. In their scheme, the precipitate starts to dissolve in regions that are adjacent to the
horizontal channels. Subsequent diffusional flow of the y* forming elements towards the
vertical channels and the y forming elements towards the horizontal channels results in the
forriation of rafts normal fo the stress axis. Dislocations would act as sources and sinks for
the vacancies and/or diffusional short-circuits for the process.

Referring to Fig.I.1, one sees that the contraction in y* size
would be:

£
w= 14t/w
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Assuming a constant ¥’ volume fraction the
precipitates would - in CMSX-3 - ultimately |
thin by about 10% and the ¥ thickness
would double. Generally rafts are reporied
to be about the same thickness as the I )
original precipitate but generafly not to an /
_ l

%

accuracy of more than 10%. Some évidence
for thinning is, in fact, apparent in [38] and -
in Nathal’s study. [43] of the effects of
initial size of precipitates on rafting. In four
observations in [43], cuboidal precipitates
rafted to form lamellae that were thinner by
an amount consistent with that given by
eq.l.2. Thickening of y lamellae is also
observed [18]. Thus it would appear that
the outline given here is consistent with observations.

They also showed that using an effective diffusion coefficient calculated from dlfﬁxsxonal
rounding of cube edges and an average transport distance of a cube length, a characteristic
time for initiation of rafting was about 5 hours which is consistent with the observed times.

1'\|,

Fig.Li Pollock an.: rgon’s Ontline of
Kinefics :

Socrate and Parks

Socrate and Parks [49] have developed a method of evaluating the generalised force acting
on all points of the p/y’ interface. The force, which is derived from Eshelby’s energy
momentum fensor is work-conjugate with the normal displacement of the interface. It is thus
related to the tendency of the interface to migrate. It is evaluaied for » 2-D model using
plane strain finite elemenis to give predictions of rafting Lehaviour.

Using a purely elastic analysis they obtain results that are consisient with Pineau’s stability
map, although there is no obvious reason why their results for strongly interacting particles
should agree with Pineau’s predictions for an isolated inclusion. Their predictions of
directions of coarsening are ¢orrect for only two of their six sets of data. They conclude from
this that purely elastic considerations are not sufficient to predict coarsening directions in
nickel based alloys. They go on to do analysis fcr a system in which the y matrix can deform
elastically and by creep, while the ¥ cuboid can only deform eiastically. The isotropic power
law used is the same as that used by Pollock and Argon - shown above.

Once the matrix is allowed to creep, correct predictions of the direction of coarsening for
their data are obtained. The alloys for which incorrect predictions were made using the
purely elastic analysis, show no tendency at all to raft under purely elastic stresses which
seems strange when one considers the observations discussed in I1.2.

Their model has none of the four problems describea above for Pineau’s model. The purely
elastic analysis suffered none of problems (i) to (iii) and it would appear that consideration
of inelastic effecty is necessary for correct predictions of rafting phenomenon.

But then it is important to remember that Socrate and Parks’ model is a 2-D model. It is not
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clear what predictions a purely slastic 3-D mode! appropriate to a high y’ volume fraction
alloy might provide.. Considering *he results for CMSX-3 discussed above, it seems fairly
possible that, for this alloy, even a 3-D model would not provide reliable predictions.
Nevertheless, a better understanding of the physic~! processes at work in the pure.ly elastic
case could wel.l nnpmve the models that deal with more complicated effects. :

Being a 2-D model, Socrate and Parks’ model can also provide no information on the
- problem of rafting in the absence of stress since in 2-D ﬂathemng into a plate is equivalent
1o Jengthening” into rod just rotated by 90°. Rotation by 90° is a symmetry operation of the
erystal in the absence of stress. The difference in energy of these two morphologies is thus
- zero. This does not hold in the 3-D case: a 3-D rod is not 2 3-D plate turned through 90°.

- G’a;;}dé; Srolovitz and MacKay - FI: modelling

A 2D flmte element model using minimisation of elastic energy (and interfacial energy in

[51) has been succesiful in predicting rafting directions for NASAIR 100 [56,51]. However
* tais Monte-Carlo finite element model was shown to be consistent with Pineau’s stability map
{51} which suggests it would predmt incorrectly for at least one data point and might do the
same for a num'er of others. As in the Socrate and Parks case, the agreement of the 2D
model for strongly interacting particles with the 3D model for an isolated inclusion may be
 largely fortuitous.

Glatzel, Feller-Kniepmeier and Miiller - FE modelling

Glatzel and Feller-Kniepmeier [53] also constructed a 2-D plane stress FE model. They
calculated stresses in the matrix and precipitates in the absence of an applied stress and in
the presence of an applied stress. They claimed agreement with results of Pollock and Argon
[47], if one took into account the different misfit and the plane stress assumption as opposed
to plane strain assumption reported in [47]. They also claimed that the direction of rafting
could be inferred if one assumed growth of the precipitate into areas of least stress.

Later, Muller, Glatzel and Feller-Kniepmeier [54] used FEA to determine internal mismaich
siresses for various precipitate morphologies, this time comparing plane strain/plane stress
asswnptions, anisotropic/isatropic assumptions and 2D/3D assumptions. They found that 2-D
isotropic modelling gave qualitatively the same results as the other combinations except when
calculating the strain energy for a non-cubic morphology. In this the anisotropic model was

required.

