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Abstract

The enhancement of efficiency in gas turbine ermireguires
the development of new superalloys capable of wétiding
higher temperatures. The development of new indlis@ast and
wrought (C&W) disk alloys with required combinatioof

strength, creep and fatigue properties at 700%@gisly desired
due to the expensive cost of powder metallurgy. 3@Y%,

which is the newly nickel base superalloys devedolpg Aubert
& Duval, was therefore designed to offer a betmmbination

between high temperature properties at 700°C anst co

compared to other C&W superalloys. This paper diessrthe
alloy design based upon the chemistries of the ipusv
experimental alloys Ni30 and Ni33 [1-2]. The cohtrof
expensive elements contents and the presence af iito
AD730™ alloy confer to this alloy an attractive cost carenl
to other C&W superalloys for disk applications. Gaaprime
solvus was decreased compared to Ni33 in ordenpoave hot
workability and (Ti+Nb)/Al ratio was decreased cargd to
Ni30 and Ni33 in order to avoid any risk of Eta-pba
precipitation. It was actually observed that thecipitation of
the needle-shape Eta-phase predicted by the thgmaodc
databases was not in agreement with experimentslltse
obtained on various alloys of the AD780chemical system.
Industrial ingots with a diameter equal to 500mmeygroduced
(Vacuum melting and remelting) and converted tolwata the
mechanical properties and the ability for the cartiemal C&W
route. A special attention is made in this papetheo AD730M
workability which was highly evaluated with varioirsustrial
forging process routes (close-die forging, rindingl...etc). Heat
treatment optimization was then performed on tHisyain
regard to tensile and creep properties. The effécsolution
heat-treatment temperature and cooling rate afiertisn heat
treatment were investigated on AD7%0 Solution heat
treatment temperature has a slight effect on thsileestrength if
the temperature is lower than the gamma prime solvYield
strength remains stable and close to 1100MPa atCr00
Solution heat-treatment was therefore optimizedragard of
grain size in order to increase creep properties. nfost of
superalloys strengthened by gamma prime phaseingomite
after solution heat-treatment has to be as fagioasible to get
the highest tensile and creep properties.

Oil quenching can be easily performed on ADM@ithout any
issues due to the moderate gamma prime conteriteiraltoy
(35-40%) and the fine grain size. Tensile, creepgiterm aging
performed on a forged disk heat-treated in optichizenditions,
are presented and discussed in this paper. A casopawith
Udimet720M™ properties and 718PI$ ones show that
AD730™ alloy presents a higher combination between caodt an
mechanical properties at 700°C than current C&W\esgifpys.

Introduction

The latest design of high-efficiency engines haghhi
requirements for the mechanical properties and ¢eatpre
capability of the key components, especially treges of disk
where the stress and temperature are the highdiy A
development for turbine disk with high propertigsta 700°C is
consequently crucial in order to improve the thdreféiciency
in gas turbine engines. 718 superalloy is extehsiused for
turbine disk due to its moderate cost. Howeves shaiperalloy is
not capable of withstanding temperatures highemn 8&0°C due
to the coarsening of the strengthening phase gawchoudle
prime above this temperature [3-5]. Neyly’ superalloys
(René88DT, N18, RR1000...etc) were therefore develope
withstand higher temperature on the turbine disthese
superalloys can not be processed by the convehtoas &
wrought (C&W) route due to their higji fraction and require
therefore a processing by the expensive powder liongia
route. Progress was made on C&W route, especially with the
development of triple melt which allowed the mamtifiaing of
alloys such U720LI", Waspaloy, and more recently TMW4
and 718PIug™. These superalloys present various combinations
between cost and mechanical properties. Howevemaiit be
considered that 718Plus and TMW4 do not improve the
combination between cost and mechanical propectieently
offered by U720Li. TMW4 shows higher properties rtha
U720Li [6-8] but is significantly more expensiveeto its high
cobalt content. Inversely, 718Plus [9-10] presentswer cost
(presence of iron and reasonable cobalt contentyedstricted
creep properties at 700°C compared to the curr&@20Ui disk
alloy.

