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Sol-Gel derived SrTiO; and SrZrO; coatings
on SiC and C-fibers
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Sols in the systems Sr-Ti-O and Sr-Zr-O have been prepared by an alkoxide sol/gel-process
using Strontium acetate, Titanium-isopropoxide and Zirconium-n-propoxide. SiC- and
C-fibers were coated with the SrTiO3 and SrZrO; sols. Annealing in N,-atmosphere at
temperatures of 900 and 1100 °C resulted in the formation of crack free coatings of
monophase SrTiOs and SrZrOs;, respectively. The thickness of the coatings ranged from 350
to 500 nm. The SrTiO3 and SrZrO; reaction products were characterized by differential
thermal analysis (DTA), thermal gravimetry (TG), X-ray diffraction (XRD) and scanning
electron microscopy (SEM). © 1999 Kluwer Academic Publishers

1. Introduction form perovskite fiber coatings [11]. This work reports
Fiber reinforced Ceramic Matrix Composites (CMC) on the liquid phase coating of SrTi@nd SrZrQ on a
are of particular interest for application under high SiC and a C-fiber.

thermal and mechanical loading conditions such as

in aerospace, aircraft, vehicles, electric power gener, Experimental
ation and high temperature thermal processing. Th(i',I Sol-preperation
thermomechanical properties of fiber reinforced ceram=_, °

; . . U Titanium isopropoxide 96.7% (Alfa GmbH) and
;cifua::rtirs;rflr;glymfluenced by the f'ber/mamx'nterfaceZirconium-n-propoxide 76.6% (Hereaus) were dis-

Fiber coatings which generate a controlled fiber/ma-lsJ ?Qﬁ?slgra}[ge;fezggéthigsllu_rge Irnag? d%fry(lje(;g%cr)c))(ll?ﬁe
trix decohesion during interaction with a propagatlngc{jegree of hydrolysis of Ti(OPs)and Zr(OPr) a solu-

crack are therefore of particular benefit for increased. g : o 0
strength and toughness. Fiber/matrix interface shea&zggigﬁg:;ﬂ?;?ﬁgte llr']hetlecﬁwtlocl ?;It?o(?)? ﬁ)e\fvjiggggd
strength can be tailored by functional layers [2, 3]. 9.

. : " precursor to Sr acetate acetic was 1:1 and to hydrol-
Usually thin coatings of pyrocarbon (PyC) or hex ysis water was 1: 2 adjusted by the diluted acetic acid

BN are formed on the fibers by chemical vapour de- ; . . )
e . ' .~ (96%). Adding sodium hydroxide (conc.) to the sol in
position (CVD) [4]. High temperature resistant oxide the system Sr-Zr-O led to a clear sol after stirring for 10

coatings such as perovskite phases ABaIh A = Sr min and increasing the pH-value up to 4.5 to 5. A clear

and B=Ti, Zr are of increasing interest for the de- sol in the system Sr-Ti-O was obtained by elevating the
velopment of oxidation resistant CMCs [5, 6]. Per- y - y Ing
temperature to 70C after stirring for one hour. Fig. 1

ovskite phases are of fundamental significance for their .
: . 2 ! shows the scheme of sol-preparation.

electrical and electrooptical properties including fer-

roelectricity, piezoelectricity but they also offer inte-

resting high temperature properties [7-9]. Some per2.2. Fiber coating

ovskite phases can show extremely high melting poinA SiC fiber (Nicalon NL 200, Mitsui) and a C-fiber

up to 2900°C, catalytic effects, corrosion resistance, (T300J, Toray Ind.) were coated with the perovskite

stress induced phase transformation and a thermal esols. Table Il summarizes the properties of the fibers.

pansion coefficient which can be fitted well to a wide To improve wetting, both fibers were desized chemi-

range of subtrate materials. The structure dependemially with acetone. The fibers were drawn out verti-

properties can be modified in a wide range by the addieally from the sol having a viscosity in the range of

tion of low concentrations of dopants and by forming n = 1-10 mPss, with a withdrawal speed in the range

disordered solid solutions of two or more perovskitesof v = 1-10 cmmin~!. Drying of the coated fiber was