Ganghoffer et al - FE modelling
Ganghoffer et al [52] have also set up a 2-D, plane stress, FE model. They calculated

internal mismatch stresses, considering (i} high and low temperature stress distributions, (ii)
the effect of anisotropy and (iii) the effect of plastic flow.
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~ In () they observed that the decreaso in magnitude of elastic constants at high temperature. = . "
was balanced by the increase in'the misfit magnitude and they observed, mtsmpnsmgly, that -~ .
- the stresses in the me *ix changed sign al high temperature as a result of the change in sign. . -

- of 6. In {ii) they observed that the effect of anisotropy is to increase the stress levels. In (i) .
ﬂmy saw most plashc strain in the mxddle of t‘ne channel and at the comer of me prectpltate T

o '.'_Itls clearthatﬁxereducuonofﬂze elastlc:energy stored inan aﬂoy is anlmpemntdnwng-' S

mechanism for rafting. In the presence of an applied stress, what is important, is the .~ . ©
reduction of the total energy of the system (a}loy plus londing mechsnism). In section L34 = . 1
*'was seen that 3-D models apprc:pna:ce fo low ' volume fraction ailoys have been developed = - .
and 2-D models appropriate to high ¥’ volume fractions have been developed. No 3-D: raﬂmg_ : '

_ models appmpnate toa h1gh 14 volume fractlons appear io have been presented

’me aim of thls stidy is o dcvelop a mmple, purely elastlc, 3-D model appmpnate toan
amsotmpma]]ﬁywﬁhamghyvolumefrmon Themodelwﬁllbeusedw. _ _ .

a prowde mformatlon on the pmblem of rafnngmthe absenoe of apphed stress in alngh o
7 volumeﬁact:onalioy Asdlscussedmls thJscannotbedealththmaz—D
model _ o

b. mvesngate the purel,r elast:c contabut:on 1o the raftmg process in a hlgh y volume
_ fractxon alloy. _ _

c. predict the du*ecuon of raftmg in vanous N]-based superalloys,

Rafting will be mvesﬁgated by 'd'mng an elastic stablhty aual'ysm Of the' initially observed
cuboids. Only small perturbations of shape from cuboidal are thus considered. The
‘flattening’ of a cuboid into a plate and the ‘length.,mng’ of a cuboid into a rod will be
charactecised by a single parameter. The change in efastic energy with respect to this
parameter will then be determined.

When the shape parameﬁer is zero, i.e for 2 cuboidal precipitate, the nature of this change
in energy will be investigated and any information on the role of elastic energy in rafting will
extracted. The direction of rafting for a particular alloy will be given by the sign of the
quantity. The stability analysis will be done, firstly, for the case where no external stress 1s
applied and seoondly for the case where an extemal stress is apphed
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Chapter H

A New M@de}i f@r ing

| '_H 1 Ouﬂme of the model

InatypxcalN‘-basedsuperalon thatlsfullyagedonesees anarrayofeabmdaly
. prec:pzmtes embeddedmaymatmx, shownheremFigIIl o

Fig I1.1 Schematic diagram of alloy Fig. ILZ The unit volume considered i this

A modern alloy has ay volumefracﬂonmthemnge 0. 6to 0. 7sothattheﬂuckness of the
¥ channels is in the range of 0.1 to 0.2 times the length of the ¥’ ‘precipitate. In the model
proposed here, the shaded square at the cross over of the ¥ channels is ignored and only the
slabs that are ‘stuck’ onto the sides of the cube and the cube itself are considered in the
elastic energy calculations. This seems an acceptable approximation when one considers that
the neglected y regions make up only about 5% of the total volume snd that phase
transformations during rafting occur only in other regions.

Fig II.2 gives a 3-D picture of the unit volume considered in this model. Slabs normal to
directions 1,2 and 3 are denoted 1,II and ITI respecﬁvely. The cuboidal ?’ is l_abellei c.

The .trains in the slabs and the cube that are reqmred for coherency depend on- the
dimensions of the cube and the slabs, on the difference in the unconstrained lattice
parameters of y and y* and on the difference in their elastic constants. Four variables have
been defined to describe this dependence: '

7=t (1)
W
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where t is the ﬁxdmess nf the plate and w is the length o" :he, PmClpltate (m the.'_"
_.mmnsn'mnedstate) PR | C e

S alva T

wherethec sareelasﬁcoonstants thematcudoesnotcccur

_ Todetermmethestressesandsn'amsmtheslabsandmthecubeonecanoons:derwhatthey;.

ook like in the unconstrained state.. Fig 11.3 illustrates, in 2-D, the case where the y is. R
elastically much harder thau the y phase and the unconstrained lattice parametér of the y"is .

smaller than that of the y. Stated in terms of the variables defined abov~ -~ .3 illustrates
‘the case of negative J and, large positive m and n. For coherency in this case, the slabs need :
' .mbesqueezedontoﬂxeSMesofthecube thedlmenmonsofthecubechangmgveryhuie

4-@"“* s

Wﬁ +@m§’ ""tﬁm -

Fig.11.3 The assembly of slabs and cube tn fori the wnﬁgumhun observed. Uniform sl:rainsassumed

