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Co-Re-based alloys: for high temperature gas turbine applications

* Present Status of Co-Re alloy development

« alloy development concept

* Microstructural stability
« Co-matrix transformation: & Sy

» TaC precipitates

* Creep properties

e OQutlook

Technische

1L
N oy |
3 % Universitit 17-21 July. 2016 Beyond Ni-superalloy Il at Cambridge | D. Mukherji | Seite 2 S
(%45 Braunschweig I “,
cP \
Institut fiir Werkstoffe I.I

T 7



Co-Re alloy concept

Melting range: Metallic Alloys “Beyond Ni-Base Superalloys”

DSC /(mW/mg)
T exo Onset*: 1514.4 °C
Onset*: 1517.2°C
Onset*: 1521.4 °C B
0.0

Co-Re-Cr alloy melting range

-0.21

Co-17Re-23Cr alloy 5 K/min

~ 1523° to 1575°C Heating curves 10 K/min
-0.41 20 K/min
-0.61
1600 -0.8;
1 DSC Ts: Solidus Temperature °C
R e 1460 1480 1500 1520 1540 1560 1580 1600 1620
S AN * Temperature /°C
. ] (estimated)
8 1540 +
h_ p
R e
1500 (estimated) Considerably higher
1450 - Melting Range than
| AT .
. Alloy LO (Co-17Re-23Cr) I Ni-superalloys
0 ' &IS I 1IO ' 1I5 ' 2IO ' 25

Heating / Cooling rate (K/min)
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Co-Re alloy concept

Oxidation resistance: Co-Re-Cr-Si system

weight change [mg/em’]

Intenisity

§ A e e

1 f IR P Re

\ s00rc sio,””  Inner et
0.6 - 11 % oxidation ~ ——
1 - T y T T T ? —— ¥ Al \ o
] 1 2 3 4 5 6
——————
time lhl Distance [sm)

Good oxidation resistance up to 1100°C

L K. Hennes, Dr L. Wang, Dr B. Gorr, Prof H.-J. Christ (Uni Siegen)
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Co-Re alloy concept

Alloy strengthening: by carbides

Fine dispersion of carbides in alloys
with Cr, Ta and C addition

Cr2Cs lamellae

\

Dislocations interacting with TaC precipitates
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Co-Re alloy concept

Design considerations : tcp phase

> 20% Cr addition
stabilizes ¢ phase

» fine dispersion of o phase in alloys can be achieved

« can provide effective strengthening with high
ductility

Ly,

(s}
S
3 -8
+5

7, -
[+
,N'Sc\'\@

%‘a Technische

% Universitit 17-21 July. 2016 Beyond Ni-superalloy |l at Cambridge | D. Mukherji | Seite 6
'S Braunschweig I \\
Institut filr Werkstoffe ,||
sy



Co-Re alloy concept
Design considerations : grain boundaries in polycrystalline alloys

Tensile Test at room temperature

1400
1200 - - . . _
Boron addition mitigates environment
1 embrittiement and improves ductility
— 1000
©
o
= 800+
7))
8 600 -
% Polycrystalline Co-Re-Cr
400 - :
_ alloy is stronger than SX
0 Co-17Re-23Cr Ni-superalloys
Co-17Re-23Cr + 500 wt.ppm B
0 | ! ] ! | ! | ! ]
0 5 10 15 20

Strain (%)

15 1276
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Co-Re-based alloys: for high temperature gas turbine applications

* Microstructural stability

« Co-matrix transformation: & Sy

» TaC precipitates
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Co-Re-Ta-C alloys

Microstructural stability:

Carbon C (at. %)

10 20 30 40 50
T T |

I
Liquid

* In order to study TaC precipitates Co-Re-Ta-C
alloys investigated [ C/Ta — 0.5y to 1.0y]