Ni Fe Co Cr Mo w Al Ti Nb B C Zr P
718 Base 18 - 18 3 - 0.5 1 54 0.004 0.03 - 0.01
718Plus Base 10 9 18 2.75 1 15 0.7 55 0.004 0.02 - 0.01
Waspaloy Base - 135 195 4.25 - 15 3 - 0.006 0.05 0.03 -
U720Li Base - 15 16 3 125 25 5 - 0.015 0.015 0.03 -

Table 1: Chemical analysis of various C&W disk safieys
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The new nickel base AD739 superalloy developed by Aubert

& Duval was designed to improve the combinatiomieetn high

temperature properties and cost of the current C&isk

superalloys with these following features:

- mechanical properties close to U720Li and signifiga
higher than 718Plus, Waspaloy and 718

- cost equal to 718Plus and lower than U720Li ancrogy
superalloys for turbine discs

This paper describes the design of AD?3Gand the results

obtained on full scale production.

Design of AD730

The design of AD73% was based upon results obtained on
Ni30 and Ni33 alloys. As Ni30 and Ni33 presentedhhi
mechanical properties up to 700°C and a moderat& co
compared than othey/y' superalloys [2], these alloys were
selected for the final design. All the criteria idefl for the
design of Ni30 and Ni33 [1] were kept to adjust theal
chemistry. Only slight modifications were made t@3W and
Ni33 in order to improve their workability and thei
microstructural stability in regard of-Eta phase precipitation.
As shown in table 2, the chemistry of AD7%0s actually quite
similar to those of Ni30 and Ni30. The presencéaf and the
control of expensive elements provide to AD73@ lower cost
than other C&W superalloys (figure 1). The (Ti+NK)katio
was supposed to be in relation wifly mismatch and to have a
strong effect on hot mechanical properties. It Was reason
why high ratio values were selected during allogigie of Ni30
and Ni33. These ratio values were neverthelessatest by the
precipitation of deleterioug-Eta phase which was predicted by
Thermo-Calc to appear for ratio larger than 3 asshon figure

2. However,n-Eta phase was experimentally observed in Ni50
and Ni40 which respectively have (Ti+Nb)/Al ratialues equal

to 2.5 and 3. These results show that the pretigitaf n-Eta
phase is not accurately predicted in this chemsyastem but
also that (Ti+Nb)/Al ratio values of Ni30 and Ni3@ere too
high to fully avoidn-Eta phase precipitation even if this phase
was not observed in both alloys. A (Ti+Nb)/Al ratitose to 2
was therefore selected for the final compositiosuasng that
only a slight effect should be observed on mecl#mmoperties
due to the decrease of this ratio [11]. It is tleason why
tungsten content was slightly increased in AD3h order to
counterbalance the potential effect of the decre&§€i+Nb)/Al
ratio on the mechanical properties. Secondly, aiapattention
was paid to the workability of the final alloy. Aogd
workability above and below solvus was researched to easily
control the microstructure on billets and to proenatconvenient
ingot conversion process. Upsetting tests wereopmadd on
Ni30, Ni33 and U720 at 1160°C with a strain eqoad 185 and a
transfer time equal to 30 seconds. No coatings weed to
provide a thermal protection to the sample.

Consequently, a decrease of temperature was oldservehe
surface of the sample before upsetting and has teathe
appearance of cracks for the alloys with the higheontents.
As shown on figure 3, the higher tesolvus, the lower the
workability due to the precipitation gf phase during cooling
which starts for these alloy at a temperature ctossolvusy
minus 30-35°C. Ay solvus close to 1100°C was therefore
researched for the final composition to guarantyg@od
workability over a large temperature range. Theme oriteria,
added to the initial ones [1], explain the increafél content
compared to Ni30 and the decrease of Ti and Nbeotst
compared to Ni33. Thg fraction of AD730™ at 700°C was
estimated by Thermo-Calc to be close to 37% and is
intermediate between those of Ni30 (35%) and NEB4) [1].
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Figure 1: C&W superalloys costs calculated with raaterial
content (costs rationalized to 718'’s) over a pedbd years
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Ni Fe Co Cr Mo W Al Nb B ¢z (TNDYAL - Presence
wt% of n-Eta
Ni30 Base 5 9 152 3 25 20 35 1 001 0015 0.03 225 No
Ni50 Base 56 95 152 3 25 20 38 12 0.01 0.015 0.03 25 Yes +
Ni40 Base 5 9 153 3 25 175 39 13 001 001 0.03 3 es
Ni33 Base 32 92 148 29 23 23 4 13 0.01 0.015 0.03 2.3 No
AD730™ Base 4 85 157 31 27 225 34 11 001 0.015300 2 No

