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ABSTRACT. The present paper reviews the technology ang science of oxi-
de~dispersion strengthened {ops) Buperalloys in the light of the latest
davelopments in COST 501 and elsewhere. The emphasis is on the alloys
Inconel MA sogo and Incoloy Ma 956, on which most recent work has been
Performed. The essential microstructural elements in these alloys are
described ang illustrated. The processing steps, inclading machanical
alloying, powder consolidation, recrystallization, forging, joining ana
machining are critically examined. Further, the Properties of Ops gu-
peralloys - i,a, yielqd, creep, fatigue ang thermal fatique strength ag
well as hot corrosion resistance - are reviewed and, wherever possible,
Compared to thoge of conventional Superalloys. Important Property im-
Provements over the dispersoid-fres counterparts are ldentified ang the
beneficial effects of the oxide dispersoids are discussed on the basis
of the lategt scientifice Progress in thig area. Finally, the Scape for
further development of ODS alloys with regard to allaoy composition,
Btructure, ang fabricahility is outlined,

high fraction of their melting point. Thig advantage of gpg alloys
Over conventional Superalloys is due to fine, uni Formly dispersed,
§table oxide Particles which Act ag barriersg to dislecation motion.

ons superalloys are being used already in considexahle quantities.
The combined DProduction of the twao existing manufacturers, Sherritt-~
Gordon and Inco, probably Surpasses 200 t/year. The alloy which ig pre-
Sently produced in the largest quantities is mp 754, Table 1. Tt has
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turbine engine and Pratt & Whitney®s JT 9 D engine /2/. MA 956 is a
third alloy which is used commercially. Its breakthrough came in 1985
with a successful application in combustion engines.

The commercial ODS superalloys exhiblt rather lean Ni-, NiCr~, or
Fe-matrices as apparent from Table 1. Such alloys are easier to process
but they lack oxidation and corrosion resistance. Their strength is al-
Bo limited bacause solid solution strengthening and precipitation
strengthening are not or not fully exploited. In order to overcome the=-
se problems, Inco developed the alloy MA 6000 /3-5/ which iy pre-
sently being evaluated by several turbine engine manufacturers.

rAiloy Cr | Mo ‘ WIA | Ti|(Te|B|!zZrl ¢ Fa | Ni . Others [ Dispersud | Status® : F'rcducer]
D&-Ni l -t = — === =| ="~ —lBal.| — 20Th O,! [ Sharritl-
! Gordon
MA 754 0| —|—|03|05] =] —|— D.05| 1.0 | Bal. —_ 06Y,0, c Inco
MABSE |20 | — | — |45(05| — | — | — | — Bal. | — —~ 05Y.0, ¢ Inco
MABODD| 15 1 2.0 | 4.0/ 45 (25 |20 001015 0.05] 1.0 |Bal. , — 1.1Y,0:] e Inca
Alloy 61 9(84] 6885 — | — 0.010.150.06| 1.0 |Bal - 1.1Y:0, e Inco
Alloy 48 {11 | 1.7 | 64|73 ) — | 3.2 [0.01 0.15{0.05; 1.0 [Bal [16NB[ 1.1Y,0,] @ Inco
TMO-2 6 [2.0(12.4/4.2 | 08 4.7 [0.01 | 0.05|0.05| — [Bal.{9.7Ca| 1.1 Y, 0, 8 NAIM J

') ¢, vommerclal; e, exparimental

Table 1: Composition (wt.%) of ODS superalloys

More recently, attempts were made by Inco to develop ODS nickel-
base superalloys with very high volume fractions of gamma' (B0%) /6/
/7/. dlloy 49 evolved from this program as the strongest alloy hut with
vertain deficiencies in recrystallization behavior. It was, therefore,
replaced later by Alloy 51 with better recrystallization response bhut
somewhat lower strength.

There is also an ongoing alloy development program in Japan /8/.
The only alley known te have emerged from this program so far is alloy
TMD-2. It 1s reported to have strength superior to Mh 6000, corrosion
resistance, however, is probably lower.

The purpcse of the present raper is to review recent work on pro-
cessing and properties of oDS guperalloys. The emphasis will be on the
alloys MA 6000 and MAa 936, on whioh most of the more racent work has
been performed. Attempts were made to include the work done within the
framework of COST 501 ~ a5 far as the cooperating partners were willing
to releage that information. In this collaborative program, 24 European
companigs and regearch organizations have worked together over the last
three years in prder to improve the knowledge of proceasing and proper-
ties of MR 6000 and MA 956, For more information on ODS superalloys in
general the reader is referresd to some recent publicatlons on the sub-
ject ./9,10/.
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2. STRUCTURE OF ODS SUFERALLOYS

The microstructure of ODS superalloys contains several characteristic
features which distinguish them favourably from conventional alloys, on
the one hand, but also reflect the powder metallurgical processing raou-
te in the form of less desirable microstructural constituenta, on the
other hand. The structural details which are characteristic for state
of the art processing, will be described in the following section.

2.1. Oxide Dispersoids

MR 6000 and MA 956 contain ahbout 2.5 and 3 volume percent, respective-
ly, of a fine dispersion of yttrium oxlde, which i3 incorporated in the
material by the machandical alloying process (see section 3.1.). In Ma
6000, the dispersoid imparts high-temperature strength which superimpo-
ses on that contributed by gamma’ precipitates, thereby extending the
useful strength of the alloy to well abave 1000°C.

The oxide dispersoids are nearly spherical (Fig.1 /11/) and have a
mean dlameter of about 30 nm. Tha average spacing ig approximately 100
nm. On the level of TEM analysils, the desired uniformity of the dis-
persoid distribution is confirmed., For Ma 956, similar dispersion para-
meters have been stated /12,13/.

