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Abstract

The objective of this report is to present the itesof mechanical tests and microstructural
analyses obtained for both blade and disk alloysstigated in the European projects HTR-M
(Materials for High Temperature Reactors).

For turbine disk material, the properties of fordeéd20 superalloy seem appropriate to the
design requirements of a cooled turbine for HTRg{HTemperature nuclear Reactor). This
alloy, used with a specific supersolvus heat treatnto increase the grain size, has a creep
strength that is much higher than that of convewtioU720 with a fine grained
microstructure. Fatigue and tensile propertiesrarestrongly affected by the duplex grain
size.

For the turbine blade material, two grades of dioeally solidified superalloy (CM 247 LC
DS and IN 792 DS) have been subjected to tensitk arep tests. The microstructure
observed by TEM for CM 247 shows the classicalrifiistion of gamma prime phase within
the matrix. Low angle grain boundaries are decdratgh small precipitates enriched in W
and Cr.

Creep and tensile tests have shown that CM 247 BE(@ssesses superior high temperature
properties, when compared to IN 792, and therefmgears as the best candidate for HTR
turbine blades.

Tests on carburised and decarburised blade mateiliabe achieved within HTR-M1 and
compared to the data presented in this reportiderdo obtain a first assessment of the effect
of the specific HTR environment.

Key Words
HTR
Turbine
Superalloys
U720, CM 247, IN 792
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I. Introduction- Selection of materials

The objective of this report is to present the Bgsis of the work performed for both turbine
blade and turbine disk alloys in the frame of HTRaMject.

Material procurement details and the full test mdior both HTR-M and HTR-M1 projects
are first presented, but only HTR-M experimentslitts are discussed in this document.

This final report gives a general overview of HTReMperimental tests results obtained by
JRC and CEA. Intermediate results were alreadyepttesd in deliverable 2.9 (HTRM-03/12-
D-2-3-84).

HTRM& M1 general objectives:

The need for reliable material data and propeites key issue in the development of any
innovative reactor technology and is especially angnt for those areas where safety
considerations are of prime interest. THIER-M/M1 project (HTR-M1 project was started
one year after HTR-M to complete the test matrieqld with the selection and development
of materials for the vessel, high temperature camepts and the graphite core. The project
includes specific experiments on selected materialduding irradiation tests on vessel
weldments and graphite. The aim of the HTR-M/M1jgcbis to provide a materials platform
on which to develop the future HTR technologicadibavithin Europe and an understanding
of the behaviour and manufacturing requirementsstone of the new materials that will be
needed for such developments.

Within HTR-M the second Work Package (WP2) dealthwigh temperature materials, and
the task 2.1 is especially dedicated to the stddyrbine materials.

The objectives of this “turbine materials” task #re following :

¢ To review available materials for turbine discs alatles applications.

¢ To select reference materials and perform shom {gensile, creep, fatigue) and medium
term (creep) tests under HTR relevant conditioqsesentative of the He environment

and temperature.

¢ To set up a materials database on properties l@gefsiigue and creep properties at high
temperature)

In addition to HTR-M project, HTR-M1 has the objeetto complete the tests performed on
blade alloys by tensile and creep tests after @ term thermal ageing.

Material selection:

The review considered eight potential materialstfe turbine disc, thirteen for the blade,
including the Russian backup options. Creep rasistaand high temperature strength were
important requirements and expected to be the realection criterion (HTR-M 02/7-D-
2.1.39).
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For turbine discs there is a requirement to limit the permanent ghoand distortion to
within typical design life targets. Critical regi® for the disc are the hottest and highly
stressed parts (high stress and moderate temperatuthe hub, low stress and high
temperature at the rim).

Discussions with the turbine materials manufactéwapert & Duval identified UDIMET 720

as the best available candidate. This alloy caprbeessed by powder metallurgy and Hot
Isostatic Pressing (HIPping) or by forging for shthdmeters. Although the literature search
showed few published data on this material, theaipgy temperature for UDIMET 720 is
thought to offer the highest at around Z@which suggests that a non-cooled disc operating
at 850C may be too ambitious). For large diameter di#k306 on the other hand operates
successfully at temperatures of 550-&D{steam turbines) and IN718, a further possible
material, is near to commercial production but R&sDstill required in order to control the
grain size (hax-610°C).

For the turbine blade failure modes such as creep, high cycle fatigwklaw cycle fatigue
have to be taken into account. The gas radial teshyre variation often peaks typically in the
middle third of the blade with steep temperatu@dgnts across the blade section that varies
according to the transient and steady state comditi All regions of the blade profile
therefore undergo complex stress-strain cyclindp wetversed plasticity in some areas.

From the blade materials investigated the bestnpiatdong term creep strength was provided
by the Molybdenum based alloy “TZM”. This materiads been investigated through a
significant amount of testing within the German HpRgramme but its high ductile-brittle
transition temperature appears to make it a leastipal option compared with Ni based
alloys. The most promising Ni based super alloyserms of creep strength are the single
crystal alloys PWA 1483 (Cr-oxide former) and CMSXdn Al-oxide former). For the
direction solidified blade suitable materials wolle DS IN 792 LC (Cr-oxide former) and
CM 247 LC DS (Al-oxide former). In the case of aagentionally cast blade (which could be
used if the blade was cooled) IN 792 (Cr-oxide fermand MAR M247 (Al-oxide former)
are also possible candidates (HTR-M 02/4-D-2.2.32).

