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bstract

In the ceramic/metal joining and coating, the most difficult problem is how to overcome poor adhesion of ceramic layers by their cracking and/or
eeling arising from their intrinsic brittleness. On the basis of accumulated results and discussion, we propose a novel concept and technology of
ormation “Graded Intermediate Layer” or “Growing Integrated Layer” [GIL] between ceramics and metallic materials to improve the adhesion

erformance. Those GIL(s) can be prepared from a component of the metallic materials by chemical and/or electrochemical reactions in a solution
t low temperatures of RT-200 ◦C. BaTiO3 or SrTiO3/TiOx GIL films on Ti plates formed by hydrothermal–electrochemical method showed good
dhesion. CaTiO3/Al2O3/Ti2Al GIL films on TiAl exhibited excellent adhesion and anti-oxidation performances. The GIL strategy is effective for
etallic alloys and bulk metallic glasses because they generally contain active component(s).
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Metallic materials including alloys, metallic glasses, etc.,
ave excellent mechanical properties, high machinability, high
roductibility, high durability, etc., thus they have widely
een used in various areas of applications as structural and
unctional materials. In order to improve their refractory prop-
rties, anti-oxidation, anti-wearing, chemical durability and
io-compatibility, ceramics formation and/or coating have been
esired for a long time because ceramics materials have higher
hermal, chemical and/or bio-chemical durabilities. Various

ethods for joining [1] of ceramics to metals have been studied
Fig. 1 [A]). Moreover, many methods for coating/deposition
f ceramics on metals have been developed for ceramics/metal
oundaries as shown in Fig. 1 [B] [1–6]. Particularly, surface

odification/alteration treatments have been studied based upon

ecent development of nano-technologies. Nano-scale bonding
etween ceramics and metallic materials have been established
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n those surface modifications and alterations. However, those
urface treatments have rather scarcely succeeded for practical
pplications in mechanical, structural and thermal bulk mate-
ials because interfacial bondings between ceramics coatings
nd metal substrates are insufficient to overcome the accumu-
ated mechanical and thermal stresses [1–3]. Therefore, cracks
ccur in the layer of ceramics which are brittle in nature when
he accumulated stress exceeds a critical value [7]. In order to
mprove the adhesion performance without cracking and peel-
ng of ceramic layer, multiple layered, laminated, integrated,
raded and diffused coatings have been investigated to decrease
he stress accumulation, however, it is not easy particularly when
he interface is sharp. Diffused even widely diffused interface(s)
f more than micron sizes are rather preferable for joining and
oating of bulk ceramics on metallic materials.

. Proposed novel ceramics/metal joining and its

ormation process

Based upon the facts and consideration described above, we
ropose herewith a novel ceramics/metal joining with strong

mailto:yoshimura@msl.titech.a.jp
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mal stress accumulation can be avoided in those low temperature
formations of the ceramic film on the metal. We are showing
several examples as follows.
ig. 1. Various methods of [A] joining of ceramics and metals and [B] coating/
efs. [1–3] and recent data [4–6].

dhesion as shown in Fig. 2. It consists of one composition-
lly and/or functionally graded intermediate layer [GIL] with
wo widely diffused interfaces: the first one is between the bulk

etallic glass or alloy and the graded intermediate layer [GIL],
nd the second one is between the ceramics and the graded inter-
ediate layer [GIL]. The first interface can be formed when one

f the metal components is changed into other phase(s) by the
eaction with another component from the environment like; i.e.

+ 1/2O2 = MO. Other components of metallic materials can
ive a diffused interface because they shift to a M-poor com-
osition when M component diffuses into the MO layer (It is
eneral in the oxide scale formation.).

In this process, the metallic materials with multi-components
ike as bulk metallic glass(es) and alloy(s) are preferable. In par-
icular, if the metallic glass or alloy contains a very reactive
omponent like Ti, it can grow on the bulk metallic materi-
ls with its “root” in the bulk. We can give a name, “Growing
ntegrated Layer or Graded Intermediate Layer [GIL],” for this
ayer and “Growing Integration Process [GIP]” for its forma-
ion process. They are relating to reactive eutectic joining [1,8]

nd active metal blazing [9] in the point where reacted layer(s)
s formed by interfacial reactions, but different in the point
here the reactive component exists in the starting metallic
aterials.

ig. 2. A novel strategy for strong adhesion between ceramics and metallic
aterials. [GIL] “Graded Intermediate Layer” or “Growing Integrated Layer”
ith widely diffused interfaces between it and metallic material or ceramic
aterial.

F
e
a

ition of ceramics on metals. This figure was made by modifying the data from

This type of growing integrated layer [GIL] of oxide films
rown from the “seed,” i.e., the most reactive component in the
ulk metallic materials is interesting as a novel processing of
xide film formations. Especially, the oxide film can be fab-
icated in a solution at low temperatures as RT-200 ◦C when
hemical and/or electrochemical potentials can be added. Ther-
ig. 3. Schematic illustration of experimental equipment for hydrothermal–
lectrochemical method. (A) Cathode (Pt plate), (B) thermocouple, (C) stirrer
nd (D) anode (Ti plate).
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ig. 4. Change of BaTiO3 film thickness with current density of 15 mA/cm2

©) and 0 mA/cm2 (�) and reaction time, on the Ti-deposited glass substrates
t 200 ◦C in 0.5N-Ba(OH)2 solution.