Fig. 1: TEM micrograph shcwing oxide dispersoids in MA 6000 (main
figure) and strain contrast produced by misfitting dis-
persoid (imsert, at 15 times higher magnification) /11/

¥ttria is one of the oxides with the highest negative free enthal-
Py of formation, attesting to its thermal gtability, and conseguently
only negligible dispersold coarsening occurs in MA 6000 during exposura
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to temperatures below 1000°C for even more than 10.000 h /14/. Above
1100°C, however, considerable coarsening has been observed in MA 6000
and MA 956 /15/, but it is still controversial as to whether the in=-
grease in dispersoid diameter is due to the dissolution of small dis-
rersolds (“Ostwald ripening") or to the interaction of the yttria par-
ticles with aluminium dissolvad in the matrix., Unlike the latter pPro=-
cess, only the former would increase the average dispersoid spacing and
thereby dagrade the strength of the alloy. There is indeed evidence
suggesting that the dispersoids consist of mixed yetrium—aluminium oxi-
des, whose compasition can change during high temperature exposure
16/,

Because of differential thermal contraction on cooling from prao-
cessing temperatures, the dispersoids give rigse to significant misfit
strains in the matrix surrounding them. Under two-beam conditions, cha-
racterlistic strain contrasts can be made visible in the TEM at room
temperature (Fig.1), which suggest that the dispersoid puts the matrix
locally in compression /17/. This effect may influence the room tempe-
rature strength of the alloy, but disappears at elevated temperatures.

2.2. Grain Structure and Taxture

In order to reduce the detrimental effect of grain boundaries in high
temperature service, their density perpendicular to the principal load-
ing direction must be minimized. This is achieved by a high temperature
recrystallization heat treatment (aee 3.3.), The resulting grain struc-
ture 1s shown in rig.2: the grains, typically several centimetexs in
length, are highly elongated, with grain aspect ratios of 10 and more.
The grain boundaries are highly serrated, enabling neighbouxing grains
to interlock with ‘each other.

Another effect of recrystallization is the development of a strong
texture. In MA 6000, a 11077 texture is invariably produced /18,19/,
which is not desirable fram the point of view of thermal fatigue resi=
stance and Intermediate temperature creep strength, For Mp 956 /20,

21/ higher-index textures have been reported which result from iso-
thermal annealing.

2.3. Other Microgtrudtural Details

Apart from oxide disparsbids.ané gamma' precipitates, MA 6000 also con-
taine oceasional ‘coax 'tﬁcleag as illwgtrated in Fig.3 /11/. These
have been identified: tof titanium carhonitrides (transparent
and facetted): and of m e (more opaque and round). Also some
features which have to ba"clagal ed as processing defects have been
detected f‘gqUGntlj\/Za/} in particular ingufficiently recrystallized
reqi&p‘-wiﬁ';_i emical Composition identical to that of the base mate-
: éfégts-are solute-rich particles, e.q.

rial. Other ..common ‘processing. ¢
Cr-rich inclﬁaibna.‘:”f APy

.xfmhe;occasional goarser particles as well as the brocessing defacts
are found td be aligned in the form of stringers parallel to the extru-
sion  dlrectisn (Fig;4_)19/i;’Thay are expected ta influence the grain
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MA 600D

Titaniam cafbonitride‘1transparent and facetted) and
aluminium oxide particles (opague) in MA 6000 /11/
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conrsuning bahavior during zone annealing (see 3.3.), creep strength,
AT }
fablque atrength, and transverse ductility.

Fig. 4: Stringer-like processing dafect in MA 5000 /187

3. PEOCESIING
3.1. Hechandenl Alloying

Both WA 6000 and MA 956 ara produced by mechanical alloying, which is a
+ bigh energy ball milling process /23,24/. The raw materials are

added Iln form of elemental or praalloyed powders which are repeatedly
eald welded and fractured during mechanical alloying, The feature di-
atinguighing mechanical alloying from conventional ball milling is the
mych higher epergy input. while conventional ball milling reduces the
slue of tho powder particles, the high energy environment in mechanical
allaping promotes welding and the powders remain relatively coarse.

The mechanioal alloying process as part of the fabrication of oDsS
makeriales, Fig.5, merves thraa objectives at the mame time:

{1) It eroates a andfornly alloyed powder from a blend of elemental and
prealloyed wtarting pewders, Detailed investigation has shown that
rve aokid solutlons with elemental components interdispersed on an
atanie meale ci4n be formed f25/.

£2) Machaslead alloying serves to introduce a homogeneous oxide
dkaparaton.

(3} Haekaniand alloying produces strong work hardening in the powder
particles. The reault ig a very high energy content in the powder,

L.ope a veny high dislocation density and small grain (gubgrain) si-
8, fsea Plg. 6.
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Fig. 5: Process for manufacture of an oxide digpersion
strengthened superalloy

On a laboratory scale mechanical alloying has been performed suc-
cessfully in various types of ball mills. Benjamin and his co-workers
at Inco, to whom much of the credit for developing the process must go,
worked wich Szegvari attritor grinding mills where the ball charge is
activated by impellers radiating from a vertical ecentral shaft. The ca=-
pacity of the attritors used ranges from 4 to 400 liters and the cen-
tral shaft is rotatad at frequencies of up to 4 Hz. Work at C.E.N. in
Belgium has shown that vibratory ball mills are also suitable for the
manufacture of ODS alloys /26/. A major step forward was the up-scaling
of the mechanical alloying process at Inco by successful application of
large horizontal ball mills in 1983 /277/. The rotating element is a 2.6
meter long, 2 meter diameter steel drum loaded with 1 ton of powder and
more than 10 tons of steel balls. Highly energetic milling conditions
are achieved by (1) operating the mill just below the ecritical speed
that would pin the balls to the internal walls of the mill, (2) reduc-
ing the weight of the powder charge relative to the ball charge, and
(3) selecting a large mill diameter. It also seems likely that milling
under somewhat less energetic condltions can be compensated for by lon-
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Fig. 6; Transmission electron micrographs showing the small grain gize
and high diglocation density in mechanically alloyed powder
{left) and the somewhat larger grain size in extruded bar of
HA 6000 (right)

ger milling times. This is Buggested by results of Coheur, shown in
Pig. 7,13 in Ref,/9/.