Finally, the materials selected for mechanical testg within HTR-M & M1 are as
follows:

Turbine disc: UDIMET 720 (Cast &Wrought)
Turbine blade: IN 792 DS and CM 247 LC DS (Directioally Solidified)

Information on the test programme and planningtiier tests has been reported for HTR-M
(HTR-M 02/6-D-2.2.35) and HTR-M1 (HTR-M1 02/9-D-17). Since the impurity levels in
the helium atmosphere are not well known it wasid#et to test the selected alloys under
extreme carburising and decarburising conditiongxposing the specimens before testing to
different environments to gain information on thieely strength variations expected. An
argon or air atmosphere could then be used fotettts.

Specimens (or blanks) are machined from the aswettematerials and thempre-treated”
(temperature 950°C) in Ar + methane for carburizangl in Ar + 50Qubar H, + 50ubar HO
for de-carburizing, to achieve the different coradfis to be tested :
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material in the condition “fully heat treated fargice” (standard delivery for reference,
“non-damaged condition”) : denotéstate 1”

material entirely de-carburized: denotsthte II”

material heavily carburized: denotéiate 11"

material with additional treatment (heat treated980°C or 850° depending oore-
treatment, time same as pre-treatment, to separate themgeai@ effects from the effects
of decarburization or carburization: denotsthte Imod”)

CEA was responsible for heat treating the blankslfgy state and JRC was in charge of
carburising and decarburising heat treatments.

The states Il and Il are tested by JRC and theesth and J}oq by CEA. All tests are
performed under air atmosphere.

[I. Material procurement and test matrix
1.1 Disk material

A fully heat treated U720 forged pancake (Matecettificate n° HY540203) was ordered to

Aubert&Duval and delivered in october 2002. Thisigpake has a disk shape with a diameter
of 320 mm and a height of 80 mm. The cost of ttasgake is 9430 euros, its chemical

composition is given in Table 1. Figure 1 showsdBeaeceived disk that has been cut into 2
equal parts (1 for CEA and 1 sent to JRC).

Ni Cr Co Ti Mo Al W Fe | Mn Si
Balance 16.02 | 14.81 5.1 2.98 2.63 1.19 0.0.03| 0.02
B Cu C P S N (O]}
0.014 0.01 0.009 <0.005<0.002| <0.002| <0.002

Table 1 : Chemical composition of U720 test matdneight %).

Figure 1 : U720 forged disk used in HTRM projegt32 cm).
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The heat treatment of the disk has been adaptéietbl TR specifications, where creep and

thermal stability are of major concern. This heaatment includes a two steps (supersolvus +
subsolvus) solutioning for grain growth ayigorecipitation and a typical ageing sequence for
creep resistance :

- Solutioning at 1157°C for 4 hours, air quenched

- Partial solutioning at 1090°C for 4 hours, oiegehed
- Ageing at 845°C for 24 hours, air cooled

- Ageing at 760°C for 16 hours, air cooled

We can notice that the first solutioning temperatisrvery close to thg solvus temperature
(~1153°C) to closely control thegrain size.

The test matrix, considered as a “minimum requiesd matrix” is presented in Table 2 for
each material condition. Apart from these mechdnests, an analysis of the microstructure
is also performed. Tests for conditions Imod, Itdf have not been performed since the
JRC carburization facility was not yet availablgret end of HTR-M project.

Test / n° of specimens T (°C) I rhod Il 11
20 2 2
Tensile 650 2 2
700 2 2
750 2 2
Creep
~400 MPa (3000h)
~500 MPa (1000h) 750 4 4 2 2
LCF (3Ag) 650 4 6 10

Table 2 HTR-M Test matrix for U720 disk material.

1.2 Blade material

The Directionally Solidified grades were supplieg Boncasters GmbH. Bars with a
cylindrical geometry@ 16 mm * 150 mm) were ordered in the “heat treatsmlidition. The
total cost of these materials (45k€) was equalireth by CEA and JRC.

Finally, Doncasters delivered the following bars :

- 48 bars of IN 792 DS (heat RC415) received in m&@63 with a solution heat
treatment (vacuum 1180°C/2h, cooling rate 30K/maijut

- 30 bars of CM 247 LC DS (heat X4012) received iry®a03 with a solution heat
treatment and aging (vacuum 1220°C/2h + 1240°C/2l246°C/2h cooling rate
80K/minute + vacuum 1080°C/4h/forced gas circulatio 900°C/8h/ forced gas
circulation).

All test bars have been subjected to a “Dye Penelngpection Examination” and a “X-Ray”
examination to ensure that no cracks or open pgssiere present.
The chemical composition of the test bars is givehable 3.
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C Si Mn Cr | Mo | Ni Ta Ti W Co Fe Al Hf \ Zr
CM 247 | 0.074| <0.03| <0.03| 8.160.43| Bal.| 3.21| 0.68 9.5b 9.364€.03| 5.63] 1.42| <0.030.015
Cu B P S Pb| Ag Bi Te Tl Sh Sn| Zn Cd
<003 00155 <0005 6ppm <2ppm <2ppm <0.3)pm <1ppm <1ppm <3ppm <3ppm <2ppm <O.5me
C Si Mn Cr Mo Ni Nb Ti Ta Al Fe Co | Cu Hf W
IN792| 0.079| <0.05 <0.05| 12.63] 1.82| Bal <01 391 418 3.52 002 9.08 0.03 1.34
B Zr P S Ag As Bi Mg N O Pb Se Te Tl
0.017| 0.02| <0.002<20pm| <0.Ippm| <5ppm| <0.Ippm| <6ppm| <1Ippm | <1 2ppm | <0.3pm | <2ppm | <1ppm | <0.Zpm

Table 3: Chemical composition of IN 792 DS and CM 247 LC bi&le materials. (weight %).