Ofoomse,lfthey’cubewereelastn Jymwhsq;‘i‘erthautheyplates(mandnneganve)'
and & was still negative then it would be the ¥’ cube that would stretch to fit the plates. In
pmchoetheelasﬁcmtantsofthey and the yareszmﬂar, that is {m| and [n] mabout _
0.1. _ e _ '
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General ?n'ocedure for Elastic Energr Calmlatwn '

| Itis assnmed that each component of the u:ut volume shown n Fig II 2is umfomlly stramed
One can then use equilibrium conditions to obtain an spproximation to the stresses and straing E

mthepmmpnamandmematnxslabswhentheymcomtmnedmtheauoy Strains will be

accurateuptatetmshnearmT (’I‘Etennscannotbewnaideredsmcetheychannelcross
-nvershavebeenneglected) L . e T . :

'htemalstmnsmustmmnafactorofamallteum wlulest:ams resulﬁngfmmanapphed; B
stress, o, must contain a factor of d/cy; in all terms. These are both small quantities - in the'
region of, or less than, *+0.1%; The internal strains that are calculated can then be accurate

up to terms uontammg the product of & and one of the ‘small quantities T,m or n. Strains _
resulting from an applied'stress can be accuraie upto terms contammg the pmduct of m'cu___
- _and one ofthe sma}I quantlnes T,m orm.

.Elasuc energy densmes can then be calculated and the energies for each component can he -
wetermined. By summing the energies calculated for each component, an approxiration to-
the elastic enersy stored maumtvolumeofthesuperaﬂoycanbeobtamed It should also
* be possible ta investigats the work done by an externally applied stress. The smaller T,m and

n are, the better the energy approzimations wnil be. AsmalITcorrespondstohrge y
volume fraction so the model should provxde a method for mv&sﬁgatmg elastic er.ergxes in
high y vulume frachon a.!loys '

I1.2 Elastic Stabﬂity Analysm in the Absence of Apphed
Stress

To do an elastic stabilify analysis for the cube/slab configuration on considers the
disassembled state of cube ana slabs shown in Fig II.4. The 3-axis lies vertical in the plane
of the page. During plate formation a layer of ¥’ normal to the 3-axis transforms to layer of
y. At the same time layers of y paralle! to the 3 axis transform to y’, The diagram is shown
in 2-D but the plate shown parallel to the 3-axis is, of course, equivlent to the other pc*allel
plate. :

The volume of y’ stays roughly constant during rafting. The volume of maferial transformed
on the two paralle! faces must therefore be roughly the same a3 the material transformed on
the normal face. Thus, when the cube loses a thickness of 2ew on the normal face it must
gain ew from each parallel face. The two phases, of course, have different unconstrained
lattice parameters and thus unconsirained y’ of width ew will have width ewa/a’ after it has
transformed to unconsirained y (a represents the latiice parameter).
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Plate formation

V77

Fig.I1.4 Changes in inconstraine I slab and cuhe dimmuns when rafting oecuirs, The B-am
isvetﬁca]intheplaneufthemge '

In Fig II.4 a useful shape parameter has been dofined: when & is positive it describes plate
formation; when it is negative it describes rod formation. Fig II.4 also illustraies the
consequences of an important assumption made in the mode! presented here: that the two
phases are perfectly coherent befare and after rafting,

The reassembled sets of slabs and cabes are shown in Fig.IL.5.
The uniform strains that are requirad for coherency are denoted

€T
where _
p = 1,2,3 and gives the direction of e, the principal strain

q = LILII,c and gives the component in which the strain appeats and
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r= i i,a, denotmg whetherthe stram is an mtemal strmn ora stram temltmg from an g '
apphedstress - : e

Stresses are labelled m a simﬂar manne1

(t-swala')(l 4 e,“) : B
(t-i-Zsafa')(l -}-e_,,““) 1

wll+e)T+e® |
W(I-Za)(l + e;")

il Il

postiyg mistt

Fig.IL5 Assembled state of slabs and cube.

In each of the three slabs and the cube fhere are three principal strains to determine - 12
strains in all. There are also 12 principal stresses but these are, of course, related to the
strains through the generalised Hooke’s law equations. By the symmetry of the problem,

*  the strains in the I s!ab give thOSe in the II slab 3 oondltmns),

*  both in the cube and in slab HI the 1 and 2 du'ecnons are equivalent (2
conditions); _

* thestrmnmhe1dlrectlonmthemplatemthesameasthatmtheld:recuon
in the Il plate (1 oondmon)

Continuity of normal siresses across the slab I/cube interface gives:

pif=pf* (8
Continuity of normal siresses across the siab Ill/cube interface gives:



p31111 Hc.i ' (6 ) |
Canoe]latxon of forces on a plane normal to the 3-ax1s gives:

S pfiwieapHuw =0 (7)
Canoa]latmn of forces on a plane parallei to the 3-ax:s gives:

pz W:._tl*pz'rﬂiwit g W1W3“‘G (8)

‘The eleventh and twelfth conditions are given by the misfit relationship between strains in
the cube and in the slabs. In the constrained state the cube and slabs must 'fit’ in the
1-direction and in the 3-direction, that is, the constrained laitice parameter in the 1-direction
inthecubelsthesameasﬁm,mmel-dlrechonmslabm and the constrained lattice
parameter in- the 3:direction in the cube is the same as that in the 3-direction in slab L.
Labelling the new constrained parameter in the 1-direction a,,, one gets
' @ _ a, .
and similarly for the 3-direction.
To second order equation (2) gives
| a _ g2
i (1 -8 +-—2— )‘
This gives the following mlat:io-:ls between strains in the cube and strains in the slabs: .

eft=(1+ef*) (1~ a+—) -1 (9)
o= (1+e8) (1—6+-§2-z-)-1 (106)

Neglecting (strain)?® and higher order terms, the equations can then be solved for all stresses
and strains. These are expamded binomially. As discussed in II.1, terms containing the
product of & and more than one of T,m or n are neglected.

