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Ah.crarl

The Chemical partitioning of alloying elements Dc!"een the disordered y and ordered y'

pha,es in the nickel base supcralioy Rene 88 DT. has been characterized in detail using

three dimensional atom probe tOmography (JDAPj coupled "ith energ).fjllered

Iransmission eiectron micros_opy sludies. After a homogenization treatment followed by

a ",ater quen_h. it is observed that the morphology of the y' precipitate, remains nCar,

spherical even after long aging times. Compositional variation. obse,.".ed tlet"'een small

« 5 nm) and larger y' precipitate>. reduces with increasing aging time. ,,·hile the

compositional gradient across Ihe yty' imerface decreases. The process of growth of y

prC\:ipitales seems to o__ ur through coalescen.. of adjacent y' precipitates. facilitated

Ihrough Ihe formation of "necks" lIet",.en adjacent precipitates, These necks are

observed 10 have intcnTlediatc elemental concentration "alues. bet"een the malrix and the

l' precipitate _ompe,itions.



Introductiol'

Ni base IU!'l'mlloys have "idespread application in a numtler of critical tcchnological

areaS. especially those involving high temperatures. These alloys typically exhibit an

exeellcnt balance ofpropcrties including good mechanical strength and ductility (both at

room and elevated temperatures), improved fracture toughness and fatiguc rcsistance, as

"ell as enhanced creep and oxidation resistance at elevated temperatures. Such a balance

of properties makn these alloys suitcd for application in turbines of jet engines for ooth

aerospace as "ell as land-based applications. Ho"ever, with the ever-increasing drive

towards more emcient jet engines. there is a continually increasing need for belter

superalloys capable of withstanding higher temperatures while maintaining the

appropriate balance of properties,

Over the past ,c,eral decades. a number of different nickel base superalloys involving

comple.x chemistries have been developed for aerospace jet engine and land-based gas

turbine engine applications. im:luding single crystal alloys for turbine blades and

rolyct)stalline ones for turbine dish. One of the mOre reeent OneS is the Rene' 88 DT

alloy, that was developed [1-3] to be mOrC damage lolerant than the previous generation

Ih'ne' 95 alloy. hence the DT designation, "hile olTering improved creep strength and

fatigue crack gro"lh resiSlance IJJ. The nominal ,hemistry for this alloy is: lJ% Co,

16% Cr. 4% MO, 4% W, 21% AI, 3.7 % 'ri, 0.7% Nb, 0.03% C and 0015% Ii. Sin,e

Rene 88 DT is an alloy developed for turbine disk applicalions, il is l)pically processed

through the rowder metallurgy rOUle and develops a polycrystalline miCrOSlructure
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consisting of y grains with nanoscale y' precipilat~S. Furthermore, the typkal heat­

treatment used for this alloy consists of a solutionizing procedure for 30 to 60 minutes at

I 150°C (2100°F) in the y phase field. follo"'ed by cooling to rOOm temperature at

appropriate cooling rates. and subsequent aging for dilTerent time periods at 760"C

(1400"F). Duc to the powMr processing, a fine y grain size is achieved within whkh a

duplex distribution of y' precipitates is form~d, the coarser forming on cooling from the

single yphase f.eld (seeonda')' n. the finer predom inantly on aging (tertiary y).

The have ocen a number of studies employing three dimensional atom probe (3DAP)

tomography to characterize the atomic scale microstructure of Ni-base superalloys and

these studies have been extensively reviewed in recent articles in the published literature

[4-61. The primary emphasis of these studies has been the determination of the size.

morphology. and. composition of the y' precipitates within the y matrix as a function of

the multi-step heat treatments typically experienced by these alloys. In addition. such

JDAP studies ha.'e also focused on the partitioning of the allo~ing additions beNeen

these tWO phases and the segregation of certain alloying additions to interphase (y/y'

interface) as well as grain boundarin. Of particular interest has lx:en the accurate

determination of the compositional prot1le ofdi/krent alloying additions acrol.the yly'

interface. The overall goal of such studies has been to develop a lx:uer understanding of

the solute pmtitioning and its consequent influence on the microstructural nolution

process and anendant mechanical properties. Howe~er. the upper bound of scale of

microstructural features that could be addressed using conventional JDAP microscopes

was se'erely restriCled to typical analysis ~olumcs of approximately 15 x 15 x 100 nm

that ",ould olien require NO days to analyze [7]. With the introduction of the local

)



e1e~trodc atom probe (LEAP) microscope by Im.so Inc., it is now possible to achieve

analysis rutes at least 600 times f.,ter lh.n con,'cntion31 3DAP instruments .nd analy,is

volume, - 100 times larger for the ,arne period of .cqui,ition [4,7].