Heat treatment problem with IN 792 DS:

Unfortunately, we only discovered in September 2@0&t the IN792 material was not
properly heat treated by the manufacturer (a sesohdioning step (1080°C/4h) and the final

4.25

aging (845°C/24h) were missing). When this probleas discovered, some IN 792 bars were
already machined at CEA and some others had stari€®00 hours thermal aging at 850°C

(HTR-M1 program).

It was therefore decided to re-start the whole hegtment on the aged bars and to simply
add the missing HT steps to the other bars. Agewmg then restarted “from zero”.

The HTR-M mechanical test matrix is presented ibl@a for each material condition. The
HTR-M1 test matrix presented in Table 5 is defif@dIN 792 DS material aged 10000 hours

at 850°C.
Test / n° of specimens T (°C) I rhod Il [l
20 1 1
Tensile 750 1 1
800 1 1
850 1 1
Creep
x MPa (3000h) 2 2* 2 2
y MPa (1000h) 850 2 2* 2 2
z MPa (5-10 kHr) 2 2 2 2
Table 4 : HTR-M test matrix for the blade allogs: only 1 specimen for CM 247)
Test / n° of specimens T (°C) I rhod Il 11
20 1
Tensile 800 1
850 1
Creep
x MPa (3000h)
y MPa (1000h) 850 3 4 4
Table 5 : HTR-M1 test matrix for IN 792 DS aged@D hours at 850°C.
Rapport techniqgue DTEN/DL/2005/013 Page 9/44
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lll. Experimental results on forged U720 disk material

I11.1 Microstructural examinations

A detailed analysis of the material structure waggrmed by optical metallography. Figure 2
shows the different phases that can be seen withiecional metallography : primary and
secondary’ precipitates and carbides at thgrain boundaries.

Secondary y ]
Non-dissolved

primary y

AN

Grain boundary
carbides

Figure 2 : General microstructure of forged U720.

The first examinations have shown a large varighifi the grain size with the location of the
observed area in the disk. Therefore, it was déctdeperform a full mapping of the grain

size within the disk. For this purpose, a thinesl{ mm thick) was cut in the middle of the
disk. This slice was then cut in 10 parts for asiexasurface preparation (polishing, etching).

Figure 3 shows the results of this macrographierexation. We observe a typical “texture”
of forged materials. The four parts presented gufé 3 were then analysed with optical
micrography, and the results are presented in Eigua) to 4 (d) .

The grain size is heterogeneous, with bands ofseograins (50@um) separated by areas
where the grain size does not exceeduB0 This duplex grain size is the combined result of
forging and heat treatment. During forging, primgamma prime precipitates are distributed
within the material with a non uniform localizatiodoreover, all the primary have not the
same precise dissolution temperature, as a reSddical chemical segregations during the
ingot remelting and conversion. When the supersoheat treatment is applied (T°=1157°C,
just above V¥ sowg, sSomey will dissolve, allowing they grains to grow, and some will not
dissolve and pin the grains.
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These microstructural observations show the diltfjcto achieve a uniform grain size with
forged U720 during the supersolvus heat treatnmanipcal variations in thg chemistry can
lead to grain sizes varying from 50 to 50.

Measurements of hardness have also been perfonmtée disk , near the surface and in the
bulk. Because of the heterogeneous grain size h#rdness scatterband is large and no
surface/bulk effect was detected. The “averagediness of the material has been measured at
410+15 HV30.

As a consequence of microstructural heterogenetdgh specimen has a label that can be
related to its location within the disk. The preclecation of each specimen can be found in
Appendix 1..
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figure 3(a)
/ figure 3(b) .
] A
80 mm
1 20 3 4 1§ & I 2]3 9 (1D
// v

320 mm
figure 3(c)

figure 3(d)

Figure 3: Macrostructure of a 2 mm thick diametral cut of m‘ﬁrgd dsk.
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@) (b)

(©) (d)
Figure 4: Microstructural observations of U720 digk). HY1/1 (b) HY1/2 (c) HY1/5 (d) HY1/10.

TEM examinations

TEM examinations have been made on the part H¥ith, thin foils machined near the
surface and in the bulk of the disk. No differeicéne precipitate size, nature or morphology
was detected, and therefore only the “surface” nlag®ns are shown in
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Figure 5 and Figure 6.

Figure 5 shows the secondary and tertiary gamnmaegprecipitates in the matrix and Figure
6 shows primary within grains (b) and at the grain boundaries @jmaryy at the grain
boundaries are often surrounded bys®4 carbides. Some primarny within the grains are
also surrounded by pMCs carbides.

Secondary y

Tertiary y'

Figure 5 TEM observation of the smallegtprecipitates.
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carbides

(a) (b)
Figure 6: TEM observation of the primayyprecipitates and carbides.

To conclude on the microstructural study, we cantbat the U720 forged disk delivered by
Aubert&Duval has a microstructure with the followiparameters :

- The grain size ranges from fugn to 500um (duplex grain size).

- Three populations of/ precipitates are present : primagy (¢ = 2-3 um),

secondary’ (@ = 200-650 nm) and tertiagy (¢ = 50 nm).

[11.2 Tensile properties

Tensile tests have been performed at 20, 650, OT50°C with a strain rate of 5.6 A
detailed analysis of the results is given in Apperiz] together with the tensile specimen
geometry. In the following analysis, the results eompared to the usual properties of forged
U720 with a supersolvus heat treatment. The cooredipg data have been given by A&D
and are presented in Appendix 3.

The Figure 7 shows the tensile curves that wererded.
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Figure 7 : Tensile stress/strain curves obtainetd 20 forged material.