The elastic energy density in each slab and in the cube c.n then be determined by
u*=23 pfef (11)
253
where i=1,2,3 and x=¢,I,1II and the p’s and e's are principal stresses and strains.

The total elastic energy of the unit volume js then given by
E=u eV e+u IV u ty* (12)

where the V's represent the volumes of the components. In calculating the volumes the
{1 +strain} factors shown in Fig.5 were not included since these would only contribute
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 (strai)® terms to the energy “Phe sniallest terms that are o included in the energy are the"
products of &“ and T.morn- hxgher order terms are. neglected _ -

The change in energy with respect to shape parameter when the pmclpltate is cuboldal can o

then be evaluated by differentisting E with respect to & and then sefting & equal to zero, A
negative value for this quar ity indicates that the energy decreases with increasing £ and plae
formation is favoured. A positive value indicates that energy decreases with decreasing eand
rod formation is favoured, If the cube represents a statlonary pomt on the E vs.g curve the.n
the quanhty will be Zero.

IL3 Stability Analysis in the Presence of an Applied Siress

Once again the disassembled set of slabs and cube is considered but this time with a stress

applied in the 3-direction. Fig.II.6 shows how the rafting process is tmodelled for a negative
 misfit alloy. In the disasserabled state 4 layer of ¢ with thickness 2sw(1 +¢,*) normal o the

applied siress transforms to y. Once it has transformed, it strains like the y and thus hasa

thickness 2ew(1 +e;™a/a’. In each of the two vertical slabs parallel to the 3-axis. a layer of -

¥ with thickness sw(l«l-e,"‘}a/a transfomus tc: ¢'. In the transformed state the iayers have

thickness ew(l +¢ =), :

The strains requ! d to reassemble the system are just the internal strams calculated earlier,
resulting in the last configuration shown in Fig.II.6 Onoeagamth\.re are 12 strains to be
caiculated with 12 relations between stresees and strains givca by the generahsed Hooke’s
law. .
Symmetry considerations give:

*  strains in the I plate give those in the II plate (3 conditious)

* 1 and 2 directions are aquivalent in the cube and the III plate. (2 conditions)

The I and II slabs are requir-d to ‘fit’ onto the side of the cube even after an external stress
is applied. This gives two more boundary conditions:

* g = e (13)
¥ gt = e (14)

After the external stress is applied Slab I horizontal to the applied stress is required to *fit’
onio the the cube and siabs T and IT, This implies:

¥ g Mgy +I e*w)l{w, +t)  (15)



o typm ey

4 = ol +e™)

- wy = wllvef)
Wy = Wl +e)

4 = (ewale’ Ml +el)
4 = (t+2ewala’dd + 2"
w, = Wl +(l +e)

w; = wl-2e)(1+e)

Y, = (Fewala' )l +ef )1 ve)
g = (+2evala’)(l +e75( + o)
w, = Wi+l +6NI +e,

Wy = wll-2e)(i +ef M1 'i'ead)

'W. 1

Fig.11.6 Rafting under applied stress - disassembled and assembled configurations
Equilibrium constraints give |
*  pt=p” | (16)
¥ p™=p (17)
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e o’(w1+tl)2 = p,f“w1 * 2p3“w1t1 (18)

* lewiwl "' chwstx + lewlta 0 (19)

- Equatmn (16) and (17} dre obtamed from the requrement that normal stmsses be contmuous Co
across cube/slab interfaces, Equation (18) is obtained from the requirement that the average ..
-+ force on the plane normal to the 3-axis. be the applied stress multtiplied by the area over = ..
- which it acts. Equation (19) resulis fmm ﬂm reqmrement that the avemge force on the pIane- R

paraﬂelﬁothe:i-mbezero

- _Onoe agam all (*mjn)2 and }ngher order oontnbunons are negleched and one. can: splve for- R
. strains #nd stresses resulting from an applied stress. As discussed in IL.1; all terms containing -
the 1 ~duct of o/oy; and more then one of T,m ornarealsoneglected ‘The elastic energy =~
density can be caiculated usmg the total (denoted by a (T) mperscnpt) stresses and- strmnsr--‘-'..- .

in the followmg way

ux==-;p (nxe (!'}x _ o (Where -’.‘\:*_I:'III:'C)
where ) i -
p,lPx = p"”‘ p"‘“x = (ap’plied stress)§+(internal stress)y .