Thi, papcr focu>l:s on the elemental partitioning bet"een 1 and l' phases in Rene' 88 0'1'

"' well al On the 3D morphology of the nano>c.le l' precipitate, in this alloy. The

speciflc type of hcat-treatment considered i, ,olution treatment at I 150°C in the single 1

ph"c flcld follo .....ed by water quenching and sub,equcntly aging at 760'C for ditTerent

pl:riod, of time, The elemental p.rtitioning a, .... ell as the 3D morphology have becn

primarily characterized by 3DAP tomography and complemented with energ/.flltered

transmi,sion electrQn microscopy (EITEM) studies, The three primary Qbjectives of thi,

paper are as fQllows:

I. A detailed inve,tigatiQn of the elcmcntal partitioning between the 1 and y' phases in

thi, complex .110> containing large number of allQying addition' as a function of

different dilTcrcnt ageing time !X'riods (at 760°C) post a high tcm!X'rature

homogcniLation treatment,

2. Study of thc three-dimensional morphology of the y' precipitatcs as a function of

ageing lime by coupling three-dimensional atom probe (3DAP) tomography .... ith

scanning transmi..ion elcclron microscopy (STEM), Inve,tigate the proces~ of

coalescence of y' precipitates during gro .... th and coarsening.

3, Study of the compo~ition.1 gradient aero,s the y I y' interface as a function of ageing

time.



.:xperimenlall'rneedure

rhe bulk chemical composition of lhe commercially procu~d Rene' 88 DT alloy "as

56.53Ni-16,24Cr·13.27Co·3.92Ti-2,09AI-4,08Mo-3.92W-0,76Nb (wI%) or 55.63Ni.

18.02Cr-13,OOCo-4,74Ti-4.45AI-2,48Mo-I.21W-0461\b (alo/,). Material was cut from

lhe bore and rim seclion ofa turbine disk. produced and tesled under a DARPA program

[8]. The samples were solution treated al 1150"C in the single y phase field for 30

minutes to dissolve primary "f and then water quenched. They "ere lhen drilled to

accommodate a lhermocouple directly in the center of the sample. These samples "cre

subseqt.enlly aged for O. 50. and. 100 hours at 760°C in a large chamber vaCuum furnace

and air quenched. For com'enience. these samples will be subsequently be referrcd to as

WQO. WQ50. and. WQI 00 samples in lhe remaining part of this paper.

Samples for 3DAP tomography studies in the LEAP microscope were prepared by a

combination of electro-polishing and focused ion beam millin!!: lechniques. For lhis

purpose. samples from the dilTercm heaHrcated conditions "·ere first e1eelro-diseharge

machined into lhin wires" ith a square cross section (- 0.5 x 0,5 mm), These wires were

mechanically ground and subsequenlly e1eelro-polished 10 tip diameters - I !-lm using a

commercially available EleetropoinlerT" system, The electro-polishing was carried out in

twO sleps. firsl "ilh a 950/0 acelic acid -I- 5% perchloric acid solution using 25 V for the

coarser polish and fmally "ith an 98% butyl cellulose -I- 20/. p"rchloric acid solution

using IOV for the fmal polish. These clectro-polished needles were subsequently lhinned

further in a dt.al-beam focused ion beam (Fill) instrument (FEI Nova Nanolab 200)

,



system u,ing a Ga ion tleam, The ion tleam thinning was carried OUI in mUlliple slep'.

slarling "ilh 30 kV ions and finally finishing with 5 kV ions 10 reduce lhe surface

damage caused by the higher energy ions 19]. The final lip diameler of the atom protle

specimcns "as - 50 - 80 nm. The 3DAP experimems were carried out using a LEAP

3000 local eleclrode alorn protle (LEApT") system from Imago Scientific In'lrumenl,

Inc. All atom protle experiments were carried oul in lhe eleclric-fleld evaporaJion mode at

a lemperature of 70K. with lhe evaporalion rale varying from 0,2 - 1,0 % and the pulsing

vollage al30"1o oflhe steady~slaleapplied voltage.

TEM samples wCre also preparcd via convenlional routes. consisling of mechanical

grinding and polishing of 3 mm diameler di"s. follo"ed by dimple grinding. and. final

ion-beam milling to e1eetron transparency, Ion beam milling was condUClcd on a Galan

Duo Mill and Fischione Model 1010 ion milling system. operaled al6 kV. TEM analysis

"as condu,ted on a FEI Tecnai F20 field emission gun transmission electron microscope

operaling at 200 KV. Imagcs were obtained using lhe Cr M-cdge in the energy filtered

lransmission elC\:lron microscopy (EFTEM) mode. as described elsewhere 110)

Represcntalive regions were imaged at different magnifications to caplure the relevanl

secondary andlor lertiary y precipitate, in lhe alloy.