Figure 7 shows that ductility is slightly increagiwith temperature but remains correct for all
temperatures. At room temperature, rupture occutisowt necking. It also shows that the

hardening capability of U720 decreases with tentpeea The results are not really scattered
despite of the microstructural heterogeneity. Moeszp the observed scatter could not be
attributed to the location of the specimens withia disk.

Figure 8 compares the 0.2% yield stress (0.2% RP3foof Stress) and maximum stress
(UTS for Ultimate Tensile Stress) with the dataegivoy Aubert&Duval. We see a fairly good
coherence of our results with the results of tls& dnanufacturer.
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1600
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TTTTUTS, A&D data

1400 1\
1200 LR
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Figure 8 : HTR-M Tensile tests results on forge®¢ompared with A&D data.

[11.3 Impact toughness

Five specimens (KCV) have been machined in the dislf tested at 20°C on a Charpy
pendulum.

The average measured value is KCV =38 J/cni. This value is relatively low compared to
usual values measured on austenitic steels, batsseerrect for a forged superalloy. Failure
under this mechanical solicitation (impact) istigiand inter-granular, as shown in Figure 9.

L A :::;\lrJl Mo

0.OEY- 41

Figure 9 : SEM fracture surface of a KCV impact gbness specimen tested at room
temperature.
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[11.4 Creep properties

Creep tests were conducted at 750°C with stresseging from 400 to 700 MPa. Creep
specimens have the same geometry than tensilensgpei The creep stress is applied at a
rate of 4 MPa/sec, and the creep deformation isoseero just after loading. Details of the
creep results can be found in Appendix 2.

Figure 10 gives the creep strain versus creep tenerded during the tests. Creep times to
failure varied from a few hours to around 3000 lsdor the lowest stress. We can see that the
results are not much scattered, and no relation feasd between the location of the
specimen in the disk and the creep strength.

18 ’|7oo MPai
16 —'650 MPa!
[600 mPa]

550 MPa

14

12 1

450 MPa

=
o
|

400 MPa

[ee]

Strain (%)

I
L]

(o2}

IN

N

o

500 1000 1500 2000 2500 3000 3500
Time (h)

Figure 10: Creep strain versus time for creep &st$0°C on forged U720.

Figure 11, which shows the creep strain-rate vertsme, demonstrates that the creep
behaviour is classical with 3 stages : primary gredere creep rate decreases , secondary
creep with a steady creep rate and finally tert@eep with a creep rate acceleration.

By plotting the minimum creep rate versus the cretegss in a log scale, we can measure the
Norton coefficient n (g/dt = Ac"). We find a value of n=14 over the stress randnus high
value is typical of high strength superalloys wiilee creep deformation mechanism is based
on gamma-prime/dislocations interactions.
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Figure 11: Creep strain-rate versus time for ctests at 750°C on forged U720.

Based on the creep results, it is possible to hee‘ltarson Miller” relationship to plot the
creep stress versus the paramater P based on &uorpeand time to failure. This approach
allow to extrapolate our results to longer timedmother test temperatures. A plot of creep
stress versus the Larson Miller parameter P isepted in Figure 12, together with data from
A&D on coarse grain forged U 720 (U720CG) and fynain forged U720 (U720FG).

1000

\‘\\A A&D data, U720 CG

— ] \

\MN/
+ [ HTRM results 750
v\-\\A‘\.“\‘/
: f
; \
9 i \ \l
] ~
(/2]
100
20 20.5 21 215 22 225 23 235 24 245 25

P = [T(K)]*[20+logtr(h)]*10

Figure 12 : Creep stress versus Larson Miller patamfor forged U720, compared with
A&D data for fine grained (U720FG) or coarse grairfed720CG) alloy.
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Figure 12 demonstrates that the effect of the gsaa is more pronounced at low stresses
(high temperature), where the intergranular medmsidominate. For creep at high stresses
(low temperature), the U720 with a subsolvus hesttinent (U720FG) has the highest creep
resistance.

Larson Miller plot for 1% creep strain.

The Russian team working on ISTC project linkedhle GTMHR design has set materials
miminum required properties for the turbine disks,the case of cooled and non-cooled
designs [ISTC2002]. These criteria consist of miommrequired stresses for a lifetime of
60000 hours with a creep strain of 0.2% and 1%. Talgle 6 gives a summary of the ISTC
criteria. These data can be plotted in a LarsoreMplot corresponding to the time for 1%
creep strain, as shown in Figure 13. Figure 13 osyesents the “cooled option” from ISTC
data as the extrapolation needed to compare HTRMtseto data for the non-cooled design
is far too large (P=27.1 in this case).

Max. T°inthe| ogo" ol

disk (MPa) (MPa)

. 650°C 270 295

Cooled disks 700°C 174 500
Non cooled disks 820°C 74 100

Table 6: ISTC creep design criteria for GTMHR turbine disks

1000

HTRM results

Stress (MPa)

ISTC criteria

A

100
18 19 20 21 22 23 24 25

P = [T(K)]*[20 + logt 154(n)]*10°

Figure 13: Larson Miller plot for 1% creep straldTR-M results) together with ISTC 1%
creep design stresses for cooled disks.

Figure 13 shows that the forged U720 material pcediby A&D does fulfil the ISTC criteria
for cooled disks. This emphasizes the need foriegahe turbine structures to ensure the safe
operation for long term and to allow the use olstdial superalloys like U720.
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Creep damage

The fracture surface of crept specimens at 750°@eud00 MPa and 700 MPa has been
observed by SEM. Figure 14 shows that the failuoglen(intergranular or intragranular) is
difficult to determine. Therefore, longitudinal $eas of broken specimens were polished and
slightly etched to reveal the nature and locatibsezondary cracks.

