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Microstructural Characterization and Phase Formation
Mechanisms at the Interface between Titanium and Ge&/Zirconia
Ceramics at 1550C

Yao-Wen Chang and Chien-Cheng Lin
Department of Materials Science and EngineeringioNal Chiao Tung

University, Hsinchu 30050, Taiwan

Abstract
Various CeQ@ZrO, samples were fabricated by sintering, whereby £eO
was completely dissolved or reacted with Zr&® a solid solution or
CeZe;0, and CegZe,O;ternary compounds. Sintered samples were
allowed to react with Ti at 1550°C for 4 h in argorMicrostructural
characterization was conducted using x-ray diffeectand analytical
electron microscopy. The Cg@rO, samples became more stable
with increasing Ce©because CeQwas hardly reacted and dissolved in
Ti. The incorporation of more than 50 mol% Getould effectively
suppress the interfacial reactions in the Ti sidegre relatively a small
amount ofp'-Ti(Zr, O) was found. Moreover, the content of i©®
a-Ti(O) far away from the interface was significgntdecreasing with
increasing amounts of CgO Because CeQwas hardly dissolved into
Ti, it completely remained in the residual Zr@ading to the formation
of spherical and worm-like G&e;0,, in the outermost 10 mol% CeO
-ZrO, sample. In the outermost 30-50 mol% Ge@rO, samples,
CeZe,0O; was formed due to the outward diffusion of O amdaday
from CeZeO,0 into Ti. CeQ re-precipitated in the samples
containing 50-70 mol% CeQbecause the solubility of Ce@h Ti was
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quite limited. On the ceramic side far from thagmal interface,
sphericalo-Zr and ZrQ, were formed in the 10 mol% CeQGZrO,
sample. Cg£r,0O; was formed in addition to residual ZrQin the 30
mol% CeQ -ZrO, sample. Dense-Zr grains existed along the grain
boundaries of the G&r,O; matrix in the 50 mol% Ce{OZrO, sample.
In the 70 mol% Ce®-ZrO, sample, free Cefexisted in the G&Zr,0O;
matrix. However, CeO was found in the sample aairtg 100 mol%
CeO.

l. Introduction
High specific strength and good corrosion resistahave led to the
large-scale use of titanium in the aerospace amsinal processing
industries. However, they are extremely reactwvedramics at high
temperatures, resulting in chemical reaction aff@curface. The
interfacial reactions between titanium and ceramiey an important
role in the titanium precision casting. The intiéed elements ( e.g., C,
N, O, H) from the ceramic mold have a great tengdacenter into the
titanium alloys during casting and cause the datation of mechanical

properties.

Many researchés have been working on the reactions of the titanium
with various ceramic molds or crucibles in the ldstv decades.
Weberet al' presented an unspecified feather-like eutectis@fia the
reaction zone of Ti and MgO-ZgOcrucible. Ruf found that
zirconium entered the titanium lattice substitusityn and oxygen went
to interstitial positions during the reactions beén zirconia and
titanium at elevated temperatures. While previetigdies had been
focused on the reactions taking place in the metiale, the

transformation in the ceramic side had not been atednded. Thus,
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the role of the ceramic mold in the interfacial atgans has not been

fully understood to date.

Recently, Lin and his colleagi&$ have thoroughly investigated the
phase formation mechanisms and microstructural uteol at the
interface between titanium (or titanium alloys) &8¥ZrO, (or various
ratios of Y,03s/ZrO,) using analytical electron microscopy. The
a-Ti(O), B'-Ti(Zr, O) and/or T3ZrO were formed near the original
interface due to the dissolution of ZrOnto Ti. Both lamellar
orthorhombic TiZrO and spherical hexagonal,ZiO were found in
o-Ti(Zr, O) after reaction at 1580° Lin and Lin also found the
intergranulara-Zr, twinnedt'-ZrO,.,, lenticulart-ZrO,.,, and/or ordered
c-ZrO, in the zirconia side far from the interface betweébB and
3Y-ZrO, after reaction at 158G. Concerning the reaction of Ti melt
with various ¥04/ZrO, samples at 1700°& the incorporation of more
than 30 vol% YOs in ZrO, could effectively suppress the reactions in
the Ti side where only a very small amountiefi andp'-Ti was found.
Y,O; re-precipitated in the samples containing 30-70%vor ;05

because the solubility of 03 in Ti was very low.