Table 2 : Chemical analysis of AD73Dalloy compared to other C&W disk superalloys
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Experimental procedure

A first ten tons VIM heat was melted in AD730 One ingot
with a diameter equal to 500mm was vacuum arc reahelind
then converted to obtain a billet with a diametgua to
200mm. The conversion was made with a 4500 torsspard a
rotative forging machine above and belgiv solvus. These
billets did not present any cracks and any defddisse billets
were used to forge full scale disk trials with was forging
processes. Close-die forged and ring-rolled disdth van
external diameter close to 600mm (figure 4) wergéd below
Y solvus in the 1050°C-1090°C temperature rangeshsyn on
figure 5, microstructure was observed at differsteips of the
manufacturing process. As expecteglEta phase was only
observed on VAR ingot in the interdendritical spaegere the
Nb and Ti contents were the highest and was easityoved
with a homogenization performed in the 1160°C-12Z 0
temperature range. The ingot conversion processs leaa grain
size on the billet close to ASTM 8 ALA 6. The graize on
forged discs was significantly finer and close t&T™M 12.
Primary y precipitates appeared at grain boundaries during
subsolvus forging and were therefore observed datdiand
discs. The primary distribution was more homogeneous on
discs and is strongly linked with the amount ofistrbelowy
solvus. The effect of solution heat treatment tenamjpee and
cooling rate after solution heat treatment werealistli on billet
with tensile and creep tests. Mechanical tests wi@en
performed on discs heat-treated in the optimizedditmns
previously defined on billets.

’ N LW:, SR ‘1 2 7 "A//«; »
FigUre 4 : Close-die forged disk (a) and ring-r(blleclose-die
forged disk (b) with external diameter of 600mm
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Figure 5 : AD730" microstructure observed on a) VAR ingot
b) 200mm diameter billet b) close-die forged disk



Workability of AD730 ™

Workability was evaluated at various steps of thecess with
preliminary laboratory tests and industrial teata isecond time.
Workability of AD730™ was assessed in laboratory with tensile
tests performed at high temperature and high srate. First
tests were performed with samples taken into & siic VAR
ingot in order to check the workability before ingmnversion.
These tests were performed after homogenizatioh avistrain
rate equal to I® st in the 1040°C-1220°C temperature range.
As shown on figure 6, a comparison was establistvitti
U720Li and Waspaloy alloys tested in similar coiodis in
terms of strain rate and initial state (homogeniZadot).
AD730™ workability evaluated on ingot is higher than thas
U720Li and Waspaloy which can not be respectivelgéd in
these conditions above and beloyv solvus contrary to
AD730™. It is the reason why the grain size on Waspaloy
billets is not very fine (conversion made at higimperature)
and the forging process of U720Li billet is diffitgconversion
made at low temperature). The ability to be forgater below

or abovey' solvus confers to AD73%' the opportunity to break
the as-cast structure at high temperature aljoselvus and to
refine the microstructure by a reasonable amoustrain below

Y solvus with a convenient forging process.
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Same tests were performed on billets with a finerestructure

and at lower temperatures. In the same way, a cosopawas
made with other C&W disk superalloys (figure 7).
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These tests show that the workability on billetsA@f730™ is
between those of 718 and Waspaloy. These testsaiedi
actually that cracking is respectively possibleWaspaloy and
AD730 below 980°C and 930°C. The behavior of AD?8M
terms of cracking sensitivity was evaluated to hiermediate
between those of 718 and Waspaloy. These laboragsylts
were confirmed in industrial conditions with ringling and
close-die forging tests. As shown on figure 8, macks were
observed during the manufacturing process of thscsdi
presented on figure 4. The results confirm the gabtity of
AD730™ for the conventional C&W route.