64(P% = gf%; ef'* = (appl.zed strain)§+ (Jntemal strazn) -
_'Ihus thetotalelasucenergy denmtymeachcomponentofthe system is gwenby

=t g:(pza)x ta)x_rpjta}x (1)x+p(i)x (a}x_'_.pj(i}x (i_}x) (20) |

The tmal elastic energy for the system can agam be calculated usmg (12)
: . . B T-u ety IIIVrII+2u Iy
As for the case of no applied stress, the (1+strain} factor appeanng in'the widths and

thicknesses are ignored for volume calculations as they contribute only (strain)® terms to the
energy. . _

When determining the energy for this System, one must consider the potential energy of the
external loading mechanism. Thus it is the change in the enthalpy with respect to ¢ that is
of interest The enthalpy is given by elastic energy minus the work done. The work done is
calculated in the following way:

W= F.d = ¢.A.d (21)
where - '
A=(w,+t)? (22)
and _
d=ef w+e3”‘t . (23)
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_ Agam (stram)3 and h:gher order terms arelgmred 'Ihesma]lest terms ﬂlata:eincludedm" _: .
theenthalpyaretennscontamngtheproductsof(u[cu) andT mornandproductsofaand;.;_._. L

_Tmmm ¥
' a (E_m !a=0

iy negahve then N~tYP° behavzour s pmdmbed, if lt is ]9’031t1’°’e then P 'tYPe behawour 15‘ |

o pnedwhed and if it s zero then the cube represents 2 stﬂhonafy P°mf
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Chapter I
Results

IML.1 Internal Stresses'-CalcuIaﬁon

'The calculations outlined in Chapter 2 involved large equauons that were mamptﬂamd usmg
the symbolic maths package, Maple

The mtemal stresses Were calculated for the conﬁguratlon shown in Fig. TL5. When =0 the.
stresses calculated are jus thoseofthecubeconﬁguraﬁonandcanbecheckeda.gmnstﬁmﬁe
element calculations [52,54,48] of internal stresses in various superalloys. This is shown in
Table IT.1. Since strains are not uniform in the FE calculations, the values given halfway -
between the midpoint of the slabs and the corner are used. The subscnpt ‘vm' indicates a
von Mises eqmvalent stress. _

It is important to note that values obtained for SRR 99 and for CMSX-2 using the finite
element method were done under plane stress assumptions. Plane strain assumptions give a
beiter approximation to the real values [48,54] and lead to stresses that are about Y6 more than
those obtained under plane strain assumptions [53,59]. Values for what one might thus
obtain under plane strain assumptions are shown in brackets in the table

Teable IN.1 Caloulated values of internal stresses compared with those obtained in FE
analyses

Alloy Source pt (MPa) pd (MPa) Py i ¥(MPa)
CMSX-3 Model -430 130 560
[48] 460 40 465
SRR 99 Model ~210 80 290
[54] - - ~ 180 (270)
CMSX-2 | Model 247 162 349
L 52] - - ~190 (285)

In the model developed in this dissertatior: the von Mises stresses are zero in the y’ cube.
Non-zero values arise in the models listed above as they are not confined to a uniform strain
approximation. :

28



FERSETETELS LT A STy mtm e

'I'he tesults de niot show exeellent agreemem but they are stﬂl eneeuragmg
m 2 Interna.l Energy Calculatlens ER

It was found that the cube shaped precip,tate reptesents 8 statmnary pomt on the c' BT
energyvsscurve thans - P

aE
_ E

&=l‘.|‘_

' fo the arder vsfxl in this model. Tlus sin agreement wnh the resulte for molated eulpsoﬂal'

part:cles studied by Mlyazakx et al [20] and Johnson et al [55]. Unfortunately the approach - . . - ':

‘used in this study does not yield the nature of the siationary point but much insight can be
gamedﬁnmthetwosmdleemermonedabove This wﬂl be thscussed mthenextehaptet

IH 3 Calculatlen ef Elasue Energy Changes in the Presence o
| of Apphed Stress

The applied steains in_ the stabs and cube shown in the final configuration of Fig IL6 were
determined. As is expected, the applied strains in slab III (the horizontal slab) differed from
the those- in the vertical s}abs and in the cube by an amount proportional to m and n.

The change in elastlc energy thh respect to the shape pmameter € is given below in eq.II.1

2 (cu+cucu}m acinl o*K _
= +[20y,0, (o ~de,) n+2ef (o, +20,, ) m (1)
+2 (c130f1_+4c132+3cf1-—8c'ncfz) TIodK

: a.(E-W)
- oe g=0

w3
ey (ChL+Cy,655-200)
It should be noted that althou.gh the T appearing here is sirictly the the ratio of the channel

thickness to cube length in the unconstrained state, the internal strains are small are enough
for t/w in the constrained state to be considered equal to T.

where K=

Data in Table 1 indicate that the differences between m and n are certainly not larger than
30%. Taking n=m in the above equation III.2 simplifies the expression greatly. One obtains:

'a'(a’a-WK) | =omS +280 [2m+T(3-2-222) 1w (2)
o le=o Cy,y BT



Table 1.1 contains complete sets of data for four alioys and afmost complete sets for two
othe . For the two almost complete sets ¢, is set equal to 100 GPa and c,, is set to 0.64 of
c;. ihe data is then substituted into equations 1 and 2 to obtain predictions of rafting

direction for the six alloys. The data used is shown in Table II1.2 and the results are shown

in Table T1.3. When substituting into equation 2 an average of the m and n values giveriin .
Table IH.2 is used in place of m. It should be noted that the volume fractions of Udimet 700 -
and for N1-15A1 are pmbably too small to tham peourate results but the predxcuons are st!ll
of mterest . _ .