Several recent publicatiolis” have reported the importance of ceramic
materials based on solid solutions of the ZQCeQ system, mainly
those formulated in the Zgorich region. There are many potential
applications of these materials, such as a tougheaemic material in
view of the existence of a relatively wide fieldtbe tetragonal zirconia
solid solution in the system ZpeCeQ. It is well known that
ceria-doped zirconia polycrystals (Ce-TZP) exhibgh transformation
toughness, even when compared to Y-TZP cerahilds. However,

CeO, was cheaper than,®;. The ceria partially stabilized zirconia
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has been considered as one of the most importahistry ceramic

material because of its good fracture toughness.

At present study, various ratios of G&00, samples were attempted to
achieve better control over the reactions on tiamitim side as well as
the ceramic side. The powder mixtures of CefZrO, were sintered
and then allowed to react with titanium at 15508€ 4 h in argon.
Various reaction layers at the interface betwetamitim and Ce@ZrO,
samples were characterized using analytical scgnnatectron
microscopy and analytical transmission electronrogicopy. Finally,
we would attempt to elucidate the effect of Gefih the interfacial
reactions between Ti and CgxO, samples.

lI. Experimental Procedures
Starting powders used were zirconia (> 99.95 wt%@,ZHfO, with
HfO, accounting for approximately 2%-3% of this total,0.02 wt%
FeOs < 0.02 wt% TiQ, < 0.004 wt% SiQ < 0.004 wt% AJO;, <
0.002 wt% CaO; 0.um in average; Toyo Soda Mfg. Co., Ltd. Tokyo,
Japan), cercia (> 99.9 wt% Ce®& 0.04 wt% CaO, < 0.03 wt% SiC<
0.02 wt% FgOs, < 0.01 wt% NgOs; 0.5 um in average; NYC, Ltd.,
Fukuoka, Japan).

The Ce@/ZrO, samples contained 10, 30, 50, 70, and 100 mol%,CeO
respectively, and were balanced with ZrOThe sample consisting of
10 mol% Ce@ and 90 mol% Zr@was designated as 10Ce90Zr, and so
on. Powder mixtures were dispersed in ethanol.e PH of the
suspension was adjusted to 11 by adding®H#i The suspension was
ultrasonically vibrated for 10 minutes (Model XLZ®) Sonicator, Heat

Systems Inc., Farmingdale, NY), dried in an oveb51°C, ground with
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an agate mortar and pestle, and then screenedgthi®u mesh. The
powder mixtures of Cefand ZrQ were pressed into disks (20 mm in
diameter x 5 mm thick) at a pressure of 200MPathad sintered in air
at 1400°C for 4 h at 5°C/min heating rate (LindbBhge M
STF54454C, Thermo Fisher Scientific Inc., Walthanas8hchusetts,
USA). Thereatfter, the furnace cooled down to réemperature.

The apparent densities of C#0xO, powder mixtures were measured
using a gas pycnometer (Model MultiVolume PycnomelS05,
Micromeritics, Norcross, GA) with 99.99% pure hetiu The bulk
densities of sintered samples were determined usiagArchimedes
method. The relative densities of the sinteredptasnwere calculated
as follows: Relative density = (bulk density/truendity)x 100%. For

a non-porous powder, the apparent density appragsrthe true density
and can be used as the reference point in calegldie relative density.
The designations, compositions, sintering condgjoand relative

densities of Ce@ZrO, samples are listed in Table I.

Commercially pure titanium plates (99.7% purityfadAesar, Ward Hill,
MA) were brought to react with various sintered G&@D, samples at
1550°C for 4 h in argon. Firstly, bulk Cd@rO, samples and titanium
plates were cut and machined to dimensions of 10x 4 mm. Their
surfaces were ground and polished with a diamorstepand then
ultrasonically cleaned in acetone. One titaniuscdias inserted in
between two pieces of each GEO, sample to produce a sandwiched
type, and then put in the graphite furnace mentaa®ove, which was
preparatorily pressed under 5 MPa, evacuated ta@ orr, and filled
with argon to one atmospheric pressure. This cgtlevacuation and

purging was repeated at least three times. Thedmture was raised
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to 1000°C at a heating rate of 30°C/min, to 155@t@25°C/min, and
then held at 1550°C for 4 h. Thereatfter, the taatpee was lowed to
1000°C at a cooling rate of 25°C/min, and thenftineace cooled down

to room temperature.