Alloys with a high content of alloying elements, such as MA 6000,
bave not yot been made guccessfully in a large scale Process, e.g. by
milling in large horizontal ball mills. However, another important pro-
censing improvement hae been made for MM 6000 lately: The original ten
companent gystem of raw material powder, Table 1 in Ref./5/, has been
raplaced by a three component eystem /28/. This change could ba reali-
ned by utilization of an argon atomized omnibus master alley. The omni-
bus master alloy helps to lower the stringex content im the material
bacause of the greater homogensity at the stact of mechanical alloying
and retarded reaction of alloying elements. a lower content of strin-
gers is benefipial to transverss duetility and fatlgue strength since
stringers may act ag crack initiation aites. The stringers ars probably
aleo the cause for inferipe grain structuras, and therefore are detri-
mental to rupture strength,

It lg interesting to note that Smith and Grant /2%/ were Buccess-
ful in fabricating an 1N 100 type ODS alloy from fully alloyed powder,
an approach which might improve properties even further.

‘The alloy MA 956 is rroduced in an argon atmosphere /12/ in the
pProdens pregently used at Tnao, During mechanical alloying, argon is
wntrapped which leads to borogity formation duxing high temperature ex-
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Although there are still some problems to be solved, mechanical

alloying remains at present the most promising production route for
alloys like MA 856 and MA 6000. It is interesting to note, however,
that alternative processes are also under development. Cne example is

the

spray-dispersion method developed by Japanese researchers /31/.

Oxide particles are sprayed under high pressure into a molten metal
stream. The dispersoid spacing is not yet comparable to that achieved
by mechanical alloying, but congiderable improvements could be obtained
by adding certain alloying elements and interesting machanical proper-
ties have been demonstrated, Fig.7 /31/.

3.2.

The
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Fig. 7: Creep rupture strength improvement for ODS Hastelloy X
prepared by spray-dispersion /317

Powder Consolidation

method employed to consolidate MA 6000 and MA 956 is hot extrusion.
structural changes during extrusion are manifold and rather comp-

100% density is achieved by deformation and welding of powder par-
ticles.

Larger oxide and carbonitride particles and brittle underprocessed
particles are fragmented and transformed into stringer-like
arrangements.

The energy content ig adjusted in order to develop optimum grain
structures in the subseguent recrystallisation heat treatment.

Chemlical and structural homogeneity is improved. The extent of
homogeneity achieved is demonstrated by the fact that in Mr 6000 a
gamma'-precipitation structure is observed after extrusion which is
probably formed during extrusion and subseguent cooling.
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The adjustment of the energy content Ffor subgequent recrystalliza-
tion requires a careful eptimization of extrusion conditions. Such an
optimization - on a trial and error basis — has been described in de-
tail for MA 6000 /32/. The structural changes asaociated with the ener-
gy adjustment are apparent from Fig.6: Considerable grailn growth and
reduction of dlslocation denmsity take place. It geems that a certain
grain size and dislocation density 1s necessary in order to obtain the
optimum recrystallization respanse. This situation 1is described schema-
tically in Fig.8.

A rough estimate of the energy content in the as-extruded condi-
tion for MA 6000 shows /33/ that grain boundaries store about three or-
ders of magnitude more enexgy than dislocations. This means that the
grain size is the main structural feature to be consldered in the ener-
gy adjustment process. It should be noted that no distinctlon is made
in this context between graln size and subgrain size because it ig vir-
tually impossible to separate the two experimentally.

The structural changes during extrusion might be due to dynamic
recovery or dynami¢ recrystallization. Static recrystallization during
eooling from the extrusion temperature can be ruled out based on the
dislocation content of the material /33/. The changes of grain size
(subgrain size) during dynamic recrystallization and dynamic recavery
have been studied in detail for a number of model materlals (Fig. 13
and 36 in Ref./34/). The grain spize (subgrain size) depends on strain
rate and temperature during deformation. Considerable strain is neceg-
sary to establish & new grain size.

Attempts were made to use HIP'ing rather than hot extrusion to
consolidate MA 6000 /35/. Annealing treatments were used in an effork
to adjust the grain size in a gimilar way as during hot deformation =
with no success. It seems that the structural and chemlcal homogeneity
of the material is not sufficlent for energy adjustment by annealing:
A8 shown schematically in Fig.B8b, the particular annealing treatment
which i sufficient to adjust the graln size in some parts of the ma-
terial might lead to excessive growth in other parts. Chemical hetero-
geneity could play a similar role as inltlal spread of grain size
diskribution, e.g. variation in gamma’-gize and volume fraction might
Prevent suceessful recrystallization.

Tha structural changes Quring extrusion of ML 956 seem to be simi-
lar to Mm 6000 /12/. One difference is that MA 956 exhibits a texture
in the as-extruded condition which mMn 6000 does not /12,36/. The reason
for the different behavior may be the extremely fine grain size in MA
6000 whieh leads to substantial grain-boundary sliding and grain rota-
tion during deformation, hereby preventing texture formation.