Figure 15 shows two optical micrographies of spetistested at 400MPa and 700 MPa :

- Atlow stress (400 MPa), the damage (secondaryksjas essentially located near
the surface and at the grain boundaries.

- At high stress (700MPa), only a few secondary saie observed in the bulk of
the specimen, and most of them are intragranusokst

\\

W

Lel ‘Wl
=13 8.3 U000 loge

(a) (b)

Figure 15: Longitudinal cross-sections of specimens cregD@tMPa (a) and 700 MPa (b).
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Figure 16: SEM observations of a longitudinal cross sectibrerept specimen (400 MPa)
with external (g) and internal (g oxidation.

The damage observed for low creep stress at 750fé€lated to a SAGBO mechanism (Stress
Accelerated Grain Boundary Oxidation). This mechaniis due to a transport of oxygen
atoms at the grain boundaries from the surfaceirlgatb a local oxidation. This local
oxidation can lead to a dissolution of fighase in the vicinity of the cracks, as obseread
Figure 16.

These observations of creep damage prove thatithare“environment” effect for creep tests
in air at 750°C at low stress. As the targeted iappbn is in impure helium, the effect of
environment on the creep properties will need tcabalysed in more details within future
studies.

I11.5 Fatigue properties

The Low Cycle Fatigue (LCF) tests have been comlion U720 forged material in the state
‘1” of the test matrix (see table 2). As it was thsefor creep, the objectives of these tests are
to establish a database that will be used to coenpfeg results obtained on carburised or
decarburised disk material.

The results of these tests are compared with Ilgkdjghic data obtained by CEA during a
recent EC funded project on forged U720 [Burlet. 03jis comparison allows to determine
whether the fatigue properties of U720 are modisedchot by the specific forging and HT
sequences applied to the HTR-M disk material.

The complete results of the five tests performedsammarized in appendix 2.
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Figure 17 presents the hysteresis loops (stressivestrain) for the 4 LCF test conditions at
Nr/2 (mid-life). Figure 18 shows the mimimum and xmaum stresses versus the cycle
numbers. Both minimum and maximum stresses arestabje within the fatigue life.

Figure 19 represents the fatigue strength of HTRBK dnaterial in comparison to the
bibliographic data. It can be seen that HTRM mateexhibits a slightly lower fatigue
strength. This could be attributed to the graie $ieterogeneity and the presence of few very
large grains.

1200 7 ——eps max = 0.6%
i ——eps max =0.7%
800 ——eps max = 0.8% "j‘:‘f I/
L A EPS max = 1':'.,':':, //
= 400 | It ffff
ﬁ fit .r'f/ _f-""‘,-:"'/,
1 . "
|~ ‘/ﬂf /
800 +———
0.0% 0.2% 0.4% 0.6% 0.8% 1.0%

strain (%)
Figure 17 : Stress-Strain curves of U720 LC testddCF at 650°C (plotted at cycle/8).
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Figure 18 : Stress versus cycle number for U72Qdsted in LCF at 650°C.
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Figure 19 : Comparison of the LCF strength for HTRMW20 forged material with

bibliographic data found in [Burlet03].

An analysis of LCF damage was performed by exanoinaif longitudinal cuts of specimen
at the end of the tests. After polishing and etghiRigure 20 shows that the damage is
transgranular, with cracks starting from the swfac

Figure 20 : SEM observation of a longitudinal ctitdy20 LCF specimen tested wighax =

0.7%.
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IV. Experimental results on blade materials.

V.1 Metallography

The structure of CM 247 LC DSis observed by optical microscopy for sectionsafalrto
the grains (001 direction) and perpendicular to gr&ns. A piece of the test bar labelled
ABO0746-5 (p16 mm, | = 150 mm) has been cut for metallograpi@mination.

Figure 21 shows a general view of the grains. Tiaéngaverage width is 150m. Figure 22
shows a view of the structure parallel to the graibhhigher magnification. We observe some
misorientations and the presence of carbides aabsavith primary eutecti¢ phase.

Figure 23 represents a view of the structure withoamal orientation with respect to the
grains. Residues of casting micro segregation andrite structure are still visible, and a few
microporosities are also revealed

When compared to usual DS blade alloys, CM247 LIByakeem to show the usual
microstructural aspects.

Figure 21 : General view of CM 247 test bar mianodure (specimen width=16 mm)

Figure 22 : Microstructure of CM 247, orientatioarallel to the grains, at low and high
magnifications.
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e mx,ué

Figure 23 : Microstructure of CM 247, transversiemation, at low and high magnifications.

The microstructure of IN 792 DS for sections pa&laib the grains (001) and perpendicular to
the grains are presented in Figure 24 and FigureNa5microporosities were observed, but
the chemical segregation observed in the transw#irsetion seem to be more pronounced

than for CM 247.

500 pm
Figure 24 : Microstructure of IN 792, orientatioarallel to the grains

Figure 25 : Microstructure of IN 792, transverseotation.
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V.2 TEM

TEM observations of the microstructure have bedy parformed for CM 247.

TEM examination of the microstructure has been mawe piece of test bar n°® AB0746-5
(same as for metallography). Thin foils are cutainplane normal to the (001) growth
direction.

Figure 26 (a) and Figure 26 (b) shows a general wiethe microstructure. We observe the
gamma prime precipitates in the gamma matrix. {fiseze is uniform except in areas close to
the large primaryy where a very smally distribution can be seen. Low angle grain
boundaries are decorated with small precipitatégu(E 27(a)) that have been identified as
phases enriched in W, Cr and Ni. These precipitaéesn to have a chemical composition
corresponding to the so-called phase”. A few very large precipitates are als@elised in

the matrix (Figure 27(b)). These precipitates wdentified as carbides enriched in Hf and
Ta.