Itc.ulls

Energy_fIltered TE~ image" acquired using the Cr M-cdge for lhe waler quenchcd WQO

sample ("ithout any additional aging) are sho"n in Figs l(a) and (b), The regions
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exhibiting a darker ,ontrast in these images. arising from Cr depletion. wrresp<Jnd to the

y' predpitates in the water-quenched condition. These precipitates appear to exhibit a

near spherical morphology with a tendency towards nancning of the edges with

coarsening. Thus. the relatively larger 'I' precipitates exhibit mOre nanened edges as

compared 10 the smaller pre,ipilateS, Another relevant observation is that the ,0ntraSI in

these y' precipitates appears 10 vary quite substantially. While this has not ~en

quantified. on a qualitative basis il is cle" from Fig. l(a). that the smallery' precipitates

appear lighter than the larger predpilates. Unfortunately. due to the t"'o-dirnensional

nature of these EFTEM images the innuenee of TEM foil thickness on the ,ontrast

exhibited by these 'I' precipilate> becomes rather convoluted. For example. it is difficult

to differentiate betWeen a true cOnlp<Jsitional difference associated with the smaller y'

preeipimtes versus an anifa,t arising from the fact Ihat the smaller precipitates are

embedded "ithin the TEM foil and consequently. the contrast \'i;;ible in the imagc is a

result of averaging bel"ecn the y matrix and they' precipitate. Therefore, il is erilicallO

detennine the true three_d imensional nature of the morphology of Ihese pre, ipitatcs and

alS() Iheir ,omrositions,

JDAP tomographic reconstructions from the WOO sample are shown in Fig, 2, The size

oft!lc recOnstruction in Ihis case isJ5 nm x 35 nm x 110 nm. The red AI-rich regions in

Fig.2(a) eorresp<Jnd to thc y' precipitates (since AI preferentially segregates to the y'

phase). while the Co-rich blue regions correspond to the ymatrix, AI=8 al,% isosurfa,es.

as shown in Fig.2{b). help 10 delineate Ihc y' precipitates bener. Two different

perspective views of the isosurfaccs for Cr "ith threshold values of 14 at% are sho"n in
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Fig~. 2(c) and (d). The Cr iwsurface views also allow for a clear delineation of the y"

precipitates in Ihc y malrix, A, discussed bier, the concemration values for both Al and

Cr isosurfaccs was scleeted as the average valuc between thosc of the -( and y pha>es for

Ihis ",mple. determined from compositional profiles across the flyimerfaees. The JD

morphology of the y' precipitates appears 10 be near-spherical, in agreement with the

results of the 20 EFTEM images, The tendency of nattening oflhe fty interfaces for the

larger precipitates is clearly visible. The overall eomposilion for Ihe entire 3DAP

reconstruction for Ihe WOO :;ample is listed in Table I. The average compositions of the y

and y' phase~ forlhis reconSlruction have also been liSled in the Same table. Note that the

composition of the y" phase listed in Table I i~ an average value for - 15 individual

precipilates measured in Ihe JDAP reeon,tronion shown in Fig. 2. The individual

compositions of 4 of Ihese l' precipitates have been listed in Table II together with the

a>sociatcd errOr bars in the measurement, Amongst the four l' precipitates. y'l and y"2

",e relatively larger in size with equi'alent diameters greater than 5 nm "hile y'J and y'4

are reiative'ly small in size" ith equi, alent diamelers -3 nm. Comparing the composilions

of these four precipitates, il is apparent that "hile 1'1 and 1'2 exhibit ,imilar

,ompo,itions, the compositions of smaller ""3 and '(4 arc signif"antly different,

espec ially "ith respect to certain alia} ing addilions. Thus. ,on.entration, of Co, Cr. and,

Mo arc marginally higher "hile the Al ,ontenl i~ marginally lo"er in case of'O and f4

as compared to y'l and y'2, These results arc ralher interesling. indicaling the partitioning

tendencies of different alloying addillons during the early slages of f pr"lpitation. The

compositional profile actoss the ftr interfaces for Ihe WQO sample has been determined

,



using a powerful analysis tool. the proximity histogram (proxigmrn in shon) IIII for the

various t precipilales. visible in the rCl:onstructions sho"n in Figs. 2(c) and (d). These

proxigrams can be used for any internal surface. e,'en those involving a complex

t<lpology. The One, discussed in the present study arc all for internal imerfaces

constructed based on isosurfaces with a threshoid value of Cr - 14 al%. For example. a

lypical proxigram for one spccific i precipitate is sho"n in Fig. 3(a). The figurc on the

lefl of Fig 3(a) shows a section of thc o,'crall reconstruction with lhe sp«ifie y'

precipitate marked. The proxigram for this specific precipitate is sho"n on the right of

lhe Same figurc "ith the error bars ineluded for the different alloying additions. In this

case only the primary allo)ing clements. Cr. Co. ~10. AI. and. Ti. have been included in

the plot. As expected.the panilioning of the alloying additions involves preferential

segregation of AI and Ti to the l' pha,e "hile the ypha,e is enriched in Cr. Co. and. Mo.

II should be noted that the Mo segregation is rather limited with the y phase exhibiting

only a marginally higher Mo content as compared 10 the y' phase. An additional feature

to note in the 3D,\P reconstructions sho"n in Figs. 2(c) and (d) is that in some cases. NO

(or more) t precipitates appear to be connected by necks during the process of

coalescence during gro"th. Higher magnification views of such necks between t

precipitates and the corresponding compositional profIles are shown in Figs. 3(b) and (c).