3-3. Recrystalllization Heat Treatment

Stress rupture strength of the as—extruded fine grain material is very
low. In order to develop useful strength, the material must be recry-
stallized to large elongated graing.,

Recrystallization of MA 6000 has been atudied in much detall /33/.
It can be ghown that the large grains form by a mechanism similar to
Bacondary rather than primary recrystallization. In a strict sense,
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Schematic representation of grain gize adjustment
(energy content adjuatment) during processing for
subsequent recrystallization

The recrystallized grain mize depends on the primary
grain size d which is plotted on the ordinate. There
is only one particular primary grain size which
gives an optimum grain size in the subsequent recry-
stallization, Both smaller and larger primary grain
slzes d result in Inferior recrystallized structures.

Extrusion under the right condition results in con-
trolled coarsening of the primary grain structure {4
(&)). Annealing is lesgs suitable for grain size ad-

justment (d (t)) because it does not narraw the grain

gize dlstribution

ok S Ry F o bt o e

AN Y e P Sy R

vl

e it

e



18

sy

d-range In as extruded

material, optimum
recrystallization response

Grain Size d

Strain £, Time L

cls Deformation or annealing of the extruded material can lead
to additlonal undesirable growth of primary grains which
prevants mubsequent recrystallization

primary recrystallization has not yet occurred, but the driving forces
and retarding forces are typlcal for seocondary recrystallization: Due
to the axtremaly small grain size (0.2 pm), most of the driving force
18 phored in the grain bhoundaries. Recrystallization is triggered by
yadma ' ~dinaclution /37/ which coours at roughly 1165°C. The largest
grains are formed ut rearystallization temperatures just above the cri-
tizal temperature.

Onece the driving forces become smaller than the retarding forces,
sogondary recrystallization is suppressed /33/, Pig.Ba. It isg less
alear why the recrystalllized graln size goes through a maximum with in-
eranslag driving foree, Ll.e. why it increases first and then gtarts to
daoredns again (Fig.8a,9 /38/). one might presume that this is caused
hy the different fapendence of growth rate and unpinning rate on driv-
ing foroe. A dotalled analyoie shows that minoyr differances in the in-
orease of growth rate and unpinning rate with driving force are suffi-
?igjj& %o enplaln large voariations of the recrystallized grain size

‘a‘ .

poaaible, zone aapealing (gradient annealing) is used for Ma 6000
rather than igethermm) annealing, The temperature gradient suppresgesg
nuolnatlon of new graing and sncourages growth competition among exist-
ing graing. Allan fup/ Wa3 first to demonstrate the beneficial effect
af winn dnnsaling es atrocture and properties of 0DS alloys.

Thare are two imporeant pardameters in zone annealing: the tempera-
ture gendivnt and the rate of gpecimen movement through the gradient
FA9,:41/, While the sradient obviously must be ag high as possible, aome
intermadigbn travel rate in the order of mm/min ig found to be optimuam,
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Too low a travel rate leads ta growth of primarxy grains and undesirable
loss of driving force. A travel rate too high seems to be disadvanta-
geous because the velocity of grain boundary movement is rather small.
As such, too high a travel rate makes it Aifficult for the large grains
to follow the hot zone /39/.

MA 956 develops sufficently large and elongated grains during iso-
thermal annealing, therefore zone annealing is not required /12,42/. It
has been speculated /42/ that the difference is due to the larger win-
dow available for heat treatment, i.e. the higher melting temperature
and lower critical grain coargening temperature.

ity @-' ’?E:_‘; "'} f“L") < Al ; e ] i
Fig. 9: Optica ricrograph showing amall recrystallized graine in MA
6000 close to a hardness indentation /38/. The hardness inden-
tation has been applied in the as extruded state and the mate~
rial went through a regrystallization heat treatment after-
wards. The room temperature deformation changed the energy
content and affected the recrystallized grain size

3.4. Forging

The high cost of 0DS components have discouraged more wide spread use.
Near-net shape and net shape forging are potential cost saving proces-—
ses because they provide better material utilization. Material utiliza-
tion in turbine blade manufacturing by machining from rectangular ex-
trusion can be as low as 8% /43/.

Complex alloys, like MA 6000, cannot be forged in the recrystalli-
zed state because of their low ductility. Hot working in the fine-grain
ap-extruded condition is possible; the alloy even behaves superplasti-
cally in a certain temperature and strain rate regime /44,45/. Care has
to be taken, however,’ that the driving force for subsequent. recrystal-
lization is' not lost hy excessive grain growth during hot working. Thia
problem is represented schematically in Fig.8c. The change in primary.: -
grain size and recrystallization response as a function of deformation
rate and temperature can 'be described conveniently by use of the diffuy-.
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gicn-compengated strain rate, Flg.10 /33/. Hot working c?nditions whin‘:h
aveld undesirabla growth of primary graine turn out to yield l‘.:w ducti-
1ity and high die loads. Careful control of the forging conditiens is
therefore necespary. Although the feasibility of forging has been de-
monmtrated, further developmsnt work wlll be necessary to make it a

viable preduction process.