-

Table I, 2 Data used to obta.m results in Table 1.3

I 'A]]dy m tn : _tlww 6(%) | o Cy Cis
A S T 1 | (MPa) | (GPa) | (GPa)
Tomsxs |-11 |-14 | 13 |-s8 ¥ 150 202 | 139
cmsx2 |5 | 4 |13 -3 | 120 109 59
SRR99 | 0 [ .03 | .3 |-22 i [1s7 |1
Ni-15al | .49 | 68 |5 [+56 | 147 112 | 63
Udimet | ~-1 {~-1 | 4 -3 147 ~100 | ~ Gugt
NASAIR [~.12 |~a2 [ .19 |-45 | 148 ~100 | ~.64c!"

Table T3 Results of substitution into equations 1 and 2

Alloy - - —

(teHSIcomﬁ) -m—%l £=0 Mﬁ'é‘@_ 2=0 (z=m) | Observed
per per
(unit vol*10*6) [eql] | (unit voi*10"6) [eq2]

cusx3m | 005 +0.01 N
CMSX-2 (T) o4 Y :
SRR 99 (T) 0.3 y .
Ni-15A1 (T) +3 > -
| Ni-*5Al (O) 3 3 »
Udimet (T) 0.5 0.5 N
Udimet (C) +0.4 +0.4 P
NASAIR () 0.7 0.7 N'
NASAIR (C) +0.8 | +os8 P |
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Cha.pter: AY

Discussion

IV.l The Internal Energy Result

The effect of interfacial energy has not been considered. Marsh and Chen [83] have collected
many values for the interfacial energies given in the literature. The values vary with
tempetature and composition but their survey indicates that 0.01).m? ir an acceptable
estxmate at 800°C Thus, using a precipitate size of 0.3um:

By =Y:A0, 01Jm26(0.3-100m) 2

This gives a value for the interfacial energy of about 0.54 x 104, Calculations of the internal
¢lastic energy using the model here give values of about 4.6x10"™). Thus for precipitates
of this size the internal elastic emergy is about an order of magnitude larger than the
interfacial energy and the effects of interfacial energy should, therefore. be small. This is
supported by results discussed in I1.3 [20,55,78].

In secnon III.2 it was reported that the model proposed in this dissertation leads to the
conclusion that the cube is = stationary point on the elasi‘c energy vs. shape parameéter curve.

The stationary point represented by the cube could be 2 minimum. Studies of isolated
inclusions by Miyazaki et al [20] and Johnson et al [55] suggest something different. They
consider interfacial energy in their studies. For small precipitates, the sphere represents a
minimum on their energy vs. shape curves since interfacial energy effects will dominate over
elastic energy effects then. At larger sizes the elastic energy dominates and plate shaped
particles represent a globa! minimum on their curves. They also find, though, that the sphete
represents a stationary point on the energy vs. shape curve, even when elastic energy
dominates over Interfacial energy; in this case, however, the sphere represents a local
maximum.

In high ¥’ volume fraction alloys, it is generally observed that precipitates evolve towards
a cuboidal shape during ageing, even when the size of “e precipitates is not changing.
This suggests that the stationary point represesisd ¢s is in fact a minimum on the
elastic energy vs. shape parameter curve n high 3’ : fraction alloys. It seems likely
that the plate morphology will also represent a mim'mum on the curve as was found for
isolated inclusions. Nabarro has sugzasted that for a high ratio of surface to elastic energy
the cube will represent a deer.r minimum than the plate; when surfacs energy is less
important, the plate minimum will be deeper.

It makes sense, then, that during ageing of an alloy, spherical precipitates will coarsen until
the effects of elastic energy start becoming large. Generally, cuboids will be favoured
elastically. If the plate morphology represents a deeper minimum than the cube marphology,
imperfections in the microstructure will permit the precipitates to evolve tfowards the lower
energy plate morphology.
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IV.2 Interpretation of the Full Applied Stress Result.

The results given in the last chap'ﬁa_f can be interpmted m the fbﬂowhg '“'r.ay:. '

. The ¢ term‘ - | | | | |
Ao"tetmappearsmtheexpmsmnforﬂmentha]py oftheﬁnalconﬁgurah.onshomm |
Fig.IL.6. The term represents the enthalpy that results only from the applied stress and not

froma:wmzeracnonbetwemunemalandextemalstresse&Thus meq]]Il theozteM'
represents the changemthis entha.oy when raftmgstarts -

It was pomted outinIIIBﬂlatlfthe adoywere

homogenous {m=n=0} then the materia! would —— or A
strain’ uniformly under an applied stress. Thatis, § -~ - Y =gy

in Fig.IV.1 layer A strains by the same amount T :

as layer B. This is not so in the inhomogeneous : "f‘ ¥ "t e B |
case: the sirains in layer A wiil differ from those | = | mﬂu@ii@u gkl
in layer B by an amount thaf depends on the | R

difference in the .elastic constants between the. :
two phases.

The strain energy density resuliic 3 only from the  pig 1v.1 Strains resulting from applied stress
applied stress will thus be the same ir both layers - :

for the hcmogenous case but not for the

inhomogeneous case. Thus, the corresponding energy wz].l not change on raftmg for the
homogenous case but will for the inhomogeneous case.