The compositional profiles in each of these figures correspond to the respective cylinders

shown in the JDAP reconstructions. However, it ,hould be noted lhat for the sake for

belter visuali~ation. the length of the cylinder is larger than the length of the ploued

compositional profile. Fig. J(b) shows two i precipitates separated by a relatively Ihin

neck region "ith the composition of this ne.k region lying in between that of the

9



adjoining l' precipitat~sand the ymatrix. Thus. while the Cr. Co. and. Mo content of the

neck region is higher than th~ adjoining y' pr~cipitat~s. th~ Al and Ti eontenls arC low~r.

Similarly. the Co. Cr. and. Mo cont~nI in th~ neck region is lower than that in the y

matrix. The situation is different in case ofth~ neck shown in Fig. 3{c). In this case, the

composition of the neck region is virtually ind istinguishablc from that of the adjoining y'

precipitates with possibly a VCr)' small increase in the Cr and Co contenl. Thi, may

indicate a CaSe whcre the neck has indeed reached the stable composition of the l'

preeipitat~.

An EFTEM imag~ from the WQ50 sampl~ (aged al 760°C for 50 homs), recorded using

thc Cr M-edge is shown in Fig. 4. Th~ y' precipital~s. exhibiting the darker contrast.

appear ~oars~r than those observed in the WQO sample [12]. Funh~rmore, there arc

distinct neck r~gions. forming beN~~n adjoining y' precipitates. visible in this EFTEM

image (Fig. 4(a». Intensity line prof,les aCross a ~ouplc of these necks. marked A-B and

CoD. are sho",n in Figs. 4(b) and (c) respectively. Such intensity profiles ~an be used as

qualitative indicators of th~ Cr COntent variation across th~ roY' interface. Thus. in ~as~ of

th~ A-B n~ck. it can be inferr~d from Fig. 4(b) that the Cr content is higher in the neck

region as compared to that in the adjoining y' pre~ipitates. in contrast. in ease ofth~ CoD

neck, Fig. 4{c) shows a virtually indistinguishable neck region without any significant

differ~nce in the composition betw~cn the n~ck and the adjoining y' precipital~s (as for

the case shown in Fig.3(c». Furthermor~. Fig. 4(b) also shows an intermediate inlensity

for the n~ck region. implying that th~ Cr conlenl of the neck region. while higher than

thaI of the adjoining y' precipitates, is stililowcr than that in the y matrix. Again. while
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such intensity profiles are promising "ays to analyze thc composition, the complexities

introduced due 10 variations in foil thickness and associated averaging of the

compositional data cannGl rn, neglectcd. Detailed 3DAP analysis does not suITer from

wch ambiguities. 3DAP reconstructions from the WQ50 sample are sho"n in a series of

images in Fig, 5. The size of the reconslru<:tion in this case is 70 nm x 70 nm x 70 nm,

Fig, 5(a) shows the AI ions in red and Co ions in blue, "hile Fig. 5(b) shows AI ~ 8 at%

iso-l:OnCenlnllion surfaccs (isosurfa<:cs) in red together with the Co ions in blue, T"o

different perspective views of the isosunaces for Cr ~ 14 aW. are shown in Figs, S(c) and

(d). Comparing thc size of the y' precipitates in this case with the WOO sample, il appears

that the average size of the precipitates is larger in the WQSO sample, However. since

there are only a limited number of"( precipitates captured in the 3DAP reconstruction, it

is somewhat difficult to comment on quamitati,'e values ofa,-erage sizes based On such

limited nuntlxrs (note that EFTEM micrographs provide a good complementary too) for

this purpose. as the area analylcd through EFTEM is considerably larger [12]). The 3D

morphology of the l' precipitates appears to Ix near-spherical ";th necks forming as

adjoining i precipitates coarsen. The olerall composition for the emire 3DAP

reconstruction for the WOSO ,ample is listed in Table III. The averagc compositions of

the y and "( phases for this reconwuction have also been li>ted in the same table. No

significant differences were observed Ixt"'een the compositions of individLlal l'

prttipitates after 50 hours of aging at 760°C. An interface proxigrum for OM of thc y'

precipitates in the 3DAP reconstruction has been shown in Fig, 6(a). Thc partitioning

trends are similar to those observed for the case of the WQO sample. and alro consistent

with expectations "i(h Co. Cr. and. Mo partitioning preferentially to the"( matrix "hile

"



the AI and Ti partition to the y' precipitates. An analysis of the neck region formed

tlemeen tWO adjacent coarsening Y precipitates is shown in Figs. 6(b) and (c). Thus. the

specific compositional profile across the same neck is shown for tWO nearly

perpendicular directions in these two figures. The profile across the two y' precipitate,

and the neck in between is shown in Fig. 6(b). with the neck region exhibiting higher

cOnlents of Cr. Co, and Mo. and lower contents of Al and Ti as compared with the Y

precipitates. In contrast, the profile acroSS the samc ncck region along a nearly

perpendicular direction. going from y matrix 10 ned to y matrix (as dearly represented

by the cylindcrs in the Cr isosurface reconstructions). is shown in Fig. 6{c). From this

profile it is apparent that the neck region has a lower Cr, Co, and Mo content as

compared 10 the adjoining y matrix. Based on these obsel\'ations it can be conduded that

the composition of this neck lies in between that of the "(. precipitates and the surrounding

y matrix. consistent with the deductions from the intensity profiles aCrOSS the> A-B neck

region. shown ill the Cr EFTEM image in Fig. 5.