Figure 8: Intermediate steps to obtained discs witernal
diameter of 600mm on figure 4. Open die forgingrapiens (a)
and ring-rolling operations (b) before close dirging

Effect of solution heat treatment

The solution heat-treatment temperature was studregmall
blanks with a section of 16x16 mm? taken at midusdf the
200mm diameter billet. These blanks were solutieatfireated
at 1060°C, 1070°C, 1080°C and 1120°C during fouurso
before being cooled in air. Air cooling on thesertis leads to a
cooling rate close to 200°C.mirand approximates the cooling
rate of oil quenched disks. The samples were thged at 760°C
during 16h. Tensile tests at 700°C and creep tastg50°C
under a stress of 4560MPa were performed to evathateffect
of solution heat treatment temperature (table 8)the same
way, cooling rate after solution heat treatment wstaslied with
various cooling rates performed after a solutioatfieeatment
of four hours at 1080°C. Tensile tests at 700°C @pdp tests at
700°C under a stress of 690MPa were performed dtuate the
effect of this parameter (table 4). No effect ofuson heat
treatment temperature on grain size was observegpefor the
temperature of 1120°C which is above tife solvus and
logically leads to a larger grain size. Solutiorath&eatment
temperature has a slight effect on the tensilengthe if the
temperature is lower than the gamma prime solvigsirg 9).
Yield strength remains actually stable and clos@#80MPa at
700°C. A supersolvus solution heat-treatment datdave any
effect on UTS but rather on yield strength. Theusoh heat
treatment temperature has a strong effect on difepven if
the solution heat-treatment temperature is befowsolvus and
the grain size almost the same (figure 10).



A decrease of elongation for tensile and creeps tiessbbserved
for the supersolvus heat-treatment: this is propakie to the
larger grain size and the absence of primarprecipitates at
grain boundaries (figure 11).
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As expected, cooling rate after solution heat-tnesit has a 1201 |  mElongation T 400
strong effect on tensile and creep properties.gh ltiooling rate =
after solution heat-treatment promotes higher tensirength ° . 1 200 S
and higher creep lives (figure 12-13). Inverselighhcooling 2 5
rates decrease elongation for tensile and cree¢p. 8EM-FEG E g
examinations were also performed to analyze thecefbf s ] 12 5
solution heat treatment temperature and cooling @t y E “
precipitation inside the grains (Figure 14). Theesi of 307 1100
secondaryy precipitates that have precipitated during coglin
after solution heat-treatment were measured anéhdieated in 0 ‘ ‘ ‘ ‘ 0.0
tables 3 and 4. An increase of solution heat-treatm 0 % _ 100 150 ) ,1200 20
temperature leads to larger secondgrgrecipitates in relation Cooling rate after SHT (T.min )
with a precipitation during cooling which occurs athigher Figure 13: Effect of cooling rate after solutiorabéreatment on
temperature. A similar tendency was observed inQU712] creep properties at 700°C-690MPa.
and can be easily checked with dilatometric tests.
Grain Secondary’ Tensile test at 700°C Creep 750°C/450MPa
Solution heat treatment Aging size diameter (nm) UTS YS El RA Rupture El RA
ASTM (MPa) (MPa) (%) (%) time (h) (%) (%)
1060°C/4h/200°C/min  760°C/16h 8.5 40nm - 270nm 7123 1110 205 19 77 48 64
1070°C/4h/200°C/min  760°C/16h 8.5 Not determined 2431 1108 215 20 113 26 60
1080°C/4h/200°C/min _ 760°C/16h 8 50nm 1230 1110 1718 184 32 43
1120°C/4h/200°C/min  760°C/16h 3 60nm 1232 953 157 1 773 16 18

Table 3 : effect of solution heat-treatment tempeeaon mechanical properties and microstructure
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Grain Tensile test at 700°C Creep 700°C/690MPa

Solution heat treatment Aging size j:;%?g?{?rm) UTS YS El RA Rupture El RA
ASTM (MPa) (MPa) (%) (%) time(h) (%) (%)
1080°C/4h/200°C/min  760°C/16h 8.5 50nm 1230 1110 7 118 128 10 26
1080°C/4h/120°C/min  760°C/16h 8.5 95nm 1163 10381 226 60 19 36
1080°C/4h/70°C/min 760°C/16h 8.5 105nm 1147 989 3081 49 22 42
1080°C/4h/30°C/min  760°C/16h 8.5 110nm - 310nm 9110 959 29 39 31 18 53

Table 4 : Effect of cooling rate after solution tgaatment on mechanical properties and microsirac

1060°T4h/200°C/min + 760°C/16h/Air cooling

o Wy Y

1080°04h/120°C/min + 760°C/16h/Air cooling

o o gy .