The phase identification of the sintered GRBD, samples was
performed using an x-ray diffractometer (XRD, Mod¢KP18, Mac
Science, Yokohama, Japan). The operating conditioh x-ray
diffraction were CWK, radition at 50 kV and 150 mA, and a scanning

rate of 2 degrees/min.

A scanning electron microscope (SEM, Model JSM 65Q@EOL Ltd.,
Tokyo, Japan) equipped with an energy dispersivayxspectrometer
(EDS, Model ISIS 300, Oxford Instrument Inc., Lond®&K) was used

for the microstructural observation on the inteefadetween Ti and
various Ce@ZrO, samples. Cross-sectional SEM specimens were cut
and ground using standard procedures and finallysheEml using

diamond pastes of 6, 3, anqit in sequence.

The cross-sectional TEM specimens of the interfdussveen Ti and
various CeQ@ZrO, samples were prepared by two different methods.
Firstly, they were cut perpendicular to the intefand then polished,
dimpled, and subsequently ion-beam-thinned using pracision
lon-polishing system (PIPS, Model 691, Gatan, Sanéisco, CA).
The details of this traditional technique for prepg cross-sectional
TEM specimens were described in a previous sttidyecondly, the
TEM samples were acquired by an innovative techsiquA specific
location on a metallographic sample was ion-boméégsing a focused
ion beam (FIB, Model Nova 200, FEI Co., Hillsbo@R). The FIB
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operating parameters were adjusted so that th&@alelseam was 5 kV
from 98 pAto 1.6 nA and the ion beam was 30 k\irfrb0 pAto 7 nA.

A TEM specimen with a thickness less than 100 nms wa
electron-transparent. The final TEM specimen was@imately 12 x

5 x 0.05um in size.

The interfacial microstructures were then charatdr using a
transmission electron microscope (TEM, Model JEND@LIEOL Ltd.,
Tokyo, Japan) equipped with an energy dispersivayxspectrometer
(EDS, Model ISIS 300, Oxford Instrument Inc., LongdoUK).
Analyses of atomic configurations in various phagese performed
using computer simulation software for crystallggna (CaRlIne
Crystallography 3.1, Divergent S.A., France). Cloainquantitative
analyses for various phases were conducted by tifeL&imer
standardless techniqde. A conventional ZAF correction was operated
using the LINK ISIS software.

[ll.  Results and Discussion
(1) XRD analyses
Figure 1 shows the x-ray diffraction spectra ofimas CeQ/ZrO,
samples as well as pure Cge@fter sintering. These spectra were
arranged for Ceg& 70Ce30Zr, 50Ce50Zr, 30Ce70Zr, and 10Ce90Zr,
respectively, in a sequence from top to bottom.ra)Xphases of these
sintered Ce@ZrO, samples are summarized in Table I. In the
10Ce90Zr, all of the CefQwent into solid solution in zirconia such that
only t-ZrO, and mZrO, were detected. Both of the 30Ce70Zr and
50Ce50Zr, c-Zr0,, t-ZrO, tetragonal Cg&r;0:,'°%" and cubic
CeZe,0;/4?® were found. As for the 70Ce30Zr, £e,0; and only

cubic ZrGQ phase were detected. In other words, the cubli® #ras
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fully stabilized in 70Ce30Zr. While the content @eQ was
increasing from 30Ce70Zr to 50Ce50Zr, the amoun€Cele,O; was
significantly gradually increasing and the decnegsicontent of
CeZrs0y. In the 100Ce, only cubic Ce@as detected. In general,
Ce(, was mutually dissolved or reacted with Zr&% a solid solution or
CeZrs0,p and CegZe,O; compounds in various sintered G£00O,
samples. The G&e,O; was formed due to the reduction of €mns
to C€2in ZrO, with low oxygen partial pressure and,Ogreacted with
Zr0, as a 1:2 C£; » ZrO, ternary compound.