20w 6000
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Fig, 10: Influence of daformation conditions on response to subse-
quent rearystallization. Open symbols indicate combina-~
tions of diffusion compensated strain rates and strains
which lead to material which can be racrystallized subge-
quently. Closed symbols indicate conditions which prevent

gsubpequent reorystallization /33/

Ma 956 L8 much more amenable to forging bacause of its lawer
strangth and higher ductility. A large variaty of ghapes have already
been fahricated by a numbar of forming techniques /46/. An interesting
phenomenon L8 the embrittlament of Mp DS6 during high temperature expo-
sure due to formation of a highly adherent oxide scale which induces
giatﬂzm- in the bawe metal /47/. This can alsc lead +o fabrication pro-

aRd.,

ly By Jﬁininq

‘roblema in flnding adaguate jolning methaods have been another reason
lor pwluctance to uso OD8 alloys. The most economical Jjoining techni-
quey fusion welding, results in rather low joint strength /48-50/. The
reangn Lo that the axide dlspersoids agglomerate into detrimental in=-
¢lugions and that a cagt grain structure with gmall digpersoid free
gruing im gensrated.

Brasisg 18 o mors guitable Joining technique for opg alloys since
only & mmall volume of material is quified and opxide agglomeration is
laag severa, Brazing is algo commercially used for the fabricatlion of
oRe turbine vames S/, A conplderable amount of work on brazing hag
beon carried out within the COBT 501 program. It could be shown that
Joint ntrength glightly lower than for conventional Buperalloys can be
achieved in Mr 4000 81,52/, Thig meansg that jodint efficiency in Mn
6080 1y almost egual to that in conventional alloys in the transverse
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direction (where strength is similar), and joint efficiency ls inferiox
to conventional alloys in the longitudinal direction (where strength of
MA 6000 is higher). Care has to be taken in selecting brazing alloy
compositione to avoid Kirkendall porosity. Basically, if the matrix al-
loy is leaner than the brazing alloy, vacancies will diffuse into the
brazing alloy where void formation igs less likely than in the ODS al~-
loy. Hot corrosion and thermal fatigue resistance of brazings are im-
portant considerations which will need more attention in the future
/52/. Bnother interesting result from the COST 501 work was that PVD ig
not suitable for application of boron-containing brazing alloys, pra-
bably because boron is not precipitated as it i1s in tapes or powders
and diffuses rapidly out of the coating /53/.

If bage metal properties have to be achieved in the joint, diffu-
sion welding techniques must be used for 0DS alloys. Diffusion welding
is a solid-state joining process by which two elean surfaces are joined
a2t elevated temperature under an applied interfacial pressure. The pro-
blems of liquid phase joining techniques, like oxide agglomexation, fi-
ne grain and dispersoid free joint zone, can be avoided.

Tig. 11: Diffusion welding of MA 6000. The optical micrographs show the
joint structure for material welded in the unrecrystallized
condition which was subsequently recrystallized (left) and for
material which was welded in the recrystallized condition

(right) /54/

Diffusion welding of MA 6000 can be done successfully in the re-
crystallized or unrecrystallized condition as demonstrated by Fig.11
/54/. When diffusion welding 1z carried out in the unregrystallized
condition, welding must be followed by the usual recxystallization heat
treatment. It is then often found that soms smaller grains are present
in the weld interface /55,56/. This is due to unsuitable machining pro-
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cedures or welding conditions which change the energy content in the
material as described above. The main problem in diffusion welding of
recrystallized matexial is the limited compressive ductility of MA 6000
in the recrystallized condition 755,56/, It 1is obvious from Fig.11 that
the material welded in the recrystallized condition exhibits a straight
grain boundary in the weld interface which might ragult in properties
slightly inferior to the base metal.

Joining of MA 956 follows similar principles as deacribed above
for MA 6000 /49,56/. In general, joining conditions are somewhat leas
critical than for MA 6000.

3.6. Machining

Machinabllity of 0DS alloys 1s not much different from that of other
well-established superalloys /57,58/. MAp 8000 is similar to Udimet 700
and better than IN 713 and IN 728. ODS alloys are also amenable to
electrical-discharge and electrochemical wmachining (EDM and ECM)}. It
has been noted that MA 6000 gives extremely good surfaces in ECM /59/.

4. PROFERTIES OF ODS SUPERALLOYS
4.1. Physical Properties

Of the two alloys,considered in this paper, MA 6000 is somewhat heavier
(density 8.1 g/em ) than MR 956 (7.2 g/cm ) and has a lower solidus
temperature (1296°C vs. 1482°C for MA 956). The elastic moduli of MA
6000 are shawn in Fig, 12 /36,60/. It can be seen that in the as-extru-~
ded, unrecrystallized condition nelther Young's modulus nor the shear
modulus show any directional dependence, which attests to the absence
of texture in this state. After recrystallization, which is acconmpanied
by the formation of a <1107 taxture, Young's modulus depends strongly
on the orientation. For comparisgon, Young's modulus of MA 956 in the
longitudinal direction is alsc included in the fiqure.

4.2, Yield Strength and Tensile Ductility

The yleld strength of ODS superalloys is the result of the superposi-
tion of geveral Strengthening mechanism: (1) solid solution strengthen=
ing, (i1i) precipitation strengthening, and (iii) dispersion strengthen-
ing (mee also Ref./9/). The theoretical understanding of the two latter
mechanism, which are mogt important in ODS alloys, has been reviewed
by Brown and Ham /61/. Disperasion strengthening is of particular inter-
est here; it arises because the dispersoids force lattice dislocations
to baw out between them. This so~called "Orcwan mechanism" /62/ requi-
res a critical stress which in its simplest form is given by:

S‘;rz 0,84 GhM/L (n
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where G is the shear modulus of the matrix, b the Burgers vector of a
lattice dislocation, M the Taylor factor, and 1 the mean planar di-
spergoid spacing. The increase in strength according to eg. (1) may
reach several hundred MPa in MR 6000 and MA 956 with a mean dispersoid
spacing of about 100 nm.
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Fig. 12: Elastic modull of MA 6000 /36/ and MA 956 /60/ as a
function of temperature

The influence of texture on the room-temperature strength enters
through the numerical value of M. It has been arqued /9/ that MA 6000
is "texture weakened" rather than "texture strengthened": in the <1103
texture, glide planes are oriented favorably with regard to a streas
applied in the direction of grain elongation, giving a low value of M
(M = 2.45).