Aperam Aloys Inphy.

1080°Q4h/70°C/min + 760°C/16h/Air cooling 1080°Q4h/30°C/min + 760°C/16h/Air cooling
Figure 14 : SEM-FEG examinations made after vartoest-treatments listed in tables 3 and 4
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Coarser secondary precipitates with a diameter close to
270nm are observed only after a solution heat rtreat
performed at 1060°C. It strongly suggests thatehmecipitates
are fully dissolved above this temperature. Thesipitates
can not be rigorously considered as secondarsecipitates due
to their presence before the cooling from solutieat treatment.
A solution heat-treatment performed at 1060°C i high
enough to dissolve these secondamgrecipitates formed during
the previous cooling from the forging temperatuteis well
established [13-15] that increasing cooling rate iy
superalloys leads to a decrease of the secondaigmeter. A
bimodal precipitation of secondayy precipitates was observed
for the lowest cooling rate and indicate that tweggpitation
waves occur during the cooling after solution hHesatment. As
most ofyly superalloys for turbine disks, mechanical proiesrt
of AD730™ are very sensitive to the solution heat-treatment
temperature and strongly depend rprecipitates (secondary
and tertiary) that have precipitated during the liogo after
solution heat treatment (figure 15). The subsobalstion heat-
treatment was defined to obtafrdissolution as high as possible
while controlling the grain size. Cooling rate afselution heat-
treatment has to be as fast as possible to gdtighest tensile
and creep properties. Quenching can be easily meef on

AD730™ without any issues due to the moderate gamma prime

content in the alloy (37%) and the fine grain slzés the reason
why oil or polymer quenching after solution heaattment in
the 1070-1080°C temperature range was preferregetiorm

mechanical tests on forged disks.
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Figure 15 : Effect of secondayyprecipitates diameter on the
creep life and tensile yield strength
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Microstructural stability

AD730™ was designed to have a high microstructural stabil
by controlling Md parameter and TCP phases amodft [
Microstructural stability was assessed on billé¢rah long-term
aging of 3000h at 750°C which is very heavy compaie
previous studies made on superall§y6-18]. The initial heat-
treatment before the long-term aging was 1080°QEBTC/min

+ 760°C/16h. Various mechanical tests were perfdrivefore
and after this long-term aging (table 5). As shawmnfigure 16,
no TCP phases were observed on ADY3@&fter 3000h at
750°C. It explains that no embrittlement was obseénafter
3000h at 750°C with charpy notch impact tests aiid tensile
tests. This long-term aging leads to a slight iasee of y
secondary precipitates which explains the decreastrength
and creep life compared to the initial heat-treameThis
decrease of strength is reasonable (5-8%) and |tveer those
of other superalloys like 718Plus (13%), Waspalb4%) and
U720Li (10-15%) in less severe conditions [17-IHje size of
secondaryy’ precipitates was estimated to be close to 100nm
after 3000h at 750°C (figure 16). It is interesttognotice that a
similar y size and a similar creep life at 700°C-690MPa ever
obtained with a lower cooling rate equal to 70°@:iitable 4).
The effect of long-term aging is therefore compbedb that of

a slight decrease of cooling rate. It confirms thachanical
properties of AD730" strongly depend oy precipitates size
and that the microstructural stability of AD730is very high.