1%* pointed out that partial reduction of & C&* can occur

Negaset a
above 1400°C in air. The amount of *GCehowever, seemed to be
small below 1600°C, so that the ternary system ,2288Q—Ce0;
could be regarded as the pseudobinary system—ZI€D) below
1600°C in air. The influence of oxygen partial gmere on the phase
relation of solid solutions in Ce-Zr-O system igttithe C&" in a solid
solution of ZrQ will be reduced to Cé at increased temperature in
reducing atmospheres (such as H2, CO, and NH4)aerua vacuum of
10* to 10° torr, or in an inert atmosphere (such as Ar anjidfién the
atmosphere of flame furnaces with low oxygen phapi@ssure (for
example, oxygen partial pressure?l@rr at 1400°C§>* Cerium is
the second element of the rare earth series withekctronic
configuration which can be described, taking intocant that of Xenon,
as (Xe) 68d'4f'. In such a configuration, the volume of 6s and 5d
orbital are greater than that of the 4f orbital.heflefore, the three s
and 5d electron are the only ones participating for cheibonds.
For this reason, the valance of the lanthanide @isnin their

configurations is habitually 3+.



(2) Microstructures of Ti and various sintered CeO,/ZrO, samples
Figures 2(a)-(e) display the backscattered electimages of the
cross-sections normal to the interfaces of Ti aadous Ce@ZrO;
samples after reaction at 1550°C for 4 h. Titanisrshown to the left
of the micrograph, while zirconia is on the riglard side. The
vertical arrows in the upper side of individual urgs indicate the
original interfaces of Ti and individual CgdrO, samples, respectively.
The original interfaces were deliberately locateztoading to the
characteristicK, x-ray maps of cerium (not shown), which was
relatively immobile compared with respect to Zr,add Ti, etc. To the
left of the reaction layer “I” was theTi with oxygen in solid solution.
Based on EDS results, the content of oxygea-in(O) was apparently
decreasing with increasing amount of GeOThe composition of
a-Ti(O) in 10Ce90Zr was measured as 70.47 at% Tizh83 at% O.
An o-Ti(O) in 70Ce30Zr was consisted of 85.72 at% Tal 44.28 at%
O.

Figure 2(a) and (b) indicated that extensive reastitook place at the
interface between Ti and Zg@ontaining 10 mol% and 30 mol% CgO
It was previously reported that needle-likeTi and some lamellar
phases were usually found in the titanium side bseaf the interfacial
reactions between Ti and Zz®*'°**  However, only a limited reaction
took place on the titanium side at the interfacevben Ti and those
samples containing more than 50 mol% gethile pure Ce@reacted
minimally with Ti after reaction at 1550°C for 4 hThis indicated that
interfacial reactions were effectively suppressed those samples
containing more than 50 mol% CgO This fact plays an important role
in the engineering respect of Ti castings suchdhaintrolled interfacial

reaction results in a lower amount efcasing and thus better
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mechanical properties. Even though the systemnbeaaore stable
with increasing Ceg) several reaction layers were found on the zioni
side after the interfacial reactions between Ti andous Ce@ZrO,
samples.  Microstructures of the reaction layerstra interface
between Ti and various CeldrO, samples were characterized using
SEM/EDS and TEM/EDS and the results are listedabld Il. The

details will be described below.

(A) Reaction layer “lI” on the metal side at the/IT0Ce90Zr and
Ti/30Ce70Zr interfaces

Figure 3(a) shows the backscattered electron ifBg8 of the reaction
layer “II” at the Ti/10Ce90Zr interface after react at 1550°C for 4 h.
The reaction layer “lI” consisted of the aciculaTi (dark) in p'-Ti
(bright) matrix and the lamellar ;ArO (bright) precipitated in the-Ti.
The morphology o&.-Ti abutted the original interface was very difigre
from the corresponding reaction layer previoushurfd %% It
inferred that the cause by the agglomeration afgel amount of oxygen
in this region to the nearest left of the originalerface. At high
temperatureg-Ti dissolved a large amount of O and relativelgnaall
amount of Zr, forming a metastable supersaturatéd solutiona-Ti(O,
Zr), thus resulting in the precipitation of the khar TibZrO during
cooling. Lin and Lifi reported that the ZrO lamellae were
precipitated from plate-like-Ti by a eutectoid reaction during cooling.
As more zirconia was dissolved iaTi, the B-Ti was formed and some
of them was transformed into orthorhomiBieTi solid solution during
cooling. Figure 3(b) shows the BEI of the reactlaper “II” at the
Ti/30Ce70Zr interface after reaction at 1550°C 4oh. The reaction
layer “Il” consisted off'-Ti (bright) ande-Ti (dark). In this case, no
Ti,ZrO was found ina-Ti (dark). It was believed that the-Ti
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dissolved a relatively small amount of zirconiumedis much slower
diffusion rate of zirconium than oxygen, thus ngZfO precipitated in

a-Ti during cooling.