When m and n are not zero, t'he coefficient of o? is
- Kl2{ch ey o) mackn]
where K is given in eq.JIL.3. One sees that K is always positive since ¢, is positive and
always greater than ¢;,. The sign of the ¢° term is thus given by the sign of m unless
2
n >-£( :2 zi:)
and n is the same sign as m.

Taking ¢;p/¢;; = 0.64 (an average of values given in Table 1) |n| must be greater than
about 2 |m| and the same sign as m before the sign of the o term is given by minus the
sign of m. Physically this corresponds {o the situation where strains resulting from Poisson
effects start afluencing the energy change during rafting more than the strains in the
direction of the applied siress.
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The db‘term

A 00 term appears i the expression for the enthaipt of the last eonﬁgm'anon shown in
Fig.(1.6. This term presumably results from the inte:aution energy between infernal and
external stresses. The 08. term appearmgweql[[l:sthus thechangemthmmterachon :
energy that occurs during: rafhng \ _

Taking m -n—() one obtains the extreme case of a homogenous, mlsﬁthng ptecxpltate with
a dilatational strain, Nabarro ¢onsidered a 2-D model of homogenous slabs and cubes. With
Poisson effects neglected (inipiles o,,=0), it was shown that the shape of the precipitate-slab
combination did not change during rafting. This implies that an applied stress does no work
during the rafting process for this 2-D model. If this were shown to be frue for the 3-D
model proposed in this dissertation, one would expect the change in energy on raftmg in the
homogenous case to be zero. A term in Tod would then surely indicate an error in the -
calculations. Thxs is dxscussed further inlv, 5

Itshouidbenotedﬂlatexpedmental resultssuggestﬂlepresenoeofatennthatdoesnot
contain m or 1. Table 1.1 shows that negative misfit alloys display the same rafting behaviour
even when soft precipitates (CMSX-3 and Udimet 700) and hard precipitates (NASAIR 100,
SRR 99, CMSX-2) are considered. This would niot be predivted if the Toé term were absent.
However, elastic constant data are definitely unreliable - as will be discussed below - and cae
is not guaranteed that precipitates are, in fact, hard or soft. It is also possible that inclastic
effects might be enough to reverse the effects of the 2lastic drivi~.g force.

It was pointed out in I1.2 that the model is not valid for the case of 1" =0. However, it is not
difficult to understand the physical significance of terms in odm and gén. As in the discussion
of the ¢® term, the differences in elastic constants result in different applied strains in layer
A and layer B shown in Fig.IV.1. On rafting, these -esult in differences in ¢ terms in the
enthalpy.

More insight can be gained into the physical conditions which result in a negzative or positive
contribution from the o6 term by considering the approximate form for eq.lli.1. Some
observations can be made here, though: the coefficient of Tod is always positive, as is T.
The coefficient of m is also always positive and always larger than the coefficient of n. The
coefficient of n will be negative unless c,/c, < 1/4.

IV.3 The Approximation m=n

The most obvious feature of the predictions made using the approximate form of eq.II.1 is
that it does not predict correctly for CMSX-3. It should be noted that the prediction for
CMSX-3 made using the full equation is an order of magnitude smaller than the other
predictions. This agrees -/ell with the unusually slow rafting raie in CMSX-3 that was
discussed in II.3. The small value predicted is a result of the o:f terms nearly cancelling, In
the approximate form, it appears that when these i~ms are so close to cancelling, the
differences in n and m are significant.
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 The spproximate form for -eq.iii.l__. given in o I1.21s easier fo undézstand physically‘

The sign of the ¢® term is always gwen by the sign of m. Thus, a soft precipitate wﬂl
always generate a term promoting N-type rafhng and a hard precnpxtate will always
generate a term nromoung P-type rafting.

Eq III 2 gwes tue critical stress at which the az term hecomes dominant as

C’
o=1d 2m+Tt3—z 12
+ ( %l)

It should be noted that in ti ¢ alloys shown in Table 1.2 (apart from CMSX.-3) this term
- would only begin to dominzte when ¢ was of the order of 1 GPa. In CMSX-3 the critical
stress is an order of magnitude smaller and \hus it would appear that the o®*™ could play
a more important role for thls alloy In general, however, the effects of the 08 term are
of more interest.

The o3 term:

The o6m term has a factor ot 25 where the ¢% term has a factor of a/cy,. Using Table
1.2, the odm term is 4 to 10 times the size of the o? tetrn. The magnitude of Tod,
meanwhile, is about 1 to 2 times that of the oém term,

For m»-T(3/2 - ¢ /c;)} (The Common Region):

In this case the coefficient of od is always positive and, a8 long as it is larger than the ¢
term, one wili observe the usual rafting phenomenon: in a negative misfit alloy, P-type
under compression and N-type under teasion; in . positive misfit alloy, P-type under
tension and N-type under compression.