7Lcosa ‘ LR247LC0S AB0746
’> B e i O
Figure 26 : General TEM view of CM 247 LC DS struet
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Figure 27 : TEM images of precipitates at low angflein boundaries (a) and large carbides

(b).

IV.3 Tensile properties

Tensile tests have been performed at 20, 750, 88®50°C with a strain rate of 518" for
both CM 247 and IN 792.

A detailed analysis of the results is given in Apgie 2, together with the tensile specimen
geometry. These results will serve as a basisdomparison with the tests in the metallurgical
states Il, Il and dog

Figure 28 presents the yield stresg 443 of both grades at various temperatures. CM 247
shows a better yield strength than IN 792, espgcatl 850°C. The same trend is seen in
Figure 29 for Ultimate Tensile Strength (UTS).

For rupture strain, the two grades show equivalatd except at room temperature where the
IN 792 ductility is rather low (Figure 30).
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Figure 28 : Comparison of 0.2% Yield Stress for 4¥ and IN 792 from 20°C to 850°C.

1400
mUTS CM 247
1200 BUTS 732 [
1000 -
= 800
CL
= 500

400 4
200

20°C Ta0tc s c 250

Figure 29 : Comparison of Ultimate Tensile Strems @M 247 and IN 792 from 20°C to
850°C.
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Figure 30 : Comparison of elongation at ruptureGt 247 and IN 792 from 20°C to 850°C.
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IV.4 Creep tests

As for other mechanical properties, these resulisserve as a basis for comparison with the
tests in the metallurgical states I, lll angd The comparison with these states will be done
within HTR-M1 project.

Creep tests were performed on both IN 792 and CRigzddes at 850°C in air. Creep stresses
were selected to match the rupture times plannetthentest matrix (~1000h, ~3000h and
~9000h). The details of tests conditions and resark given in appendix 2.

The stresses selected to obtain 1000h, 3000h ad@0~® to rupture at 850°C are based on
bibliographic data found on these materials [ASNM7]9

- for CM 247 LC DS, 275 MPa (9000h), 325 MPa (3008 375 MPa (1000 h)
- for IN 792 DS, 225 MPa (9000h), 275 MPa (3000h) 328 MPa (1000 h)

The Figure 31 shows the creep curves obtained fdr2&7 at 850°C. It can be seen that the
targeted times to failures are reasonably weliregth For the lowest stress, the test is still in
progress and the result will be analysed within FNIR project.

Figure 32 shows the creep curves for IN 792. Like €M 247, it seem that the times to
failure will match the required values. The testoatest stress will also be continued within
HTR-ML1.

40
35 f

' 375 MPe 325 MPr
a ;: ,7L
20 '
- / ]/

i Yy
12 ,«" / fﬁ !E:]’
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—
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Figure 31 : Creep curves obtained at 850°C for @Vl grade.
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Figure 33 compares the measured creep rupture tmtasresults from the bibliography
([ASM 1997]. It shows that our results are consisteith bibliography. As for tensile
properties, it can also be noticed that the crelegmgth of CM 247 is superior to that of IN
792.

25
20 I
P 125 MPs ] !
= 15
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Figure 32 : Creep curves obtained at 850°C for9R grade.
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Figure 33 : Comparison of CM 247 and IN 792 creapture properties, with the classical
Larson-Miller representation.
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V. Experimental results on the carburization facility at JRC

To test the HTR-M turbine and disc materials atdgeced two extreme conditions — in the
carburised and de-carburised conditions — the spew from the as-received materials had to
be “pre-treated” at a temperature 950°C in Ar + 2% methane fobuadring and in Ar +
50Qubar H, + 5Qubar HO for de-carburizing. This pre-treatment was spediby FZ Juelich
based on their previous experience with similaremals.

A special facility had to be built for these treams, but due to unavailability of technician
manpower the fabrication of this facility was sesty delayed. The facility consists of a
furnace with a specimen chamber with a 45mm diammte a homogeneous temperature
zone of 200mm. A gas mixture can be fed through gpecimen chamber. For the de-
carburisation treatment a moisturiser will be usedrovide the small moisture content.

When the construction of the equipment was comgleiethe beginning of 2004 it did not
function properly as an automatic safety shutdovas wiggered at random intervals. The
reason for the shutdown remained unknown as thé&alosystem gave an erroneous error
code, which did not help to locate the problem.alinproblem was solved and the system
was in running order, and in July 2004 the firsinthoy carburisation test on pieces of IN617
material (from another project) was started. Aftex treatment the pieces were analysed by
FZJ confirming that a carburisation depth of 0.9nas achieved. Also some shrinkage
porosity and internal oxidation of Al was observedhis layer, see Figure 34.

The original planning had been to pre-treat spegiblanks and machine the specimens after
the treatment, but because carburisation took ptadg on the surface then machined
specimens had to be treated instead. Even thewhbk specimen cross-section will not be
carburised, but a reasonable proportion of the sesestion will be affected by the
carburisation and the effect on creep propertidisowiobserved.

The depth of de-carburisation is not yet known dose at the time of writing this report only
the first batch of carburisation is being completed after this the second carburisation
treatment will take place, and only after thesettin@ de-carburisation treatments will begin.
All the treatments and associated mechanical ggstii be completed within the extension

period of the HTR-M1 project.
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Figure 34 Carburisation and internal oxidation of Al in a & surface layer in a dumr
test specimen of IN617 after the carburisationtineat in Ar+2%Cl, at 95(°C, 1000l
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VI. Conclusion

This report gives the final results of mechaniests obtained on disk and blade materials
evaluated in the HTR-M Project.