[10]. Some properties of perovskite type Srfi@nd carried out at room temperature in air, followed by cal-

SrZrQ; are shown in Table I. In contrast to nonoxide cination under flowing nitrogen at several temperatures,

coating phases a liquid phase coating using low visbelow 1100°C. Table Il summarizes the materials data

cous sols of appropriate composition can be used tof the fibers.
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TABLE | Properties of perovskite type SrTi@nd SrZrQ

Perovskite SITiQ SrzZrQ;
Structure cubic orthorombic
Lattice constant (k 10~10 m) a, 3.904 a, 5.792
b, 8.218
c,5.818
Thermal expansion coefficient
(RT—1000°C) (10°%. K1) 8.6 9.6
Melting temperature°C) 2083 2899
Density (g cm~3) 5.12 5.46

TABLE II M

aterial data of the C- and SiC-fibers

C-fiber (T300J,

SiC-fiber (Nicalon

Properties Toray Ind.) NL 200, Mitsui)
Fiber diametergm) 7.1 14
Number of filaments 3000 500
Tensile modulus (GPa) 239 200
Tensile strength (GPa) 4.3 3.0
Elongation (%) 1.81 14
Density (gcm—3) 1.79 2.55
Thermal expansion
coefficient (1) (10°%- K-1) 0.3 3.1

2.3. Characterisation methods
FT-IR spectra were recorded using a Nicolet Magnain the sol-gel transformation reaction. The main reac-
IR-spectrometer (Nicolet, Madison, USA). Sols weretions occurring during the sol-gel-transformation are
deposited on Si-wafer for measurement. For examinahydrolysis and polycondensation. Hydrolysis of Ti- and
tion of the calcination products the KBr-method (3 mg zr-precursor is indicated by characteristic OH-vibra-
powder : 300 mg KBr) was applied. The sol-gel trans-tionsin the region of 3700-3300 crh[12, 13]. Stretch-

formation was recorded using an oscillating Bohlining vibrations in the region of 600—700 cthare typical

CSM cone/plate viscosimeter (Bohlin Ind. uklacker,

Germany) with a frequency df =1 Hz (or s'%). Den-
sities of the dried gel and calcined powder were mea-
sured by an He-pyknometer Micromeritics Ind., Typ
Accupyc 1330 (Micromeritics, Norcross GA, USA).
X-ray diffraction was performed on samples deposited
on single-crystal Si-wafers using a Siemens Diffrac
5000 diffractometer (Siemens, Karlsruhe, Germany)
with CuK,, radiation (40kV, 30 mA) inatwo thetarange
between 20and 70. Thermogravimetric (TG) analysis
was carried out in thermal balance, Netzsch STA 409
(Netzsch Geatetechnik, Selb, Germany) under flowing
nitrogen of 100 crimin~2. The fiber coatings were an-
alyzed using SEM. Micrographs were obtained with a
Cambridge Instruments Stereoscan 250MKS3 (Steres-
can MK.II., Cambridge, GB) device. A Link Analytik
An 1055 was used for element analysis. For the mea-
surement of the coating layer thickness the fibers were
fixed on metal pads and sputtered with gold.

3. Results and discussion

3.1. Sol/gel-transformation

Fig. 2 show FT-IR spectra of a Sr-Ti-O and a Sr-Zr-
O fresh sol and the corresponding gel dried at ZD0
in air. Table Ill summarizes the characteristic wave-
lengths of the functional groups which are involved

for metal-oxygen Sr-O, Ti-O and Zr-O groups. Intensity

Ti -alkoxide-precursor

Ti (OCH2CoHs)s4 (96,6 %)
dissolution in acetic acid (100 %)

volume ratio alkoxide : AcOH=1:2

Zr-alkoxide-precursor

Zr (OCH2C2Hs)4(76,6 % in propanol)
dissolution in acetic acid (100 %)