1080°04h200°C/min  +080°F4n/200°C/min
760°C/16h 760°C/16h
750°C/3000h
C_harpy notch 313 303
impact (J)
UTsS 1368 MPa 1257 MPa
Tensile YS 1088 MPa 1024 MPa
650°C El 28% 40%
RA 28% 53%
Creep tr 128 h 55h
700°C El 10% 19%
690MPa RA 26% 38%
Table 5: Mechanical properties after a long-termnggf 3000h
at 750°C

SIGrENT 100 nm

EHT=500kV WD=32mm Aperture Size=2000 im Mag=10000 K X Signal A=InLens
Aperam Alloys Imphy 1

Figure 16: SEM-FEG examinations made att@80°Q4h/200°C/min + 760°C/16h + 750°C/3000h
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Mechanical properties on forged disk

Close-die forged disk of AD738 was heat-treated with this
following sequence: 1070°C/4h/Oil quenching + 760Q8b/Air.

As shown in table 6, a comparison was made with C&W
superalloys for turbine disks in similar conditiortests were
performed on forged parts with similar grain sizethe ASTM
8-11 range) and similar cooling rate after solutibeat-
treatment.

718 718Plus U720Li  AD730
SHT 975°C/lh  955°C/1h 1100°C/4h  1070°C/4h
Quenching Oil Oil Oil Oll
Aging 720°C/8h  788°C/8h 760°C/16h .o /cr

620°C/8h 704°C/8h 650°C/24h

Table 6 : Heat-treatment performed on forged didksarious
C&W superalloys before mechanical tests

Tensile tests were performed from room temperatnré00°C.
The tensile strength of AD73Y is significantly higher than
those of 718 and 718Plus for the entire tested ¢eatpre range,
and slightly higher than those of U720Li above G50At
700°C, the vield strength of AD73% is close to 1100MPa and
100MPa higher than that of 718Plus.
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Figure 17: Ultimate tensile strength versus tentpeesfor
various C&W superalloys
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Figure 18: Yield strength versus temperature foious C&W

superalloys

The density of AD730" was measured to be equal to 8.2 ¢cm

and is good agreement with previous results obtaore Ni30-
Ni33 [2].

918

Stress-rupture properties were determined in teatpers
ranging from 650°C to 760°C under various stres$@se to
rupture was analyzed using a Larson-Miller approach
commonly employed for disk alloys (figure 19). Aanche
noted, AD730" alloy exhibited great improvement in creep
resistance compared to 718Plus and at least as moperties

as those of U720Li. As the cost of AD73Dis lower than that

of U720Li and similar to that of 718Plus, we camsider that
the combination between cost and mechanical priegexf
AD730™ is higher than those of current C&W superalloys.

1000

800 -

7/’3,0 20,
% %0
s (//26’ >

600 -

400 +

Applied stress (MPa)

200

0
19.00

19.50 20.00 20.50 21.00 21.50 22.00 22.50 23.00

Larson-Miller Parameter

Figure 19: Creep properties of various C&W supeyal
Conclusions

AD730™ was designed by Aubert & Duval to obtain similar
properties to those obtained on previous work WB0 and
Ni33. Only slight modifications were made on Ni3@daNi33
chemistries to improve the workability and to avaity risk of
n-Eta phase precipitation. The presence of iron thedcontrol
of expensive elements provide to AD7%0a lower cost than
other C&W superalloys. The workability of AD73b was
evaluated to be higher than those of Waspaloy amg0U.
Contrary to these C&W superalloys, AD7%0can be easily
forged below and abovg solvus. It is therefore possible to
obtain a fine grain microstructure on the billethwa convenient
forging process. Close-die forging discs and riolfirg discs
were forged without any issues and confirmed thedgo
workability of AD730™. As most ofy/y’ superalloys for turbine
disks, mechanical properties of AD780are very sensitive to
the solution heat-treatment and strongly dependsexondary
and tertiary y precipitates. AD730" presents a high
microstructural stability. No TCP phases were obsgrafter a
long-term aging of 3000h at 750°C. This long-teging leads
to a slight increase of the secondgryprecipitates and a slight
decrease of the strength. Finally, tensile andpcpgeperties of
AD730™ are significantly higher than those of 718Plus and
slightly higher than those of U720Li. Based on ¢hessults, the
highest combination between cost and propertieA@730™
was therefore confirmed. Further work is going ® rhade to
optimize the aging sequence in regard of tensitee and
FCGR properties.
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