For MA 6000 the contributions of dispersion strengthening and pre-
cipitation hardening to the room-temperature yield strength have been
estimated /63/. When Orowan bowing between the oxlde dispersoids in the
matrix and pairwigse cutting of the gamma' precipitates, weighted by
their volume fraction, are considered to superimpose linearly, then
alose agreement with the measured yield stress is obtained.

Yield and tensile strengthe of MA 6000 and of MA 956 as = function
of temperature are plotted in Fig.13 /60/. The strong precipitation
hardening in the case of MA 65000 gives rise to a much higher strength
and stronger temperature dependence as compared to MA 956: at very high
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temperatures the strength levels become more gimilar because dispersion
hardening is left as the only potent strengthening mechanism in both
alloys.

The ductilities of OPS alloys in the longitudinal direction amount
to reasonable values (5-10% /60/). When tested in the long-trangverse
direction, however, these 8lloys exhibit extremely low ductility and
shear strength /64,65/. This weakness can be attributed to the presence
of the stringers of inclusions (see Filg.4), which crack or debond from
the matrix. For MA 6000 batches with varying inclusion content, a cor-
relation has been established between room-temperature ductility and a
geometrical parameter describing the projected length of the stringers
/64/. It shows clearly that trangverse ductility can be improved sub-
stantially by reducing the inclusion content. Ag such, great importance
must be attached to the development of cleaner ODS alloys, as described
in section 3.1., in order to alleviate the transverse ductility pro-
blem.,

1400

1200F v~

MA Gooo

. 1000}
F
o
= 800
E 600}

400
200

Temperature {°C)

Fig, 13: Yield strength {0.2% offset) and tensile strength of
MA 6000 and MA 956 as a function of temperature /60/

4.3. Creep Strength

Coarse-grained matarials deform at high temperatures by "dislocation
creep" (also callad "power-law creep"). The strain rateféiﬂ then pro-
portiopal to some power n of the applied stress G’, and the constitutive
eguation can be written, for example, as;

€ =ap (Bm" {3)

where D is the lattice diffusivity, E Young's modulus and A a material
congtant. This semi~empirical equation holds for many high~-temperature
materiale and can in principle be applied to ODS alloys as well.
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The minimum creep rates of MA 6000 and MA 956 as a function of the
gpplied stress are plotted in Fig.14. Following common practice, the
rates have been normalized by the lattice diffusivity and the stress
has been normalized by E. For comparison, the data for fine-grained
(unrecrystallized) material and for Ni-20 Cr are also included.

The effect of the dlsperscids in the coarse-grained materials is
to lower the creep rates and to increase the stress exponent n to 20-
40, which 1s far beyond the values typical of conventional superalloys.
Such a high stress sensitivity is best described by invoking a "thres-
hold stress" below which the creep rates are considered to be negligib-
la /69-72/. The data then follow.a modified constitutive equation:

]

W
é = A n(e'_s-ﬁ‘) (4)
E

where @& h is the threshold stress and n' a new stress exponent. Eg.
(4) has Blen verified for MA 6000 using a stress exponent n' = 3.5 and
fitting the numerical value of G‘th /66/.

16

log (/D) (m3)

MA 6000
Coarse Graln

i

-4.0 -3.8 -36 ~34 -3.2 -3.0 -2,8 -2.6 -24
log (a/E)

Fig. 14: Diffusion-compensated creep rates as a function of modu-
lug-compensated appllied stress for MA 6000 and MA 956.
The data was taken from Ref./13,14,60,66,67/,.E values
from Fig.12, D = 1.9+10 _,exp (~284.000/RT) m fsec
for MA 6000 and D = 2+10 exp {(-251.000/RT) m /sec
for MA 956 /68/. Strength values of fine-grained
materials and of Ni-20Cr are shown for comparison

The threshold stress i1s not strictly a material constant but drops
in MA 6000 with increasing temperature as seen clearly in Fig.14. The
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reapon lg that garma'’ precipitates, whose volume fraction diminisheg
with Increasing temperature, contribute to the threshold stress at
760°C but less o at the higher temperatures. Ultimately, f}f very high
temperatures, the expacted EHreahold amounts to about 9:10 E (100
MPa) in MA 6000 and to 410 & (60 MPa) in MA 956.

It ip important to note that in the filne-grained condition neithey
alloy exhibits a threshold stress of spimilar magnitude. This Fact,
which is due to the occurrence of grain boundary sliding and interface-
cantrolled diffusion creep (see e.g. /13,73/), is exploited in forming
oparatieny {chapter 3.4.). We note in passing that the general appear-
ante of Pig.14 is not unigue to the two alloys considered, but is typi-
cal of digpervlon-strengthened systems /69,74/.

For the gtress rupture behavior of MA 6000 a much broader data bha~
e han besn wstablished, as shown in Fig.15 /75/. The high stress sen-
aitivity is reflvcted here in the shallow slope of the curves. Unlike
conventional allays, the curves are concave upward and seem to level
off at long lives and high temperatures. This obgervation, which is
corpatible with the strain rate data in Flg.14, has lead to a somewhat
arbitrary but useful delineation of Fig.15 in two reglons /75/: in re-
gion I (high streas, short lives) the stress sensltivity is much lower
than In region II (low stress, long lives). This is of great importance
for tha extrapolation to long lives which will be over-conservative
whan based on data in reglon I.