Finally. an EFTEM image of the i precipitates in the WQlOO sample is shown in Fig.

7(a) together with intensity line profiles in Figs 7(b) - (d). Fig. 7(b) shows the intensity

profIle across the E-F line marked in Fig. 7(a). acroSS y I Y I "( illtcrfaces. Significantly

lower intensity is observed within the y' precipitate in this case. Figs. 7(c) and (d) show

intensity profiles across the neck regions, A-B and B-C. marked in Fig. 7(a). In both

these profiles. an increase in intensity in the neck region i, diltinctly visible, again

indicating that the Cr content in the neck region is higher as compared to the adjoining f

precipitates. A comparison of the intensity within the "( matrix to thaI within the neck

12



region (both relati~e to the y precipitates). shows that the Cr content in the neck region is

presumabl) lower than that in the ymatrix. Interestingly. the absolute intensity Ic~el

obser~ed within the y' precipitate can alro be used as a means ofqualitati~c1y assessing

the precipilate size. and consequently, an estimate of the volume fraction can be obtained

110]. 3DAP reconstructions from the WQlOO sample are shown in a series of images in

Fig, 8. The size of the reconstruction in this eaS<: is 50 nm X 50 nm X 41 nm. Fig. 8(a)

sho"s the AI ions in red and Co iom in blue, .... hile Fig. SIb) sho.... s AI ~ 8 at% iso­

concentration surfaces (irosmfaces) in red together .... ith the Co ions to blue_ Two

different pcrspecti~e views of the irosurfaces for Cr - 14 at%, shown in Figs. 8(e) and

(d). dearly indicate the tendency of the i precipitates to coalesce by forming necks

during the process of coarsening. The overall composition for the entire 3lJAP

reconstruction. including the compositions for the y and y' phases, for the WQ 100 sample

are listed in Table IV. No significant differences .... ere obsen'ed bet.... een the

compositions of indi~idual y' prel:lpltates after 100 hours of ageing at 760"C. An

interface proxigram for one of the y' precipitates in the JDAP reconstruction. logether

.... ilh the actual reconstruction" ith the panicular precipitate marked, are shown in Fig. 9,

The partitioning trends arc similar to those obserHd in case of the WQO and WQ50

samples.

Il;"cunion

1\ comparison of the 3DAl' results for all the three different heat treated conditions,

WQO. WQ50. and, WQloo, allo"s for a better undemanding of the microstructurai



evolution in the Rene 88 DT alloy. As expected. lhe finest scale of y' pre<:ipilalcs waS

obser~ed in lhe direclly "aler-<Juenched WOO sample. The near-spherical morphology of

lhese precipitates. observed in ease of lhe 3DAP reconstruetion. is in good agreement

"ith the 2D morphology observed in ease of the Cr EFTEM images. Such a morphology

is expected in case of lhe Rene 88DT alloy considering the relalively small (- 0,05%)

posilive misfit betWeen lhe i preeipilatc, and lhe 'I malrix [31, The small mi,flt value is

also likely to lead to a near-spherical morpholog) ofprecipitales even when they coarsen

to larger si'.es. due 10 lhe relatively minor role of strain energy. On ageing for 50 hrs or

100 hrs al 76()"C. the y' precipitates coaNen, wilh a tendency for flanening of the '(!y'

interfaces. presumably due to lhe increasing strain energy as~iJled with lhese

precipilates.

Inlerestingly. the composition of lhe i precipilates exhibilS a wide spread in case of lhe

WOO sample. presumably due 10 lhe facllhat lhesc precipitales are in lhe early slages of

their gro"lh and haw nOt ~el reached an equilibrium composition. More imponanlly. lhc

smaller lhe size of the y' prt><:ipitale, lhe funher its composilion is found to be from the

expected equilibrium composition. Such compositional differences bel"een different Y

precipilatc, are substantially reduced after aging for 50 or 100 hrs at 760°C. A

comparison of lhe average compositions of the y' precipitates logelher "ith the ,pread

bel"een different preeipitales for the WOO. WQ50, and. WQ100 samples has been

'hown in the foml of a bar chan in Fig. 10, From lhis chart, il is apparent that for almOSl

all the alloying element' in Rene 88 DT, the maximum spread in composition !>em-een

different i precipitates i, observed for lhe WOO sample. With increasing aging time at
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760°C, the compositional spread t>etween different 'I' predpitates appears to gradutally

decrease, with the WQ50 and WQloo samples exhibiting progressi\c1y smaller

compositional spreads. II should t>e not~d that the maximum d~cr~as~ in th~

comlXlsitional spread is obs~rv~d on comparing WQ50 and WQO samples suggesting that

,1>" 1 prfcipiwles lire likely 10 IIcMe"e Iheir .'/able composition, dose 10 equilibrmm.