(B) Reaction layer “llI” on the ceramic side at thB/10Ce90Zr and
Ti/30Ce70Zr interfaces

For the benefit of good resolution of TEM, figur@}shows the TEM
micrograph (bright-field image, BFI) of reactionyé& “llI”. The
reaction layer “llI” was consisting of-Ti, B'-Ti, and CgZr;0, at the
Ti/10Ce90Zr interface after reaction at 1550°C4adn. Arrow below
the BFI indicates the original interface betweeact®n layers “II” and
“M". A large amount of spherical or worm-like &&;0,9 phase
existed in the reaction layer “llI”. Fig. 4(a) alsshows TiZrO
lamellae precipitated in the-Ti matrix. With the diffraction spots
being indexed in Fig. 4(b), the orientation relasbips of T}ZrO and
a-Ti were thus recognized as follows: [148}c // [0001]. and
(110)1ioz0 // (1010),.ri. The crystal structures of ,ZrO and a-Ti
were identified to be orthorhombic and hexagonasedaupon the
superimposed selected area diffraction patterndD), as shown in
fig. 4(b). Figure 4(c) shows the SADP of £Zr0;, phase along the
zone axis of [001]. The crystal structure 0bZ3eO,o was identified to

be tetragonal from the SADP.

Figure 5(a) shows the BEI of the reaction layel" ‘&t the Ti/10Ce90Zr
interface after reaction at 1550°C for 4 h. As @9QZr reacted with
Ti at 1550°C for 4 h, an increasing amount of O ahdfrom the
supersaturated 10 mol% CgxO, solid solution were gradually
dissolved in titanium. Because Ce@mained in the solid solution

due to the very limited solubility of Ce@n Ti, the increase in the ratio
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of CeQ to ZrO, gave rise to the formation of 2:3 CeOZrO, ternary
compound (or C&Zr30,¢). Based on EDS results, £e;0,, consisted
of 13.11 at% Ce, 20.52 at% Zr, and 66.37 at% O.e Tdrmation
mechanisms ofi-Ti, B'-Ti, and CgZr;0, in the case of Ti/10Ce90Zr in

the reaction layer “llI” can be expressed as foBow

0.1 CeQ + 0.9 ZrQ — (Ce&.1Zrp.9 0, during sintering (1)

X-Ti + (CQ)_lzro_g)Oz - (X-Ti +0.7572r+15 O) + GAZr0 1005
Sa-Ti (O, Zn+ B-TiZr, O) + 0.05
CeZri01o (2)

Figure 5(b) shows the BEI of the reaction layel"“8t the Ti/30Ce70Zr
interface after reaction at 1550°C for 4 h. Thact®n layer “lll”
consisted of’-Ti (dark) and Cg&r,0O; (bright). CeZr,0O; phase was
dense and interconnected at the Ti/30Ce70Zr imderfa The
guantitative analyses of ¢&,0; by the EDS showed that it contained
18.21 at% Ce, 18.52 at% Zr, and 63.27 at% O. Trkection
mechanism can be expressed as the following equatio

X-Ti + CeZr;090— (y-Tl +Zr+3 O) + CeZr,0;
—B'-Ti(Zr, O) + CeZr,0,
3)

Figure 6(a) shows the BFI of reaction layer “llit the Ti/30Ce70Zr
interface after reaction at 15%0D for 4 h. The crystal structures of
CeZr,0O; andp'-Ti were identified to be cubic and orthorhombiorh

the SADPs as shown in Fig. 6(b) and (c) along theezaxes of [111],
respectively. The G&r,0O; has possesses the pyochlore type structure
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(space groug=d3m) in which one out of every eight oxygen ions is
missing in the stoichiometric fluorite. The id€a&,2Zr,O; structure is
described as an ordered cubic close-packed arraatains (16¢ and
16d sites) with the oxygen ions occupying seveiméig of the
tetrahedral sites (48f and 8a sites) between thiensa The oxygen
vacancies in the remaining one-eighths of the letteal sites (8b site)

are also ordered.

