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Objective:
Materials for use in gas turbines at > 1400°C / >10,000 h

= (i) FIBER composites (enabling damage tolerance — thermal shock stability)

(i) OXIDES (because of limited thermodynamic stability of non-oxides > 1400 °C)
— higher creep rates of polycrystals compared with optimized non-oxides

= SINGLE crystalline fibers.

Technological Objectives for Processing:
(1) END Ibers (for flexible, different progessing approaches)
()T N fibers (easily deformable, e.gffor winding)

(ii1) available B 8N D L E S (~ 400 fibers/bundle % giving sufficient volume)

not available New —
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New Approach

Use of commercial (= available, affordable !)
polycrystalline oxide fibers

(example: Nextel 610 Al,0,) \
| “ s R TN B Processing

(coating, shaping e.g. by winding)

S Fiber — Re-Crystallization
e p— (annealing, e.g. 1750°C/1h/ Ar)

\

(optional: post — infiltration)

| [ HHH
[ HH
IKTS

Fraunhofer Institut

Keramische Technologien
und Sinterwerkstoffe
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Strength & Damage tolerance at room temperature:

First tests of plane samples Tests of tubes (rings)
in tension in diametral compression:

Strength =
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Challenges:

(1) Degree of re-crystallization

0 Requested length of single-crystalline fiber-segments for minimum creep ?
O Possible degree of re-crystallization ?

(2) Re-crystallization with minimum sinter-bridging

(> damage tolerance!)

(3) Re-crystallization with tailoring fiber/matrix binding

(—> damage tolerance, total creep)
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Challenges:

(1) Degree of re-crystallization

O Regquested length of single-crystalline fiber-segments for minimum creep ?

1400 °C - 200 MPa

1.E-05
. — Resulting total creep rate
% 1.E-06
S 1\ e Creep by diffusion
Qo
o 1.E-07 Creep by dislocations (single cryst.)
Q. o
O1lEO08F - .
A [ S
O ..................
1.E-09¢ 0 TTmeeen
By courtesy of A. Neubrand etal.,, e
Fraunhofer IWM, Freiburg, Germany.
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Challenges:

(1) Degree of re-crystallization

0 Requested length of single-crystalline fiber-segments for minimum creep ?
O Possible degree of re-crystallization ?

x500

Ar [/ 1750°C / 1h
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(2) Re-crystallization with minimum sinter-bridging
(> damage tolerance!)
at 1750 °C /1 h / Ar

= Need of mineral
diffusion-blocking coatings

M — commercial
no coating, precursor
W carbon coating (Siral, Condea)

20pm

® —~ — — —C

Coat-

ing — modified

from  Al,O,/SIO,
precursor
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(3) Re-crystallization with tailoring fiber/matrix binding
(—> damage tolerance, total creep)

0| Fiber coating =
s | plasma derived
0.07 1 mullite

Force [KN]

0 0.5 1 1.5 2 2.5 3 3.5
Deformation [mm]
RS F A

porosity = 35 % <«
E =35 GPa
Strength = 179 + 19 MPa

—. weak" bonds after

sintering 1400...1500 °C /2 h/ air

Fiber coating =
modified Al,O,/SiO,
mullite precursor

Force [KN]

0 0.5 1 1.5 2 2.5 3 3.5
Deformation [mm]

3 L x Ny P ’ -
e X ¥

— porosity = 22 %
E =110

— ,strong” bonds after
sintering 1600 °C /2 h/ air

GPa

Strength = 149 + 19 MPa
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Optional: Post - Infiltration

Open porosity after infiltration + annealing at 1400.1800.0:. 1750 °C
Solid loading of infiltration slurry = 10 wt. -% Soli ng of infiltration slurry = a0
40, 40,
< 38 < 38;
£ 36 £ 3§
:§ 34 g 34
G 32 ‘2 32
S 30] S 30/ A ox 0
‘ql; 28] 0x 1 2% % 28 (0D
c c 1x|
o 26 O 26
2 = 1x
o 24 o 24 2 > 1x]
22| 22| 2
20 20
1400 0 1750 1400 1600 1750
Sinterte kel in °C Sintertemperatur der Faserwickel in °C
Infiltration with 0.2 um Al, wder slurry
a0
s 3 S
= 36 £
g 34 3
g [
S 30 1<
o 0. o
v 28 145 ©
c c
O 26 L
) ©
2
1400 1600 1750 1400 1600 1750
Sintertemperatur der Faserwickel in °C Sintertemperatur der Faserwickel in °C
Infiltration with 1 um Al,O; powder slurry
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Manufacturing & testing of first tube demonstrators :

(—> damage tolerance at room temp.,

Al,O5-fiber / mullite bond

designed ,strong*
40-43 vol.-%
22-27 vol.-%

[fibers]
total poros.

designed ,weak"”
56-61 vol.%
28 vol.-%

Q

thermal shock resistance, creep resistance)

Al,O5-fiber / zirconia bond
designed ,strong”
[fibers] 58-59 vol.%
porosity 28-30 vol.-%

Reference
(fine-crystall.
Al,O; fibers
<> sintered

i [P
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Damage tolerance at room temperature:

Present results
e.g. Al,Os-fiber
+ mullite matrix (— ,strong“ bond)