"ilhin Ih~ jir;'1 50 hrmrs oj IIgillg. Furthermore. while the compositional spread between

the "'(' pr~ipitates decreases on ageing, th. average composition of the 'I' phase r~mains

the same for the WOO, WQ50, and, WQloo samples (r~fer to Fig. 10). Th~ small changes

l>ctw~~n the", thrc~ ageing times, visible in Fig, 10. are probably not statistically

significant considering the rather limitCll volume of material sampled in the 3DAP

reconstructioni. Similarly, comparing the comlXlsition of"'( matrix for these three samples

(from Tables I. Ill, and, IV), it is evident that with increasing agdng time, this

composition approache, a st.ble value. In this case too, the difference octween the y

compositions of the WOO and WQ50 samples is substantially grcatel5 than thc

differenc~ oct\.een the \\'Q50 and WQloo samples. These trends in the compositional

changes .... ithin the "'(matrix (as a function of aging time) clearly indicate that foraging at

760°C oct .... ecn 0 to 50 hrs, the undersaturation of alloying additions such as Co, Cr, and,

Mo, and supersaturation of alloying additions such as Ti and AI, is removed and

consequently y' precipitat~ dynamics transitions from the predominantly growth to the

predominantly coa"ening (or coal~sc ing) regime of the transformation.

During the coarsening of the y' precipitates, coalescence of adjacent prec ipitates is often

observed as clearly visible in ease of all the EFTI'M images and the 3DAP
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recOO<;lructions for WOO, WQ50. and. \\0100 samples.. di'iCussed Ul this paper. The

tOIlescmu of thts<' I"=lpitalfi can possibl) proceed ,ja the fonnalion of necks INt

f....,ili131e the coalescell<:" The composItion of thto neck region. d,,"'rmllled USUl.ll JDAP.

h,s '11 illt~"te value hef\oeen lhe Y' precipitale ,00 lhe adjoinlll.ll T malrix

compositions. al leaSl during the carly Slages of lhe coalescence process. The same result

is qualituli,el} corr(looralcd b} the Cr-FI'TEM maps in "hieh cue Lhc neck regions

cxhibil a COntraSL lhal is brighler lhan the adjaccnt ..,. precipilates and darl;cr lhan Lhe y

matriX. Pre. ious "ork by Yoon C1, al. II J I clearly sho"s thai the neck regions bet" een l'

pret"ipitates exhibll long range L II ordering. ThffcfOfC", il appears IhaL dUring coarsening

of the Y' pn:t"lp.tal"S, the neck regions formed bl:""een coalescUlg precIpItates. become

SUUCluoll) ordered pnor 10 achi<:"ng stablc. <:omposilion. HO"e'"fT. I'I'll>I"'e detailed

.rudies Ire ~Ulred ,n ordeY 10 undefstaoo lhe fxton INt dri\C, the formatlOrl of necks

1It,1 t,u:sc= l' coarsenmg; specirlCall). the role of precipil3te morpholoi)' and """ling

precipitatc composlllOn (aL lhe time of neck formaLion) need funher explOflltion

The compositional gradienl across Lhe '(Iy' interface can be approximately eSlimated from

the proximit) hiStograms for lhe differcnl aginillimes. rcprcscnuti.e sampks of"hkh

'rc sho,," III Figs. )(,). 6(1). ,00. 9 for the .... 00. \\'050. "ld. WOloo ilImplcs

rcspttli,cl) The ,>er.age "idth of the composlt~l gradients corrcspondlllg to lhe

.... 00, WOSO. and..... 0100 samplts arc 2.2 nm, Jl nm, and. J.I nm rcspeeti>el). For

eKh sample. the "idth of the composlUonll a,.jinll Iw been caleulaled bti«I on an

"erage of~ differenl proxig",,", (eOlTespondlllg 10~ different 'f precipItates).

While these .alues of tom positional ",odths ",n be used as qualita..>e guidelines. It is
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important 10 realize that the X-lIAis in the pro:<igrams shown in FilS. J(.). 6(.), .nd. 9

dots 110I wklly correspond 10. line.r disan<:e SI,:.k. bin~ approPriate!) 10 pro_~imil)

10 the interfaee 1"1. ThUs. ..hilt thiS dlsan<:e is lIKlrr rep=;enUlu,-e of. line.r disan<:e

In ease of planar rt' interfKes. the sitllluon ean ehange as the ,"tmatt bKomes~

eu.... ed and eompk:< in sh.pe 'e,enhekss. eomparing the th= Pf'O:<igrams. 11 is rather

mternling tltat the ,omposilioNl pit'm .ppears 10 de<:n:ase .. Ith ,ncre'SlOg 'ge,ng

lime in these samples .. ith the sh.rpeS! p,ent .ppearing in ease of 1M WOO sample

l~ under')ing thennod)namil: rallon.1e behind the deerea" In tM 'ompositional

gradi!'nl ItCro" lhe interflce ("-'lh increasing ageing time) needs fUl1her d<:1.lliled

analysi •. Additionally. lhe implie.lions of lhe dfe.:t of observc\l composilional gradient

on t!le ensuing features (s\lch al mislil and dislOl:ation substruclurcs created during

deforma1 ion). need 10 t>c carefully c.~plorcd.