(C) Reaction layers “I" and “llI” at the Ti/50Ce50Zand Ti/70Ce30Zr
interfaces

Figure 7(a) displays the BEI of reaction layers dhd “llI” at the
Ti/50Ce50Zr interface after reaction at 1550°C4dr. Reaction layer
“I” in 50Ce50Zr consisted ofi-Ti, p'-Ti, and CeQ@. For comparison,
as shown in Fig. 7(a) together with Fig. 2, onlpwview B'-Ti was found

in the reaction layer “I”. However, a relativelsrge amount of'-Ti
anda-Ti existed at the interface between Ti and ZoOntaining 10-30
mol% CeQ. The reaction layer “lllI” in 50Ce50Zr consistetl G Ti,
B'-Ti, CeQ, and CegZr,0O;. As 50Ce50Zr reacted with Ti, a large
amount of O and Zr from ZrQwere dissolved in titanium, giving rise to
the formation of Ce®due to the very limited solubility of Celn Ti.
From the EDS analyses, the Ga® the reaction layer “llI” contained
32.14 at% Ce, 64.57 at% O, and 3.29 at% Zr. Thareeipitation of
CeQ in reaction layer “llI” was dense and interconmect It was
concluded that increasing Ce€@ontent was useful for better controlling
the interfacial reactions. The formation mechasisof a-Ti, B'-Ti,
Ce(, and CegZr,0O; in the case of Ti/50Ce50Zr in the reaction layer

“III" can be expressed as follows:

0.5CeQ+ 0.5 ZrQ —(CeysZrg.5)O, durng sintering (4)

14



x-Ti + (Cey.Zr0)Or— (x-Ti + 0.5 Zr + 1 O) + 0.5 CeD
—B-Ti(Zr, O) +a-Ti (Zr, O) + 0.5 Ce®
(5)

y-Tl + CeZr;0,0— (y-Tl +Z7r+3 O) + CeZr,04
—B'-Ti(Zr, O) + CeZr,0;
(6)

Figure 7(b) displays the BEI of reaction layers dhd “llI” at the
Ti/70Ce30Zr interface after reaction at 1550°C4dr. Reaction layer
“Iin 70Ce30Zr consisted ofa-Ti, CeO, and Ce&Zr,O,. For
comparison, as shown in Fig. 7(b) together with. Rignop'-Ti were
found in the reaction layer “I”. The reaction lay#l” in 70Ce30Zr
consisted of Cef) CeZr,0;,, and fewa-Ti. The a-Ti phase was
spherical and isolated at the Ti/70Ce30Zr interfacEhe formation
mechanisms of-Ti and CeQ in the case of Ti/70Ce30Zr in the reaction

layer “llI” can be expressed as follows:

0.7 CeQ + 0.3 ZrQ —(Cey 7Zrp3) 0> durng sintering (7)

x-Ti + (Cey.1Zr02)Or— (x-Ti + 0.3 Zr + 0.6 O) + 0.7 CeO
—0a-Ti (Zr, O) + 0.7 Ce®
(8)

(D) Reaction layer “IV” on the ceramic side
Figures 8(a)-(d) show the BFIs of reaction lay&”“bn the ceramic side
far from the original interfaces of Ti and 10Ce90ZWCe70Zr, 50Ce50Zr,
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and 70Ce30Zr, respectively, after reaction at 165@t 4 h. Figure 8(a)
shows then-Zr particle was embedded @ZrO,., in reaction layer “I\V”

of 10Ce90Zr. It was believed that the oxidatiodu®ion reaction
rather than dissolution was the predominant reactiwechanism in
reaction layer “IV”. The dissolution did not playsignificant role, as
the titanium was not detected by EDS in reactigredd1V”. It was
obivous that the Zr@, was metastable because of the extraction of
oxygen from ZrQ by Ti. Thea-Zr with oxygen in solid solution was
excluded from metastable ZyQQ However a significant increase in
oxygen vacancies, as a consequence of the redogtween Ti and
30Ce70Zr, triggered the stabilization effect ofcamia. Therefore, it
was inferred that the zirconia could be in the cytthase. Figure 8(b)
shows several G&r,0O; grains were existed along the grain boundaries of
c-ZrO,, in reaction layer “IV” of 30Ce70Zr. Na-Zr was found in the
reaction layer “IV” of 30Ce70Zr. Cubic ¢&,0; was formed due to
the decomposition of the ¢&30,,, Since Ce® was completely
retained in Zr®, no free Ce@was found in 10Ce90Zr and 30Ce70Zr.