3.0
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20~
10°
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Figs 151 Btress ruptura behavior of Mh 6000 775/

From a pragmtio paint of view, the concept of a threshold stre
in weful becanse it explaing the high strength and high stress sensif
tivity which woyld be difficult to rationalize otherwise. Sclentifical-
ly, a mowa thoraugh understanding of the mechanismg leading to such a
threshold andg in particular a quantitstive correlation between thre-
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ratures enable dislocations to clrcumvent hard particles by climbing
arcund them. For this process a number of models have been developed
/76,77,78/ which suggest that the threshold stress is some fraction of
the Orowan stress.

A recent TEM study, performed in COST 501, of the dislocation me-
chanism in MA 6000 /79/ has revealed an attractive interaction between
dispersoids and dislocations at high temperatures (Fig.16 /79/), simi-
larly as in an earlier study on a gamma'’-—free ODS alloy /80/. Such an
attraction has in fact been expected on theoretical grounds /13,81/,
because a dislocation can relax its strain field in the vicinity of a
Slipping particle~matrix interface. Theoretically it has been shown
/82/ that only a small attractive interaction is requlred in order to
bring a new strengthening mechanism into the foreground: the detachment
of dislocations from the departure side of dispersoids over which the
dislocatlions have climbed. The threshold stress for this process de-
pends on a parameter k describing the relaxation of the dislocation and
is proportional to the Orowan stress:

CEENC =i (5)

This approach may eventually lead to a hettexr understanding of thre-
shold stresses and allow a more rational exploitation of dispersion
strengthening in high temperatures alloys. More details are to be found
elsewhere in thils volume /83/.

L St

50 nm

Fig., 16: TEM dark field mlcrograph showing attractive interaction
between a lattice dislocation and a dispersoid during
creep of MA 6000 /79/

So far we have been concerned with the longitudinal creep behavior
of well recrystallized material with a grain agpect ratlo (GAR) of more
than 10. Under these conditiens the grain boundaries do not influence
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the deformation behavior, and creep fracture is transgranular. It was
realized early in the development of ODS alleys that a sufficiently
elongated grain shape is indispensahle for achieving optimum proper-
ties. At low GAR values, rupture times may be reduced by more than two
orders of magnitude, as is shown for MA 6000 in Fig.17 /B4/. The reason
is that in such high-strength grains, loaded at temperatures relatively
close to the melting point, a transverse grain boundary constitutes an
extremely weak microstructural element: Damage in the form of creep ca-
vities develops on these boundaries (Fig.18 /22/) and leads to prematu-
re intergranular failure. The effect of grain shape has been explained
in terms of damage accommodatian by grain boundary sliding /B4/. A si-
milar damage machanism may bhe responsible for premature failure of

MA 6000 under creep in a direction perpendicular to the grain elonga-
tion. This might explain the very low stress rupture strength of MA
6000 in this directien /19/.

1000
MA 6000
& 950°C . .
© jgol 230 MPa A
E ¢
-
g . Intergranular
=3 10 Fracture
@ . Transgranular
Fracture
1
1 b 1 :
3 10 a0 100

Grain Aspect Ratio

Fig. 17: Dependence of creep rupture time on grain shape /84/

In MA 6000 with a GAR of more than 10, creep exposure is accompa-—
nied by the development of localized damage at processing defects and
on transverse grain boundaries, but Bubsequeant fracture is transgranu-
lar and not affected by these damage processes. Evidence of gamma' co-
arsening and rafting at 950°C has been reported /14/. The average di-
spersold diameter increases after 10.000 h at this temperature by a
factor of almost 2, with apparently no serious logs in the load-bearing
capability of the alloy indicakting dispersoid~matrix interaction rather
than dispersoid coarsening /14/ {see discasslon in chapter 2.1. on di-
spersold coarsening). '

4.4, Fatlgue Strength

The fatique strength of properly procesged ODS alloys can generally be
expected to match or even surpass that of their conventional cast coun-
terparts because of (L) the posslbility of slip dispersal at the di=
spersolds, (ii)} the ahsence of casting pores and regulting retardatioen
of orack initiation, and (iii} texture effects.
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Fig. 18: Creep cavities on a transverse grain boundary in
MA 6000. Note particle-free zonea at the boundary

suggesting diffusional ecavity growth /22/

An early study of MA 6000 indeed confirmed this view by encounter=
ing an unusually high endurance ratioc /85/. Recently, HCF of MA 6000
has been investigated in more detail /86/. HCF cracks were observed to
develop from stringers of inclusions. It was also found (Fig.19 /86/)
that longitudinal loading at B50°C results in HCF strength which is
markedly higher than that of the conventicnal cagt alloy IN 738 LC.
This superiority was attributed mainly to a reduced size of potential
crack nucleation sites and a higher threshold stress intensity range,
as a result of a higher Young's modulus. In the transverse direction,
the strength is reduced in proportion with the larger crack nucleation
8itea (stringersl) and the lower Young's modulus in this direction, but
fallg etill within the peatterband for IN 73B LC. Crack growth rates
were measured to be lower in the transverse dlrection on account of the
occurrence of extensive crack branching at grain boundaries /B6/.