Sun,n'~rr and Cnndnions

11Ic eomposilional pal1ilioning of .110) ing additions lOgeth« .. ith 1M 3D morphologk.,

e,o'ution associated .. ith the pm:,piwion of.,. .. ithin the ymairU of. commercial Rene

IIOT "loy hI.e bc-en S!udicd as • funclion of ageing time primari!) using 30AP

lomoaraPh' Doth 30AP data .s .. ell .s Cr-EfTEM images of th:st .,. pr'C<'iplu,les

Indk.1t IhallMir IJIOf)lhoIog) is near·sphcrk.l .. ith som<: naoming oflhc 'fly inlerfKes

QCcurttng during jlfttipilate COIf§Cnlng, OIInna the initi.1 mges ofi p=iPltation. in the

.... 00 (directl) .. aler quenched sample) lhe panitioning of the .llO)-ing elements is

mcomplelt 111 case of lhe sm.lI« p<teipitale sizes (- ) nm) "'hile Ihe eO'114"I" .,.
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precipitates (> 5 nm) exhibit compositions close to the equilibrium values, The spread in

the compositions of the y' precipitates reduces substantially with increasing ageing time

and is minimal after ageing for 100 hrs at 760"C. The compositional gradient across the

yly' interface decreases with increasing ageing time. with the width increasing from - 2.2

nm in case of the WQO sample to - 3.1 nm for Ihc WQ50 and WQ100 samples, Finally,

during the coarsening and coalescence of the l' precipitates. necks arc formed between

adjoining precipitates and the 1000al composition in Ihe neck region (- 2 - 3 nm in

diameter), measured using 3DAP tomography, lies in between that of the adjoining y

precipitatn and the"( matrix.
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Tables

Bulk av.9.L
AIOmic% Error"10 Alomic% Atomic%

NI 48.96 0.05 46.10 58.07
Co 12.89 0.02 14.30 8,83
r; 4,69 0.01 2.50 10,67
C, 18.92 0.03 23.50 4,68
AI 613 002 <20 10,49
Nb 2,32 001 2,30 2.97
Mo 4.24 001 480 3,29
C 0.09 0.00 0.10 0.07
W 1.61 0.01 2.00 1.26
B 0.15 000 020 0.14

Tahk I: The bulk (o\eraI13DAP recOnstruction)."t. and. a.'erage t compositions for tbe
WQO sampk.
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1 Y2 ", Y4

Alomic% Error% Atomic% Error"10 Atomic% Error% Alomic% Error%
NI 59.62 0,65 5934 0,72 57.10 1.67 5100 192
Co 769 019 7.45 021 10.90 105 1380 133
Ti 1085 023 10.90 0,26 10,14 '.02 13,10 130
C, 4.21 014 406 0,15 5.50 0.77 6.20 093
AI 10,55 0,23 11.06 026 8.30 0,93 9.70 1,14

Nb 2.72 0,11 2,86 0,13 2.10 0,48 7.00 0,98.0 2.86 0,11 2,88 0,13 3.60 063 4.10 0,76

C 0.04 001 0,07 0,02 0.20 015 0.00 000

W 1.32 008 1.25 0,08 1.90 0.46 1.40 0.45

B OlJ 0,02 0.12 0.03 O.DD 0,00 0.00 O.DD

Table II, Th~ compositions of individual y predpilatcs of different sizes in the WQll
sample. y'l and y'2 arc larger sized (> 5 nm) precipitate' "hile 1'3 and 14 arC smaller
sized precipitates.

Bulk v

Atomic% Error% Alornic% Atomlc%

NI 4808 0.03 40.00 59.51

Co 13.86 0,01 17 40 7.93

Ti 432 0,01 080 10.44

C, 19.41 002 3010 3.32

AI 599 001 2,90 11.35

Nb 2,38 0.01 1,90 295.0 4,33 0.01 520 3,09

C 000 O.DD 0,10 0.00

W 1.45 0.00 1.50 1,24

B 0.11 ODD 0.10 0,12

Table Ill: The bulk (overall JDAP reconstruction). y, and, average y' compositions for
the WQ50 sample.
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I BUlk "
- ~ AIOlTllC% 'rro<% A""""" AtomIC'"

Ni I 4665 005 41 10 5113
Co 1538 003 1820 .81
Ti 352 001 080 997
C, 1959 003 27.00 352
AI 504 0,01 250 1064
Nb 238 001 2.00 3,09

"0 543 0,02 5.70 462
C 006 000 0.10 0,05

W 185 001 190 188

B 009 000 010 009

Table I\': lM bul}; (oH11I11 JDAP m:OftSlrIKIIOn). r. and. ."",age'" composition!> for
the 'M Q 1(10 5aITlpk
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Figure C~l'fions

Fig. J(a} and (b) Energy·filtered TEM (EFTEM) images conslmcted using lhe Cr M-edge
in the EELS spectrum from lhe Solulionized and waler-quenehed (WQ{l) sample, The y'
precipilales. which are Cr deplcled. exhibit the darker grey contr~st in these images.