4000 - L+TaC, TaC+L
« This ensured no ¢ phase and Cr-carbides in the 3600 K 2680 K
alloy 3500 -L+Ta(c i
: +p-Ta,C,
./ 3105K T . . oG 4G
. aC, +
« Study — TaC morphology and stability and Co 3000 _/ o) (e "?’_’rrf;f s
matrix transformation e
< 2500 | Ta(C)+f-TaC, | ~2400K il
« Binary TaC is stable to very high temperatures a BTaC)

but in Co-Re system its stability not investigated 2000 ~1950 K C-Ta,Cay

« Binary TaC is not a stoichiometric compound

e " 1500 | aTa,C, = |
and exists in wide composition range

h

l
. . . 1000 | T T -

« Other Ta-carbides can be also stable in this HOeTety 1l | 1,
composition range . | } i rac,
1 1 1 1 l | ] 1 { str 1 TaIBCEtx
0.0 02 0.4 06 08 1.0 12
y=C/Ta
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Microstructural Stability
Co matrix transformation: < (hcp) s v (fcc)

f‘f@'f'.;

Un transformed

g

*1! Transformation:

On heating—  Co (hcp) > SF + MT - Co (fcc)

o ]
\,

it

' D fan "a‘ “y“. 1 On cooling—  Co (fcc) > SF + MT - Co (hcp)

j =

Co-17Re-1.2Ta-1.2C (1 Oy) alloy ST + 1100°C

Lower C/Ta ratio in the alloy
higher Transformed region

TU Braunschweig 2um Arbeitsabstand = 4 mm Signal A = SE2 Datum :13 Mai 2016
Inst. fiir Werkstoffe — Vergréfierung = 10.00 K X Signal B = SE2 Zeit 14:17:17

Hochsp. = 5.00 kv Dateiname = G16-02885 tif

Co-17Re-1.2Ta-0.6C (0.5y) alloy ST + 1100°C
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Microstructural Stability

Co matrix transformation: < (hcp) s v (fcc)
EBSD Co-17Re-1.2Ta-1.2C (1.0y) alloy ST + 1100°C

1Q + IPF % Phase Map
'

i
Un-transformed

Transformed region is a mixture of € + y phases
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Microstructural Stability

Co matrix transformation: < (hcp) s v (fcc)
EBSD Co-17Re-1.2Ta-1.2C (1.0y) alloy ST + 1100°C

[ 3 ! ?-.-'.. N u \ "';_;._ %, ] :;_:I-‘ Ph M
Transform reglonl N TN SO T ase Map
N . i % iy W O~
o . ' S, e T, g ;
"‘ : P TR T N \,_—;'«-d
- e . R R
Transform region || (BN W i W Ve B
s i R IR T e

Transformation Transformation
Region | Region Il
(e Co + SF and MT) (eCo+yCo)

Transformation occurs through SF and MT formation
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Microstructural Stability

Co matrix transformation: < (hcp) s v (fcc)

Phase Map

Transformed regions are rich in Co and
Un-transformed regions rich in Re
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Microstructural Stability
Co matrix transformation: < (hcp) s v (fcc)

In-situ v Co (200) peak
neutron diffraction L L B BN B LR B LI UL L LN I T T S0
[ | —a heam T C/Ta-0.9
* v Co (200) peak evolution | +15Cr 1 1
during heating and cooling ~ §swe - + {w0g
r T z
« Left side alloys with Crand ~ gaeof- F— —:mi
right side alloys without Cr : :
« v Co retained to RT in CoRe-TaC-09y-ST ]
aIonswithoutCr — = e e e
L 4 50 CoReSCr-TaC-09y-ST | CoRe-TaC-05y-ST 5 350
»  Metastable y Co transform  mof I ."",/'/W oo
to stable ¢ Co on heating [ : A I E o
(see hold at 900°C) il B : §
« Allotropic ¢ S ¢y Co El-‘m; ‘i““'ﬂé
transformation OCCUrS o 1 1000
above 1100°C. . :
o C/Ta-0.5 El

Temperature {*C) Temperature {*C)
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Microstructural Stability

Co matrix transformation: < (hcp) 5 y (fcc)