Figure 8(c) shows the BFI of ¢&&,0; and denses-Zr grain in the
reaction layer “IV” of Ti/50Ce50Zr. The morphologyf a-Zr in the
reaction layer “IV” of Ti/50Ce50Zr was very diffarefrom 10Ce90Zr.
Formation mechanisms of ¢&,0; ando-Zr in the case of Ti/50Ce50Zr
in the reaction layer “IV” can be expressed in teraf the following

equation:

Celr;019 = CeZr,0; + 0-Zr with 0 in solid solution)t 3O pariially dissolved irp-Ti)

(9)

Figure 8(d) shows the BFI of reaction layer “IV” it0Ce30Zr after
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reaction at 1550°C for 4 h. Free Ge&Xisted in reaction layers “IV”.
The composition of CeQindicated that it contained 32.12 at% Ce,
64.99 at% O, and 2.89 at% Zr.

(3) A General Discriptions of I nterfacial Reaction Layers

According to the previous discussion, the readtyers were formed at
the interface between titanium and various cernedmia samples after
reaction at 1550°C for 4 h (summarized in Table lIBriefly speaking,
extensive reactions occurred at the interface bmtw& and ZrQ
containing 10-30 mol% CeO However, interfacial reactions were
effectively suppressed by incorporating more tham®I|% CeQ. On
the metal side near the original interfageTi and TpZrO precipitated
in the o-Ti matrix after Ti reacted with 10Ce90Zr, althoughTi and
a-Ti were found for the case of 30Ce70Zr. Furtheemonly a small
amount ofp'-Ti was found for the case of 50Ce50Zr. RBleli was
found for the case of 70Ce30Zr and pure &€eOn the outermost
ceramic regionB'-Ti and a-Ti were found along with G&r;Oy iIn
10Ce90Zr, whilep'-Ti and CgZr,O; were found in 30Ce70Zr. Free
Ce( existed in 50Ce50Zr and 70Ce30Zr due to a veryitdon
solubility of CeQ in Ti when ZrQ was completely dissolved in Ti.
On the ceramic side far from the original interfagghericalo-Zr was
formed in addition to residual ZsQ in 10Ce90Zr, wherex-Zr was
excluded from metastable ZyQ However, C&r,0; was formed in
addition to residual ZrgQ, in 30Ce70Zr. Dense-Zr grains existed
along the grain boundaries of £e0; in 50Ce50Zr. Free CeO
existed in C&r,0; matrix in 70Ce30Zr. However, CeO was found in
100Ce. Ce®@was dissolved into ZrDas a solid solution or reacted
with ZrO, as CeZesO;p and CeZe,O; compound during sintering.
CeZe,0; was formed due to the reduction of'€iens to C& in ZrO,
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with low oxygen partial pressure and,Og reacted with Zr@as a 1:2
Ce0s; * ZrO, ternary compound (or G&r,0;). As 50Ce50Zr and

70Ce30Zr were reacted with Ti at 1550°C for 4 h,O0Cevas
re-precipitated due to the strong affinity of O &rdto Ti and the very
limited solubility of CeQ. CeO was found in the sample containing
100 mol% Ce® due to the oxidation-reduction between Ti and £eO
It was also noted that ¢&e,0; was stable and retained in the sample
after reaction at 1550°C for 4 h.

IV. Conclusions

1. The incorporation of more than 50 mol% Ge®ignificantly
suppressed the interfacial reactions at the intesfdbetween Ti and
various sintered CefXrO, samples.

2. On the metal side near the original interface, latikely large
amount of B-Ti and o-Ti were observed after Ti reacted with
10Ce90Zr or 30Ce70Zr at 1550°C for 4 h. Howewan, ['-Ti was
found after Ti reacted with 50Ce50Zr. IoTi was found after Ti
reacted with 70Ce30Zr or Ce@t 1550°C for 4 h.

3. After reaction at 1550°C for 4 If-Ti, a-Ti and CeZr;O,9 were
found in the outermost region of 10Ce90Zr, wiildi and CegZr,0,
existed in the outermost region of 30Ce70Zr. Tbemhtion of
CeZrs0,p was caused by the extensive dissolution of ,ZrOTi
together with a very limited solubility of CeO The formation of
CeZr,0; was caused by the outward diffusion of O and mfr
CeZr;0gin Ti.

4. The CeQ was re-precipitated in the outermost region of &RUZr

18



and 70Ce30Zr after reaction at 1550°C for 4 h. sTéas due to the
strong Ti affinity of O and Zr.