. BaTiO3 (or SrTiO3)/TiOx films on Ti substrate by
ydrothermal–electrochemical method [10–15]

In 1989, Yoshimura, et al. reported crystalline BaTiO3
lms could be fabricated on Ti substrate in Ba(OH)2 solu-

ion at 100–200 ◦C with an electrical current density of
–15 mA/cm2 [10]. Since the anodic oxidation and anodic dis-
olution of Ti component was observed as illustrated in Fig. 3,
his method could be called “Hydrothermal–Electrochemical

ethod.”[10,11] Fig. 4 demonstrates that the film thickness
ncreases with electrical current and time up to >300 nm [12,13].

he film was lustrous like a mirror and free from any visible
efects. Adhesion of the film on the Ti plate was so strong that
o exfoliation was observed after bending the specimen as shown
n Fig. 5 [12]. A detailed study of such a SrTiO3 film on Ti plate

ig. 5. BaTiO3 film on Ti plates formed at 200 ◦C in 0.5N-Ba(OH)2 solu-
ion for 30 min. No exfoliation was observed even after bending the specimen
bar = 1 mm).
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ig. 6. Magnified TEM image for SrTiO3 film on Ti substrate grown in 0.5 M
r(OH)2 solution of pH 14.2 at 150 ◦C. A polycrystalline intermediate layer of
i-oxides can be observed between SrTiO3 and Ti shown by arrows.

evealed the existence of the intermediate layer of Ti-oxides
etween SrTiO3 and Ti layers (Fig. 6) [15]. We believe that
he intermediate layer could strengthen the adhesion of SrTiO3
eramic film.

. CaTiO3/Al2O3/Ti2Al grown films on TiAl [16,17]

A similar hydrothermal–electrochemical method was applied
o the CaTiO3 coating on TiAl polycrystalline plates. In a
a(OH)2 solution at 200 ◦C for 2 h, crystalline CaTiO3 films
ith ∼3 �m thickness were fabricated [16]. This CaTiO3 film

ould improve the anti-oxidation behavior in air at 900 ◦C
rom non-coating sample. We studied extensively to improve
nti-oxidation behaviors as well as adhesion behaviors of coated
xide layers. When a CaTiO3 coated sample was oxidized in
pack of TiO2 powders at 900 ◦C for 24 h or in a low vac-

um at 1200 ◦C encapsulated in a quartz tube, an internal Al2O3
ayer could be formed beneath of the CaTiO3 coat because an
l-rich layer was prepared by the depression of Ti component
ue to CaTiO3 formation. The growing integrated layer (GIL
f CaTiO3/Al2O3/Ti2Al on TiAl as seen in Fig. 7 could out-
tandingly improve the adhesion and the thermal durability of
he sample. Fig. 8 demonstrates that the CaTiO3 + Al2O3 GIL
ould stop the oxidation even after the cyclic oxidation test of
h × 10 times in air at 900 ◦C [17]. It was almost equivalent to

he champion data of anti-oxidation treatments for TiAl samples
t that time.

. Summary

The summary of this work can be given as follows:
1) A ceramics layer on metallic materials has a difficult to form
a strong adhesion by its cracking and/or peeling arising from
its intrinsic brittleness.
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ig. 7. GIL films of CaTiO3 (A)/Al2O3 (B and C)/Ti2Al (D and E) on TiAl (F
fter CaTiO3 coating by hydrothermal–electrochemical method in a Ca(OH)2 s
2) To improve the adhesion performance, we propose “Graded
Intermediate Layer” or “Growing Intergraded Layer” both
can be written as GIL with diffused interface(s) would be
preferable between ceramics and metallic materials.

ig. 8. Cyclic oxidation tests for various TiAl specimens, at 900 ◦C in air for
h for every cycle. GIL films of CaTiO3/Al2O3/Ti2Al on TiAl formed by TiO2

ack oxidation in a quartz tube at 900 ◦C demonstrate excellent adhesion and
nti-oxidation performances.
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ed by heat treatment under encapsulated in a quartz tube at 1200 ◦C for 24 h
n at 200 ◦C.

3) Those GIL(s) may be grown from a reactive component of
the metallic material by chemical and/or electrochemical
reaction(s) in a solution at low temperatures of RT-200 ◦C.

4) Such low temperature formation of the ceramic film on
metallic material is beneficial to prevent residual thermal
stress(s).

5) BaTiO3 or SrTiO3/TiOx GIL films on Ti plates formed by
hydrothermal–electrochemical method showed good adhe-
sion.

6) CaTiO3/Al2O3/Ti2Al GIL films on TiAl exhibited excellent
adhesion and anti-oxidation performances.

7) Metallic alloys or bulk metallic glasses might be rather
preferable to form such GIL(s) because they are multi-
components and containing active component(s) in most
cases.
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