100 L
| | ——Co-17Re-23Cr aa
= Co-17Re-23Cr + 200 B /‘/A" ‘A,‘
> 80 L Co-17Re-23Cr-1.2Ta-2.6C Alloy with /| »  Co has allotropic
S A" o phase £ transformation
g | "...-.::3‘0’:3:"" . . A/:'. omy/‘/ T from ¢ (th) to Y
T g0 Cooling . ...l ¢ o/ / | (fcc) phase
:;é /| /'. ; ‘/ J ‘/ e In thre Coitis at
- 1 J Alloy containin ¢ N / 2 A/ 1 417°C
@ | Carbide e | . L. / .
() J Carbides and  phase / 4 « The transformation
8 404 / . J S / 7 is composition
f: ] . // ..‘;";za ;“ ; / | dependent
3 / | /T c"%"i‘ / - In Co-Re alloys
e 204 / / y [ . /A/ 7 the transformation
S l / » /.' / temperature is
= 1 ! Co-17Re | R £/ Heating ] high > 1000°C

1100 1150 1200 1250 1300 1350 1400 1450 150(
Temperature (°C)
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Microstructural Stability

TaC precipitates: morphology and stability

Low C alloys:
100% Transformed Matrix

& V curr WD HFW mode | mag B3 | bias | tilt — 50 pym ———
4R | 2500kV | 0.80nA | 4.2 mm | 298 um | All 500x |0V |0° Institut fuer Werkstoffe

Co-17Re-1.2Ta-1.2C (1.0y) alloy ST + 1100°C

{

| ®EE pnill I S RN High C alloys:
\ HFW mode | mag EH | bias | tilt det H
| 25.00kV | 1.6nA | 3.9 mm OV |0° | CBS Institut fuer Werkstoffe Large CUbOIdal TaC
Co-17Re-1.2Ta-0.6C (0.5y) alloy ST + 1100°C
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Microstructural Stability

TaC precipitates: morphology and stability

A wide variety of TaC precipitate
morphology is possible

“i’) HV curr WD HFW mode mag B3 | bias | tilt det —_2ym —
& 4* | 2500kV | 1.6 nA | 5.0mm | 9.95 pm | All 15000x | OV |0° | CBS

A very fine disperssion of TaC
(less than 10 nm spherical particles)

"'51 HV curr WD HFW mede | mag EH | bias | tilt | det ot 4 L1 E—
4* | 25.00kv | 1.6nA | 5.0mm | 9.95 pm | SE 15000x | OV |0° | ETD

ANLL
o .':'6'{
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Microstructural Stability

TaC precipitates: morphology and stability

A wide variety of TaC precipitate
morphology is possible

HY curr WD HFW mode nag bias | tilt et ——5m

% |
U 1 25.00kv | 1.6 nA | 3.9mm | 18.7 pm | All 3] °C Institut fuer Werkstoffe

Short and long needle-like
TaC precipitates

VY curr WD HFW mode nag bias | tilt et — 10 pm ——————

%
A 1 25.00kV | 1.6nA | 3.9mm | 42.6 ym | All °|C Institut fuer Werkstoffe
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Microstructural Stability

TaC precipitates: morphology and stability

A wide variety of TaC precipitate
morphology is possible

HV curr WD HFW mode mag B9 | bias | tilt —_ 2 ym —

§fp
* | 5.00kv | 0.80nA | 2.1 mm | 9.95 pm | SE 15000x |0V |0O° Institut fuer Werkstoffe

Relatively coarse and also lamellar
TaC precipitates

oy HV curr WD HFW mode mag B | bias | tilt 4 pr11+'
4~ | 500kv | 0.80nA | 21 mm | 14.9pm | SE 10000x OV |0° Institut fuer Werkstoffe
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Microstructural Stability

TaC precipitates: morphology and stability

mag FH | bias det | '—-10 pm —
2500x | OV |0° | CBS Institut fuer Werkstoffe

Co matrix transformation affects TaC precipitates
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Co-17Re-23Cr-1.2Ta-2.6C