Forged Udimet 720 was selected for the disk. Despitthe heterogeneous grain size, the
tensile, creep and fatigue properties measureac@rect, and the creep mechanical criteria
for the design of cooled disks is fulfilled.

For the blade grades (CM 247 and IN 792 with dioeal solidification), it was shown that
the microstructure and properties are coherent wathal properties of this type of materials.
For tensile and creep tests, CM 247 shows bettgrepties (higher strength or lifetime) than
IN 792.

Before the end of the HTR-M1 project, additionalrvavill be done on blade materials with
the final results of medium term creep tests anéaluation of the effect of a 10000 hours
ageing at 850°C.

Tests on carburised and decarburised blade mateitiahlso be achieved within HTR-M1
and compared to the data presented in this rejpootrder to obtain a first assessment of the
effect of the specific HTR environment.
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IX. Appendix 2 : mechanical tests results

Tensile tests

Tensile tests are done with an electro-mechan@@lkN machine, with a specimen geometry
shown in figure A2-1. The gage length of the spetismis 20 mm, strain is measured by a
LVDT connected to metallic arms attached to thgegl The results of tensile tests are given
in table A2-1 for disk material and A2-2 and A2e8 blade material.

]

> 4
—— .

3
rr0x=05 a

Figure A2-1 : Tensile specimen geometry.

Sper(;i;‘-nen File n° (g) Strain rate (s ™) (M%a) Okﬁ/;:)S (k’/;,i) A% | Z%
HY.TRA4 [2003-082| 20 5.10* 964 1017 1374 | 175 | 17,1
HY.TRA6 |2003-083| 20 5.10" 914 998 1393 17 17,5
HY.TRA23 |2003-084| 20 5.10" 888 966 1400 | 19.3 | 18,2
HY.TRA1 (2003-085| 650 5.10* 791 872 1206 | 29.6 | 37,8
HY.TRA3 |2003-086| 650 5.10" 77 896 1208 | 24.2 | 32,7
HY.TRA2 (2003-087| 700 5.10" 802 919 1087 | 279 | 411
HY.TRA12 [2003-088| 700 5.10* 810 936 1123 | 23,5 | 38,3
HY.TRA5 (2003-089| 750 5.10* 768 877 981 | 30.8 | 38,7
HY.TRA7 |2003-090| 750 5.10" 808 900 982 | 21.2 32
HY.TRA24 |2003-091| 750 5.10" 724 834 937 | 224 | 35,8

Tableau A2-1 : Tensile tests results on forged U720 disk material
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Spercei?en File n° (%T:) Strain rate (s ) (M?)}a) Okﬁ){ggs (ﬁ-;i) A% | Z%
AB0747-1 |2003-254| 20 5.10* 838 901 1165 15 18
AB0747-2 |2003-255| 750 5.10* 939 960 1150 | 13.4 17
AB0747-3 |2003-256| 800 510" 979 1054 | 1066 18 22
ABO0747-4 |2003-257| 850 5.10" 778 889 960 | 185 24
Tableau A2-2 : Tensile tests results on CM 247 LC DS blade ndteri
Spercei?en File n° (%) Strain rate (s ™) (M?)}a) Okﬂggs (m;i) A% | Z%
DA9875-1 |2004-045| 20 5.10" 760 860 1065 | 7.4 11
DA9875-2 |2004-042| 750 5.10* 630 800 961 | 14.7 25
DA9875-3 |2004-043| 800 5.10" 510 655 822 | 21.6 30
DA9875-4 |2004-044| 850 5.10" 400 5140 703 | 224 32

Tableau A2-3 : Tensile tests results on IN 792 DS blade material.

Creep tests

Creep tests are performed on 20kN Mayes machinegepGtress is applied by dead weigths
with a 10:1 lever ratio. Creep specimens have #meesgeometry as tensile specimens. Table
A2-4 gives the results of creep tests on U720 frgkoy. Table A2-5 and A2-6 give the

results for CM 247 LC DS and IN 792 LC DS grades.
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Time to x % creep (hours)
Loading De/dt
; T o Tr z -
Spe(r:]l:nen File n° rate A% mini Remarks
0,
(OC) (Mpa) (MPals) (h) (/0) (5'1)
02 | 05 1 2 5
o No
HY.TRA13 - 750 400 3.3 2280 - 18.4 | 0.03 | 257 | 1001 | 1625 | 2177 | 1.8.10 recording
HY.TRA10 | 03-098 | 750 400 33 3395 | 115 | 133 | 70 | 400 | 1111 | 1974 | 2965 | 1.8.10°
HY.TRA14 | 03-079 | 750 450 3.75 1532 | 11.2 | 122 4 6 144 | 584 | 1221 | 55.10°
Stopped at
HY.TRA20 | 03-075 | 750 450 3.75 - - - 19 97 | 280 - - 6.10° | 1% creep,
for TEM
HY.TRA1l | 03-046 | 750 500 4.2 431 | 131 | 186 | 05 | 0.7 | 55 95 279 | 2.5.10°
HY.TRA8 | 03-055 | 750 500 4.2 571 | 128 | 244 | 02 | 1.4 | 39 179 | 438 | 2.10°
HY.TRA19 | 03-065 | 750 500 42 482 96 | 185 | 11 59 | 141 | 263 | 410 | 1.4.10°
HY.TRA9 | 03-045 | 750 550 46 193 | 122 | 152 | 003 | 1.2 13 54 143 | 6.5.10°
HY.TRA15 | 03-059 | 750 600 3.3 47 137 | 211 | 03 | 06 2 9 32 | 2.8.107
HY.TRA16 | 03-068 | 750 650 3.6 13 17.2 | 356 | 0.02 | 0.05 | 0.2 15 7 1.4.10°
HY.TRA21 | 03-083 | 750 700 3.9 7 138 | 304 | 0.03 | 0.06 | 0.2 11 | 45 | 2210°
HY.TRA17 | 03-077 | 750 | 700 38 13 | 137 | 264 | 005 | 01 | 02 | 14 7 | 1.410° W;‘;"J?ié%ad
Table A2-4: Creep tests results on U720 forged material.
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Loading Time to x % creep (hours) De/dt
Specimen T o Tr z ini
e File n° rate A% mini Remarks
(T) | (MPa) (MPals) (h) (%) Y
0.2 0.5 1 2 5
ABO0747-5 01-001 850 325 5.4 2535 36 48 67 448 780 1250 | 1740 3.10-9
ABO747-6 03-115 850 375 3.1 1599 27 48 25 300 490 730 1100 3.10-9
ABO747-8 04-018 850 375 4.2 1286 35 47 160 300 430 600 875 4.10-9
ABO0747-7 04-027 850 325 2.7 2530 22 49 155 350 686 1175 | 1775 3.10-9
ABQ0747-10 | 05-004 850 275 4.6 >3668 | >2.6 - 650 1350 | 2400 | 3300 - 1.10-9 interrupted