VS. State of the art

e.g. Lee & Yano [2004]: satin woven Al,O5-fiber cloth
La-monazite interface + Al,O; matrix (- ,weak“bond)

[fibers] = 40-43 vol.-% [fibers] = (high, no information about amount of infiltrated matrix)
total poros.  22-27 vol.-% porosity = 22-28 vol.-%
b ] P.Y. Lee, T. Yano [ Jowrnal of the Ewropean Ceramic Society 24 (2004} 3359-3365
m 120 T T T T T T T T T T
. - 116 MPa
= b + 7 nm y-
Reference ;= 100 b 1op pp Al,0;
8 a
(fine-crystall. L. L
A|203 flberS i.u-: 80 | 85 MPa +;n3m & 180 nm -
<> sintered
a | — AlL,O
1400-1600 OC) oo oa ] 'y z0 P Z 2
Deemation nm] T 60
3
=i -
=n 4 40 +
E.lm.
:m 20 |
£ o]
Fiber wl Composite A s
Re-crystallization hot-pressed at 0 0.1 0.2 0.3
o b, " " o .
1750 °C LY B :-h.ﬁum ;m 28 LY 1225 °C Displacement (mm)
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Testing of first tube demonstrators :

Thermal shock resistance at AT = - 350 K

Example: Al,Os-fiber / mullite bond
designed ,strong“

[fibers] = 40-43 vol.-%
total poros. 22-27 vol.-%
e As sintered m— After shock cooling
Jm T 4
F il -E =831
Reference i %.,.
(fine-crystall. i :
Al O, fibers T o
< sintered “a 1 ey
1400-1600 OC) nnn o vg s 7@ 25 'IM' ' ] i3 1] 5
Detrmaton fm) L o s i [ i
L] i
Iﬂ: b1
| ; N
7 e
-
Fiber -
Re-crystallization 1 .
1750 OC "8 o ﬁl-.l'ﬂll‘lﬂl'llaﬂ'l'll'l'ﬂ 4 = = o Llu'llc:’mu'h:-l:il e **
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Testing of first tube demonstrators :

Creep Testing at > 1300 °C

Testing Approach at IWM Freiburg : Mounted Specimen:

Load

Annular

Specimen gz
- V.~ Extenso-

meter

Tested Ring:
Inner-@: 40 mm
Width: max. 20 mm

Load

Max. Load: 6 kN
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First creep tests at 1300°C.:
(applied stress 9 MPa)

(1) Induction Phase: sl . steady
Stretching of Ring segment 40
(Creep rate not constant) ( ( ' ‘
35 F ,

w
o
T

(2) Steady State:

Example: Al,O4-fiber / mullite bond

ation [um]
o

designed ,strong“ 20 } / steady state
i = - -0, = 4
[fibers] 40-43 vol. f) Dense Mullite Reference Re-crystallized at 1750 °C
total poros. ~  22-27 vol.-% Ceramics composite ALO fiber
(grain sizes 2-5 um) |(no recrystallization, + mullite matrix
, Reference* sample = sintered 1600 °( sintered 1600 °C) composite
no re-crysrallization annealin
( y 9 1300 °C / 10 MPa 3:105ht
1400 °C/ 10 MPa ~ 5 -10%ht 3-104h1 » 0.8..2:104h1
1550 °C / 20 MPa ~ 25-102ht 2 2
L . .
=5 SizN,/SiC ~ 10 h-
Fraunhofer Institut Saphir ~ 108 ... 10° h1
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Comparison of Hot Gas Corrosion of different Ceramics
( « Non-Oxides - o Oxides)

at 1450°C [/ air+27 % H,0O / velocity of flow 100 m/s
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First use of hot-corrosion results for fiber OCMC:

Reduced hot-gas corrosion by matrix substitution
Mullit matrix

¢ 0.03
ZrO, matrix
—a— F\WV 171 mullit matrix, sintered 1750 °C
8 —Aa—FW168/1Z: ZrO2 matrix, sintered 1600 °C
£ 0.02 -
3 0
=
E 0.01 N
<
0.00
0 50 100 150
Time of exposure (h) at 1450 C/py,o=0.27 bar/ 100 m/s
IKTS
Fraunhofer

Institut
Keramische Technologien
und Sinterwerkstoffe



EUROMAT 2005: Symp. C31 "Materials for Gas Turbines" / Ceramics Session
Re-Crystallized Fiber OCMC for > 1400 °C Prague, Sept. 6 2005

Conclusions

can be developed by a new approach:

from polycrystalline (= processable)
commercial (= available)
fiber bundles

Oxide CMC

SRS, ] o
demonstrators Tz= by (e.g.) winding + subsequent re-crystallization
,weak* or ,axially strong“

* fiber/matrix bonds

with single crystalline segments ~ 100 ym| §*| #4777 i
Y 4 7 r , Y 7 i o bl 4

I EERED o0 oy ¥ " a0
Crrmaden fnm] Detignadon nm)

sl ATE-350°C
4P | and exhibit a strength ~ 100 MPa| ; ™
to match creep resistance + promising damage tolerant

designed
of single crystalline fibers at T > 1400 °C thermal shock resistance:
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