High temperature low-cyole fatigue of MA 6000 has been studied ex-
tensively within the framework of COST 501 (see alse /87/). The measu-
red cyellic lives at 850°C are compared to those of IN 738 LC in Fig.20
/87/. It is apparent that the fatigue properties are almost identical
when expressed in terms of the t o t a 1 strain amplitude, and somevwhat
suparior when compared at similar p 1 a 8 t 1 ¢ gtrain ranges. At about
1000°C a transition from transgranular to mixed trans/intergranular
fallure occurs, which is ascribed to the onaet of environmental attack.
Contrary to other high temperature materials, crack initiation takes up

a significant portion of fatigue life.
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MA 6000 B50°C, 180Hz, R=0

Broken in the
Thread

1000
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(Iit.) w

Alternating Stress Amplitude o, (MPa)

1 1 1 1
107 10° 10® 107 108
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Fig. 12

a

HCF strength of MA 6000 in two orientations as compared
with the conventional cast alloy IN 738 /86/
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Fig. 20: LCF ptrength of Ma 6000 as compared to the
conventional cast alloy IN 738 /87/

4.5. Thermal Fatique Resistance

Becaunse of its high modulus, MA 6000 is expected to be "texture weaken-
ed" with regard to thermal fatigue. Nevertheless results obtained in

COST 501 indicate that resistance to thermal fatique is markedly better
than that of the conventional cast alloy IN 100, though inferior to the
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single-crystal alloy CMSX~2 /51/. MR 9556, however, showed much poorer
performance, which is attributed to the presence of pores developed
during expesure to 1200°C and above /88/. These poras, which are filled
wlth argon incorporated during machanical alloying, induce tensile
stresses in the surrounding matrix during cooling and are believed to
thereby facilitate cracking. These findings are in general agreement
with a study on several ODS alloys which concluded that, with the ex—
ceptlon of MA 956, ODS superalloys are superlor, in terms of thermal
fatigue resistance, to conventionally cast superalloys and comparable
with directlonally solidified superalloys /89/.

4.6, Hot Corrosion Resistance

The lifetime of a stressed part in a gas turbine may be limited by its
corrosion resistance rather than by its strength. Because ODS alloys
are to be used at higher temperatures, where they offer the greatest
improvement in strength, corrosion resistance may be of even greater
concern than for conventional alloys.

In terms of sulfidation resistance, MA 6000 has been found to be
g8lightly more or less resilstant than IN 738, depending on testing con-
ditiens /59,90/. With respect to oxidation resistance MA 6000 is simi=
lar to IN 100 and better than IN 738 or IN 792 /59,91/. MA 956 exhlbits
excellent sulfidation and oxidation resistance /92/, This is not sur-
prising because the alloy composition is basically a typical coating
composition. It has been shown that the presence of Y203ﬂparticles

" __Corrosion Resistant
Coating (M Cr Al'Y)

FRgs Diffusion Barrier (2Zr O,)
e~ Bond Coat (M CrAlY)

ODS&-Alloy

Fig. 21: Diffusion barrier coating on MA 6000 applied by low
prespure plasma spraying /53/
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improves hot correglon resistance (for a review see /9/). The alloys MA
6000 and MA 956, however, behave as to be expected from their composi-
tion, i.e. the ¥ 03-effact does not seem to be very large.

MA 6000 wili roaguire the use of some protective coatlng in most
applications, particularly when the potentially increased temperatures
and lifetimes are considered. Good results have been obtained with
overlay coatings, iL.e. MCrAlY type coatings produced using PVD or low
pressure plasma spraylng /93,94/. Interdiffusion between coating and
base metal 1s a major problem at the very high temperatures at which MA
6000 is intended to be used. Aluminium and chromium will diffuse in-
wards and the resulting depletion of the coating might limit the 1life
of the coating. Interdiffuslon can also lead to porogity formation in
ODS alloys, although with some coatings porosity was not observed /93/.
In order to prevent interdiffusion, diffusion~barriers have been inve-
stigated /25,96/. Diffusion~barrier coatings have also been studied as
part of the COST 501 action and very promising results have bheen ab-
tained /97,98/. Ona of the systems under investigation exhibits a thin
layer of stabilized 2r0,, Fig.21. Because of the rather thin layer
very good thermal fatigie properties could be cobtained. Alternative sy~
stems are presently being investigated which avoid the high oxygen aif-
fusivity of Zroz.

S. CONCLUSIONS AND OUTLOOK

In terms of technology, MA 6000 and MA 956 have reached a state of con-—
Blderable maturity. Important property improvements over conventional
alloys have been demonstrated. This includes creep rupture strength,
fatigque strength, and oxidation resistance. Up-scaling of alloy manu-
facturing has been carried out sucoessfully. Some problem areas still
exigt, depending on the alloy and the application under consideration.
Component fabrication technigques are of particular concern, but consi-
cerable progress has been made. Certain forming and joining techniques
are now available. Coating development for MA 6000 has shown some epn-
couraging results. The reasons for low transverse ductility in MA 6000
have been identified and improvements through processing modifications
have been obtained.

The scientific understanding of the relation between structure,
processing, and properties of ODS superalloys has alsa improved. The
effects of grain shape on rupture strength have been rationalized, and
4 new mechanism for dispersion strengthening at high temperatures has
been identified. We are beglnning to understand the relation between
procepsing conditions and the existence of stringers of inclusicns. The
effect of the stringers on rupture gtrength, fatigue strength and
trangverse ductility has been clarified. "Energy building"” for subse-
quent recrystallization during procesging of ODS alloys is now quite
well understood.

In spite of the conslderable progress in recent years there is
8till room for further improvement of ODS alloya:



(1)

(2)

(3)
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Optimization of composition.
Allays can be developed which are better adapted to the needs of
the particular application.

Cptimization of structure.

Further improvements of properties can be expected by optimization
of the structure. The ultimate goal is r<1007> -oriented 0ODS single
crystal component without stringers of underprocessed particles.

Optimization of fabricability.

Forming of alloys like MA 6000 i1s rather difficult. Based on our
improved understanding it should he possible to develor alloys
which exhibit better forgeabllity, i.e. better ductility and lower
flow stress in the filne grain conditilon.
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