volume ratio alkoxide : ACOH=1:2

pH-value 4,5 pH-value 4,5
Mixing
Sr(CH3COO0),
dissolution in AcOH (96 %)
molar ratio Ti/Zr : Sr=1:1
SrTiO3 SrZrO3

temperature rise T =70 °C

clear sol
pH 4,5

addition of NaOH conc. pH 14

clear sol
pH 5,0

Figure 1 Sol preparation in the system Sr-Ti-O and Sr-Zr-O.
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Figure 2 IR-spectra in the system Sr-Ti-O (a) and Sr-Zr-O (b).

decrease of the Stretching at 1700d&mof C=0 and at TABLE Il IR-data with the characteristic wavenumber of the func-
1550 and 1400 cri of COO- indicates disappearance 103! 9roups

of the solvent acetic acid. Zr- and Ti-gels show the eX+unctional group Wavenumber (¢
istence of small amounts of COQroups retained on

isolated Sr(Ac). In agreement with infrared spectra the CH-CH. CHs 2970, 2930
gelation of the Ti- and Zr-precursors involves the for- ggg 1400
mation of [M-OH] and [M-OAc] groups and release of o 3700-3300
[R-OH] according to M-O 600-700

M(OR)4 4+ yH20 + zZAc(OH) «—

M(OH), - (OR), - (OAc), + (4 — y)R-OH (1) 3.2. Calcination _ _
Fig. 3a shows X-ray diffraction patterns of the Sr-Ti-O
withx +y+z=4. system after annealing of the dried gel at 200, 400,
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atmosphere. Crystallization of SrZgQtarts between

° O SITi03 :
® SioTiOy 400 and 700C according to
asro 00°C
| SrCO >400°
s | SICQs + 2r0; =" SrZr0; +CO;  (6)

At 700°C no residual SrC@is detected and a single
¢l © ° 100 phase SrZr@is formed. Fig. 4 shows the thermogravi-
A metric analysis of the Sr-Ti- and Sr-Zr-gels dried at
200°C during heating up to 110@. The SrTiQ gel
has a major weight loss between 130 and 32 Where
evaporation of propanol and the decomposition of the
acetic acid takes place. Between 370 and &3@he
SrCG; phase remains stable. Above 68Ddecompo-

W}W sition of SICQ occurs and finally SrTi@is formed.

The density increases from 1.9%gw at 200°C (dried

Intensity
%é

20 30 40 50 60 70

20, Degree gel) up t0 4.15 gm 3 at 1100°C, whici; is 80% of the
@ theoretical value qf SrT|@(5.12_ gen ).' Thg Sr-Zr- '
system shows a similar behavior resulting in a density
of 4.68 gcm~2 of the SrZrQ, which is 86% of the theo-
O 8rZrOg retical value of SrZr@(5.46 gcm2). The total weight
v ® SrCO3 loss at 1100C attains 69% in the Sr-Ti-O and 81% in

“ Sr(Ac)2 the Sr-Zr-O-system.

o o 900 °C 3.3. Fiber coating
o The most significant variables which affect fiber coating

A are the microstructure of the coating, the thickness, and
700 °C the interfacial shear strength [3, 15]. The thickngss
of the coating layers varies with the fiber withdrawal

speedy, the surface roughness of the fibers, the density

[ 400 °C
W p and viscosity; of the sol [16—18]. The layer thickness

Intensity

Asol Can be estimated in a first approximation by

200 °C
1/2

20 30 40 50 60 70 )\sol — k[u} (7)
2 @, Degree 09
®) where g is the acceleration due the gravity (9.806
Figure 3 X-ray spectra of the system Sr-Ti-O (a) and Sr-Zr-O (b) calci- m-s~2) andk is a correction factor=0.1). The vis-
nated at different temperatures in-dtmosphere. cositiesn of the Sr-Ti-O and the Sr-Zr-O systems were

adjusted by acetic acid to 4 and 8 mPas, respectively.
900 and 1100C. While at 200C only Sr(Acy is  Assuming all shrinkage during calcination occurs per-
formed, crystalline SrC@appears at 400C indicating  pendicular to the fiber surface radial shrinkagean
the transformation of the strontium acetate into stronbe expressed as

tium carbonate, AL A A A
_ feer™ Asol _ Zeer 4 (8)