Fig, 2(a) 3DAP reconslruction of the Co (blue) and AI (red) aloms in the WQO alom
prot>e sample. The y' precipitates arc lhe AI-rich red regions within lhc Co-rich blue
malrix (b) A differenl depiclion ofthc same 3D reconstruclion sho ..... ing Co aloms in blue
and isoconCentralion surfaces (irosufaccs) for AI = 8 al% in rlXl. Such a depictions
jK>rmilS for a more clearer visualizalion of the y' precipitate,. (c) and (d) n,o dilTerenl
pcrspeelive views of the 3D reconstruction for lhe WQ{l sample showing Cr - 14 al%
iw,urfaces, NOle the near sphcrical morphology of lhe y. precipitates with a tendency for
formalion of nancncd inlerfaces as lhe y' precipitates become larger in size. Alro. nOie
the formal ion of nanometer >calc necks forming in t>elween the l' precipilales.

Fig, 3(a) Proximit} histogram for a spceitlc y' precipitatc (shown shaded in the 3D
reconstrucrion on the left). uhibiting the clear partitioning of thc alloying c1emenls
t>etwecn lhe y(right side of Ih,' interfacc) and y'(left side of the inlerfaee) phases. NOle
the widlh of lhe c"mpmili"nal gradient across Ihe yl1' interface, (b) The compositional
pr"file al"ng lhe axis of a cylinder of diameter 5 nm. aligned across a necked region
!>clween lwo distinctly different l' precipilales. NOle lha! the eomposilion of the neck
region lie, in t>emeen that of the yand y'phases. (c) Compositional p",fLle across a
different neck in the same 3D reconslruclion from lhe WQ{I sample.

Fig, 4(a) Cr EFTEM imagc from thc sample aged at 760QC for 50 hOUr> (WQ50) sample,
rhe y' prceipilaleS, which arC Cr depleted, cxhibit thc darker grey eonlrast in these
images. (b) Intensity line prot1le across the line marked AI3 in (a). The neck region
exhibil' an inlensity lying in t>etween lhal of lhe yand y'phases. (c) Inlensily prot1le
aemS> lhe line CD in (a). The necked region in this case does nOl appear to exhibit any
difference in intensily from thai of lhe adjoining y" precipitates.

Fig, 5(a) 3DAP reconstmcti"n oflhe Co (blue) and AI (.w) a\(lms in Ihe WQ50 sample
(b) A ditTerenl depielion of lhe same 3D reconSlruction showing Co aloms in blue and
isoconcenlration surfaces (isosufaces) for Al - 8 at% ;n red. (c) and (d) Two differenl
perspective views of the 3D reeonslruction for lhe WQ{l sample showing Cr z 14 alo/.
isosurfaces,

Fig, 6(a) Proximity histogram for" specific y' preelpllate (shown shaded in the 3D
reconslruclion On the left). exhibiling lhe clear partitioning of the alloying element>
t>elwcen the y(right side of the interface) and y'(left ,ide oflhe inlerface) phases in lhe
WQ50 sample, (b) Thc composilional profile along the axis of a cylinder of diameter 5
nm. aligned across a necked region t>elween lWO distinclly different y" precipitaleS, NOle
thai lhe composilion of lhe neck region lie> in t>elwcen thai of the yand 1'phasc~. (c)
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ComlXlsitional profile across lhc samc neck. along a cylinder aligned perpendicular to the
original one shown in (b) for lhe WQSO sample.

Fig, 7 (a) Cr EFTEM image from the sample aged al 760°C for 100 hours (WQlOO)
sample. The y' preeipilateS. "hieh arc Cr depicted. exhibit lhe darker grey contrast in
lhese images, (b) Imensity line profile across the line marked EF in (a) acroSS a single i
prceipitale. (c) Intensily line profile across lhe line ntarked AB in (a). The neck region
e.~hibits an inlensity lying in bt:t"een that of the rand y'phases. (d) Imensit}, profile
across lhe line BC in (a). The neck region exhibits an imensity lying in bclween thai of
thc y and y' phases,

Fig, 8(a} 3DAP reeonstruclion of the Co (blue) and AI (red) atoms in the WQlOO sample,
(b) A different depiclion of lhe same 3D reconslruction showing Co aloms in blue and
iro<;oneentralion surfaces (isosufaees) for Al - ij at% in red. (cj and (d) 1'''0 differenl
perspective views of lhe 3D reconstruction for lhe WQO sample showing Cr - 14 at%
iso.mfaees.

I'ig. 9 Proximity histogram for a specific y' precipilale (shown shaded in the 3D
reconslruelion on lhe left). exhibiting the clear partilioning of the alloying elemenls
!>em een lhe y (righl side of lhe inlerface) and y'(left side of lhe interface) pha>cs in the
WQIOO sample, Note lhe relatively large "idth of lhe eompmilional gradienl across the
inlerface.

Fig. 10, Bar chan comparing lhe compmilions of lhe i preeipilates for all the three
,amples. WOO. WQ50. and. WQloo, The heighl of lhe bars correspond 10 lhe average
composition of lhe i pha" while lhe spread in compositions marked on each bar
correslXlnds 10 lhe compositional spread belween difTerenl y' preeipilates wilhin the same
sample.
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