5. It was also noted that ¢&e,0; was stable and retained in the sample
containing more than 30 mol% Cg@lfter reaction at 1550°C for 4 h.
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Table I. Designations, Compositions, Sintering Conditiddslative Densities and XRD Phases of g&@D, Samples

Specimens Composition (mol%) Sintering conditions Relative Densities XRD Phases
10Ce90Zr 10% CeOr+ 90% ZrQ 1400C/4 h/Air 98.9% t-ZrO,, mZrO,
) Cc-ZrO,, t-ZrOy, mZro,
30Ce70zr 30% CeOr 70% ZrQ 1400C/4 h/Air 99.3%
CeZr;040, CeZr,0;
) Cc-Zr0O,, t-ZrOy, mZro,
50Ce50Zr 50% CefOr+ 50% ZrQ 1400C/4 h/Air 99.1%
CeZr;04q, CeZr,0;
70Ce30Zr 70% CeOr 30% ZrQ 1400C/4 h/Air 98.8% CeZr,0;, c-ZrO,
100Ce 100% CepO 1400C/4 h/Air 99.5% c-CeO
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Table Il. Reaction Layers Formed at the Interfaces ohdli @eG/ZrO, Samples after Reaction at 1550°C/4 h

i Interface reaction layers and phases Reaction layer “IV”
0

Specimens mol% CeO, Ti side Ceramic side in the Ceramic side
I a-Ti + TiZro

10Ce90Zr| 10 mol% m a-Ti+ p’-Ti + CeZrzOq C-ZrOzx, a-Zr
Il a-Ti+ TiZrO +p’-Ti
I a-Ti + Ti,ZrO

30Ce70Zr| 30 mol% m B’-Ti + CeZr,0; c-ZrO,., CeZr,0;
Il a-Ti+p'-Ti

50Ce50Zr| 50 mol% | | CeQ +B'-Ti m | CeQ, a-Ti+p'-Ti+ CeZr,O; | Celr,0;, a-Zr

70Ce30Zr| 70 mol% I Ce( + CeZr,0; M CeQ, a-Ti+ CeZr,0; CeZr,0, CeQ

100Ce 100 mol% I | a-Ti+CeO m a-Ti+ CeO CeO
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¢ : cubic ZrO2
t : tetragonal ZrO2
m: monoclinic ZrQO2
85 v: Ce2Zn 07
80 - o: Ce2Zr3010
75 m: cubic CeO2
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Fig. 1. X-ray diffraction spectra of various sintered G&®O, samples.



Interface

Fig. 2. (a)-(e)The backscattered electron images of the crosgsduetween Ti



and CeQ@ZrO, samples after reaction at 1550°C for 4 h. Thevesrindicate the
original interfaces between Ti and G£¥O, samples.

Z
a-Ti+Ti2ZrO

g >

o-Ti+Ti2ZrO {(;‘v

Fig. 3. The backscattered electron images of reactionrlaye in the titanium side at the
interface between (a) Ti and 10Ce90Zr and (b) T 20Ce70Zr after reaction at 1550°C for 4 h.
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Fig. 4. (a) The bright-field image of reaction layers “&hd “IlI” at the interface
between Ti and 10Ce90Zr after reaction at 1550°C 4foh; (b) selected area
diffraction patterns of the lamellar;ZirO anda-Ti, Z = [0001],1i //[110}i2z0 ; (C) @
selected area diffraction pattern of thexX3gO1p with the zone axis [001]. Arrow
below the bright-field image indicates the intedax reaction layers “II” and “llI”.
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Fig. 5. The backscattered electron images of reactioarléyl” in the zirconia side near the
original interface between (a) Ti and 10Ce90Zr @n)dTi and 30Ce70Zr after reaction at 1550°C
for 4 h.



Fig. 6. (a) The bright-field image of reaction layer “lidit the interface between Ti
and 30Ce70Zr after reaction at 1550°C for 4 h;s@dected area diffraction patterns

of the
CexZr,0; with the zone axis [111].; (c) a selected areaatifion pattern of th@'-Ti

with the zone axis [111].



Fig. 7. The backscattered electron images of reactiorrldly and “llI” at the interface
between (a) Ti and 50Ce50Zr and (b) Ti and 70Cea®2&r reaction at 1550°C for 4 h.



Ce2Zr207

Fig. 8. The bright-field images of reaction layer “IV” the zirconia side far away
from the interface between (a) Ti and 10Ce90Zr, Tiband 30Ce70Zr, (c) Ti and
50Ce50Zr, and (d) Ti and 70Ce30Zr after reactiob5&0°C for 4 h.