400°C = — = =
Asol Asol Asol

SI(CHCOO) 5 SrCQ; + HsCCOCH  (2)

&y

which at higher temperatures has reacted to formynd for the thickness of the calcined ceramic coating
SITiO;. layer Acer

SICQs + Ti02 22°Simios +CO,  (3)
At 1100°C SrTiG;s is the major phase with traces of
residual S§TiO4 and SrO from calcination. In agree- r is the radius e.g. 3.;xm for C and 7um for SiC
ment with Pfaff, the formation of $TiO4 phase can fibers, respectivelye and g desribe the weight and
be explained by a strontium to titaniuratio > 1 [14],  density ratios of the sol and ceramic phases
where SrO is formed by decomposition of Sr&bove

Acer = [I’ 2+ ap ()Lgm +2r )xsol)]l/2 —r )

° A
900°C. o[:(mm :mm+l>
2SICQ, + TiO, 2L SKTiO, +2CO,  (4) sol Tl
~900°C and (10)
srca, "2 sr0+ co, (5)
-1
Fig. 3b shows X-ray patterns of the Sr-Zr-O gel af- B = (@ _Ar i 1)
ter annealing at 200, 400, 700 and 9@ in Ny- Pcer  Psol
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Figure 4 Thermogravimetric analysis and density evolution of the Sr-Ti-O and Sr-Zr-O up to°CLBONz-atmosphere.

Taking into account the density change from the sofor SiC-fiber). The experimental variables are given in
(psol=1.33 gcm 3 Sr-Ti-O and 1.35 gm 3 Sr-Zr-O) ~ Table IV.

to the perovskite phases (Table I) and the weight change The calculations show, that for an experimentai
during calcination Am/msg = 0.69 for Sr-Ti-O and 1.6x 103 m-s~! a layer thicknesse, in the range of
0.80 for Sr-Zr-O) values fax (0.3099 and 0.1999) and 300-400 nm results which is confirmed by the SEM
B (0.2596 and 0.2472) for the Sr-Ti-O and the Sr-Zr-Oanalyses of the coating layer thickness. Fig. 6 shows
systems were derived. Fig. 5 showg, calculated ac- SiC and C-fibers coated with SrTi@nd SrZrQ. The
cording to Equation 9 as a function of withdrawal speedcoatings are almost defect free and no cracks can be
v for C-fiber (Similar results foicer Were obtained observed. Due to the differences in thermal expansion,
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Figure 5 Calculated layer thicknesser of SrTiOz and SrZrQ-coating on C-fiber.
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Figure 6 SiC and C-fibers coated with SITi@A1, A2) and SrZrQ (B1, B2) at 1100C in N, atmosphere.

Tables | and Il, defect free coating layer are limited byformed. Crack-free coatings could be obtained up to a

a maximum thickness of approximately 500 nm. maximum thickness of 500 nm. The perovskite coat-
ings are stable in an oxidation environment up to high
temperatures and are therefore of particular interest for

4. Conclusi the development of oxidation resistant CMC.

. Conclusions

Coating layers of the perovskite phases Sgraéhd

SrZrO; were deposited on SiC- and C-fibers by a lig-

uid phase coating process. Strontium acetate, Titaniuffeferences _
propoxide and Zirconium propoxide were used to form * o e NS andF. W. zOK, J. Mater. Sci.29 (1994)
alow viscous sol. After coating and annealing in Nitro- 2 ¢, | AMOUROUX,X. BOURRATandR. NASLAIN , Carbon

gen atmosphere at 1100 the perovskite phases are  31(8) (1993) 1273-1288.
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