Some Recent Results: synchrotron measurements

Measurement at Harwi Il (DESY) &0 (111)
| Intensity
- ramge
880 | 2 880-900
o S T&0-880
* 8 B80-780
> 3 S n % 480-560 Long term
. 580 - = & 8 24 = 380-480 microstructural
- j - o " 280-380 stability during
R | ' | ! o application in
E sl gas turbine is
very important
280 | 1214 E’
1064 J
TaC [111) / r
B e CraC, 420) ..nﬂlwi Ta (200) CrnCqf422) eCofoD2 | %4 g5
2.65 270 ———— / o
= 3.06 3.19 R ek
26 Angle (°)

In-situ diffraction show TaC precipitates are stable upto 1200°C

1Lk

R. Gilles, D. Mukherji et al, J App Cryst. (2016) 49 in print
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Co-17Re-23Cr-1.2Ta-2.6C

Some Recent Results: neutron measurements

00:00 12:00 24:00 36:00 48:00 60:00
Time [hh:mm]

=N
-

2.0%10™ 1

5
10
) 1600{ "__
10 1400
‘5‘1200- .
[p— 3 E
by 10 Emm 6.0x10™"
ﬂh‘! 3_300-
- E 600
'E 102 - ] J 4,0%10° -
Q
[
&
=
W
©

—<— RT no furnace
—— [0-60 min] at 1533 K
[180-240 min] at 1533 K
—— [420-480 min] at 1533 K
—— RT after HT

0.01 o1 1

0.0

0 20 40 60 80 100 120 140
Diameter / lamallar thicknass [nm)

Size distribution TaC (volume weighted) [a.u.]
Size distribution Cr,.C, (volume weighted) [a.u.]

s
e o
- o

r

In-situ SANS show TaC precipitates remain fine (< 100 nm)

e ] R. Gilles, D. Mukherji et al, J App Cryst. (2016) 49 in print
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CoReTaC alloys

Creep Results: compression creep

ST: - only few precipitates

Compression Creep Test Co-17Re-1.2Ta-0.8C (0.7y) alloy | > /v~ [N precipitates
o0d  1000°C /50 MPa

TaC precipitates provide
creep strengthening

ST Test-1
ST Test-2
ST+1100°C/4h+1000°C/24h Test-1
ST+1100°C/4h+1000°C/24h Test-2

|
222 250

| | | T
0 28 56 83 111 139 167 194

Time (h)
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CoReTaC alloys

Creep Results: compression creep

Compression Creep Test

J 10000C / 50 MPoa ° H|gh C a||0yS had
higher amounts of
T ™ TaC phase
1E-06 - * Low C alloys had
; ] finer TaC precipitates
& ]
s |
M
& ]
-
< ]
72 TaC ipitat
1E-07 - aC precipitates

morphology and size
can be tailored through
heat treatment

T CoRe-05y STA
] - CoRe-07y STA
1 - CoRe-09y STA
- CoRe-10y STA

|
0 2 4 6 8 10 12 14 16 18 20
Strain (%)

% Technische
Universitit 17-21 July. 2016 Beyond Ni-superalloy Il at Cambridge | D. Mukherji | Seite 24

'~ Braunschweig
¥sce

Institut filr Werkstoffe




Summary & Outlook

% Co-Re alloys show great potential for development and in-situ measurements
with synchrotron and neutron provide tools for understanding the alloy system

% TaC precipitates are effective in providing high temperature strengthening

% Co matrix transformation can be exploited in tailoring microstructure and
precipitate dispersion, however, the transformation temperature should be
pushed to temperature higher than the envisaged application

Outlook:

1. Directional solidification and single crystal growth studies are essential for blade
application: initial studies indicate there are significant challenges posed by the Co-matrix allotropic transformation.

2. Oxidation resistance of Co-Re alloys must be improved to higher temperature: investigation
Jointly with Universitéat Siegen is in progress.
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