The ¢® term contribution is to increase the tendency toward P-type rafting when m is
positive and increase the tendency toward N-type rafting when m is negative. As pointed
out above this should not be a large contribution for alloys in Table IIT,3 (except CMSX-
3

For m < -T(3/2 - cy/e;;) (The Sign Reversal Region)
In this case the sign of the 06 ..'m is reversed. For cases where P-iype rafting was
predicted above, N-type rafting is predicted and vice versa, The critical value of m when

the coefficient of o6 bagins to introduce a minus sign is around -0.15 (using an average
of data given in Table IIL2).
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IV.4 Unreliable Elastic Constants

The composition of three of the four alloys with full sets of data available are shown in Table
IV.1. MAR-M200 is aiso shown as elastic constants for SRR 99 are based on MAR-M200

Table IV.1 Composition of alloys

Alloy - Ni Ti Ta | Al Cr (W Co |Mo | Hf
CMSX-3 67.9 | 1.1 1.9 (124 |91 256 47 103 .03
CMSX-2 67.3 1.25 2.0 122 9.2 2.6 5.1 031 { -

NASAIR 69.6 |15 2.8 |57 9.2 10.2 - 1.0

SRR 99 6b.5 2.2 28 |55 B85 9.5 5.0 | trace C

MARM200 | 60.3 2.0 - 5.0 9.0 12.5 10 Nb 1.0
trace B,C

One sees an overwhelming similarity between CMSX-3 and CMSX-2. Yet Pollock and Argon
claim that CMSX-3 {48] has elastically soft precipitates while Ganghoffer et al claim that
CMSX-2 has elastically hard precipitates [52].

The matrix constants for CMSX-3 were taken to be the constants of the bulk material;
constants of the ¥’ were obtained by extrapolating Curwick’s data {84] for Ni;Al + Ta,
assuming a temperature dependence similar to that of the matrix. Ganghoffer et al collected
data for Young’s modulus in the <Q01> directions which were measured at different
temperatures up to 1100°C. Poisson’s ratio was taken to be independent of temperature and
equal to 0.35 in both phases.

Gayda and MacKay measured Young's modulus along < 001> directions in NAS..IR 100
at 25°C, 500°C and at 1000°C. They found that at low temperatures the y was harder than
the y’ but that at higher temperatures the y’ became harder. Miiller et al (541 reported
similar behaviour using elastic constants that had been determined for MAR-M200 using the
Forster resonance method.

Ganghoffer's results also showed the same change in relative stiffness of the two phases at
high temperature. Admittedly, their results depended fairly heavily on Gayda and MacKay’s
data. MAR-M200 has a some Co substituted for Ni but generally the last three alloys shown
in the table are similar and one might expect similar elastic constants for them, However,
one would not necessarily expect CMSX-2 to show the same trends.

The only thing that is really clear is that the CMSX-2 and CMSX-3 elastic constants given
in the literature are very surprising, The CMSX-3 investigators assumed the same
temperature dependence for y’ constants as for y constants which, it appeais, would not be
correct for an alloy such as NASAIR 100 or MAR-M200. Whether they have missed a trend
present in all alloys or the CMSX-2 investigators have relied too heavily on high W content
alloys is not clear.
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One could argue that the two alloys also show surprisingly different rafting behaviours for
materials that are compositionally so similar. Neveriheless, more investigation seems required
and one can only really conclude that elastic constant data are probably unreliable.

IV.5 Reconsidering the Problem

The presence of the suspicious Tod term, mentioned above, has led to a closer look at the
studies of isolated inclusions that have been done using Eshelby’s method {20,21,24]. It
appears that in these studies the o6 term arises in the work calculation and not in the stored
energy calculation. This is not the case in the study presented here. While this, in itself, is
a major cause for concern, it has also highlighted an omission in the work celculation
presented here: in Fig.IL.6, it seems that the work done by the external stress during the
rafting phase and the assembly phase cannot have been included correctly since the resulting
expression is a function of o®.

Unfortunately, it appears that the correct predictions shown in Table II.2 could be largely
fortuitous. All the same, a useful furst atterpt at using this model has been made and much
insight has been gained into the problem. Future work will probably include a re-working
of the calculations, possibly using the following method given by Nabarro:

Process 1 Process 2
Take componen's that will assemble at £=0
Keep ihem Trim to assemble at e=¢
Assemble at £=0, g=0 Assemble at e=g, 0=0
Cale. work Calc. work
4, Apply o, Calc. work Apply o, Calc work
Add works Add works
6. Difference between 1 & 2 gives driving force

It has also been suggested that a closer approximation to the observed morphology could be
obtained if overlapping siabs were considered. That is, strain energies should be considered
for slabs that are longer than the precipitate by half the width of a y channel (in the
unconstrained state).

IV.6 Comparing the Model with Applied Stress Observations

As it stands, the model successfully accounts for the dependence of rafting on the signs and
magnitudes of & and o, since under conditions normally encountered, the o* terms are small
in comparison with the o8 terms which show the correct sign dependence. The model is
consistent with the ohservation of rafts being about the same thickness as cubes. It also

is



| predlcts the dnfferenoe m stresses between honzontal and !.'erhcal channels

Tt ca anot make predlctlons about melastlc effects nor abaut hnetms—hnked observatxons e. g co
‘fempurature dependence. and rafting rates. (Although the ‘strength of the tendency to aft o
under elastic stresses when: compared with other: alloys can be predlcted) The modelisnot -~ 1
instructive for alloys that do not have cuboidal’ prempltates but itis possxble that other T

| slab!prempltate canfigurat:ons oould be. consxdered
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