Table A2-5: Creep tests results on CM 247 LC DS alloy.

Time to x % creep (hours)
Loading De/dt
; T o Tr z -
Spe(r:::nen File n° rate A% mini Remarks
0,
© | MPa) | ooy Q) %) )
0.2 0.5 1 2 5
DA9875-6 - 850 325 5.4 540 28 40 10 28 75 185 370 3.10-8
DA9875-5 | 04-035 850 275 4.6 1929 20 38 - 120 400 810 | 1390 | 6.10-9
DA9875-7 | 04-034 850 275 4.6 1876 24 42 50 160 420 780 | 1350 | 5.10-9
DA9875-8 - 850 225 In progress

Table A2-6: Creep tests results on IN 792 DS alloy.

Fatigue tests

Tests are conducted in air at 650°C on a 100 kNdwft MTS machine. Tests are “strain
controlled” with a triangular strain signal. Strais measured by a high precision
extensometer placed on the specimen. The extenspieetooled by water to ensure a good
thermal stability. The specimen geometry is givefigure A2-2.

Tests are conducted with a standard procedureG@ér tests on turbine disks superalloys. The
strain rate is maintained at 11" and the test frequency is therefore adapted vhieh t
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maximum strain. The Kratio Emi/Emay IS €qual to 0.05. Tests are stopped when a loag d

of 15% is detected, corresponding to the presehfagigue cracks.

The LCF results on U720 are presented in table A2-7

Name Emax €min NI‘ Omax N r/2
(N = l/ 4) Gmax Gmin Ast Aep ASe
(Mpa) | (MPa) | (MPa) | (%) (%) (%)
HYFAT-8 0.7 0.035 27944 907 924 -283 0.66H 0.00[r7 0.6573
HYFAT-7 0.8 0.04 7640 906 892 -454 0.76 0.021 0.739
HYFAT-9 1 0.05 2691 966 942 -705 0.95 0.041 0.909
HYFAT-11 0.6 0.03 >50000 856 877 -164.5 0.57 0.00p3 0.5p8
HYFAT-12 0.7 0.035 15211 892 895 -322 0.66pH 0.00f1 0.6p8
Table A2-7: LCF results on U720 at 650°C.
[/Todt 97.63
€714 10
/]t = . ws -t /10,01
Q’Q‘ ?ma forégt centrer 4x1
Chonfrein 0,5x0.5 —
~ ’g 7
MAREIs
X
Chanfrein [0,5x0,5
/T [o.01]cH=SE L Jet 2w T Toot]c]
forét centrer 4xl
Figure A2-2 : LCF specimen geometry
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X. Appendix 3 : U720 properties from A&D data

PER 72 T (APPLICATION HAUTE TEMPERATURE)

12 PRODINT 3 Grain fin avee boaee mspectabilite. US (0.6 mm)
FORGEAGE PIECES : Bia. 500 mm - PDS ~ 150 KG

Matrigage “sub-soalvus”

TRAITEMENT THERMIQUE STANDARD : 1L60°CA H /AIR + 1080°C/A4 H/HUILE
+  B45°C24 H/AIR + TOOPCAG H/AIR
Cirain : MOYEN 033 ASTM + Q0 56 ASTM
Détectabilité US: TFF 0.8 mm
PROPRIETES MECANIQUES (TYPIQUES):

Rim Rp 0.2 A Sd %
(N/mm2) {(N/mm3) (%) (%)

Traction : 20°C 1410 a0 18 i8
400°C 1300 ) 15 15

BS0°C 1255 870 20 25

T50*C 1090 790 25 30

BSO°C 10 520 25 33

900°C AL 350 20 0

Fluage ; BOOSCAA00 MPa- 170 h

B50°C/300 MPa - 75 h
OOAC200 MPa - 65 h

— ATIRERT & DITVAT —

= INT1E - |

Streas (MPa)
2

’| « WASPALOY
{ = UT20LI(PERT72)
|+ PERTZT TN
.'u - G — [ N e P it -‘Hl.-ﬂ'a‘. !
18 20 21 22 23 L 25 26 27 8
Larson-Miller Paramater P=(T°K) (20+lcg t)
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