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Abstract

Nickel substrates have been coated by Ni/Al,0; composite films by a dipping process using aqueous suspensions that contain a temporary
binder. Two-layer and three-layer graded coatings have been produced, consisting of pure Ni powder and Ni/Al,O3; composites with Al,O3
contents of 15 and 30 vol.% as intermediate layers to release sintering and thermal stresses. The laminates were further coated with a ceramic
layer of Al,O3/ZrO, that was deposited by electrophoretic deposition using a non-aqueous suspension. A continuous, thin Al,O; layer
surrounding Ni grains developed at the intermediate composite layer of Ni/Al,O3 allows the ceramic coating to maintain strongly adhered to
the nickel substrate by means of a porous substrate/coating interface.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of metals is limited in aggressive media or in
high temperature applications, where metal undergoes cor-
rosion and degradation. Ceramic coatings are often used to
improve the surface behavior of metals, thus allowing them to
be used in high temperature applications, such as thermal bar-
rier coatings. One of the most widely studied metal-ceramic
systems is the Ni-Al;O3 system,'~> due to the high refrac-
toriness and stability of nickel. The incorporation of a ductile
phase of Ni into an Al,O3 matrix has demonstrated to be an
efficient route for improving the toughness of the ceramic
phase.*¢ Reinforcement occurs by means of a crack bridg-
ing mechanism, but its efficiency depends on the bonding
characteristics, since defects at the interface, such as pores
or unjoined areas may be the origin of damage and cracks
induced by differences in thermal expansion coefficients. A
lot of work has been made to obtain bulk Ni—Al,O3 bodies,
but the application of this system to films and coatings have
been much less studied.

* Corresponding author. Tel.: +34 91 7355840; fax: +34 91 7355843.
E-mail address: bferrari@icv.csic.es (B. Ferrari).
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A major problem when trying to join a ceramic layer and
a metal one arises from their very different thermal expan-
sion coefficients, leading to very high residual stresses on
cooling.” Excepting some chemical processing routes, such
as sol—gel,® ceramic powder processing usually requires high
temperatures for sintering. Moreover, when a dense substrate
is coated by a powdered layer, the former has no dimensional
changes while the last shrinks on sintering, thus promoting
new stresses.” Some of these problems have been solved us-
ing processing strategies to obtain defect-free bulk bodies.
One such approach is to formulate compositions that develop
a thermally-grown oxide (TGO) layer during the thermal
treatment or pre-treatment. A film of ceramic-metal com-
posite is formed that allows joining to both the ceramic and
the metal layers giving consistency to the coating.!®!! This
intermediate layer reduces mismatch between the thermal ex-
pansion coefficients and thus, residual stresses. However, the
mismatch between a porous layer that shrinks during sinter-
ing and a dense substrate remains unsolved.

For this problem the functionally graded material (FGM)
concept is a very useful design tool. It was developed as a
way to face the very high residual stresses developed in com-
posites for aerospace applications. A FGM implies a grad-
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ual change in the composition from one face to another that
allows the properties to progressively change inside the ma-
terial. In this way, pure Ni to pure Al,O3 graded materials
have been fabricated in one-step sintering by fixing the lin-
ear shrinkage of the composite layers forming the FGM.!?
Other method to coat metals with a ceramic phase is the
electrochemical deposition of an intermediate metal layer
prior to the coating forming!® or once the coating has been
formed through the channels of the presintered porous ce-
ramic layer.!*

Previous work has studied the colloidal behavior of nickel
aqueous suspensions, demonstrating that well-dispersed sus-
pensions can be prepared in water by using an acrylic-based
polyelectrolyte and tetramethylammonium hydroxide at pH
10.!5 Other authors have studied also the stability and rhe-
ological properties of nickel suspensions.'®!7 We have also
reported previously the use of nickel aqueous suspensions to
produce thick coatings on the internal walls of steel tubes.'®
The suspension wetted to the steel by action of organic
binders similar to those used for tape casting.

The present work deals with the manufacture of a graded
microstructure in which a Ni foil is coated by Ni and
Ni/Al,O3 layers prepared from aqueous suspensions with
an organic binder and further deposition by dipping. Behind
the metal-ceramic layers introduced to improve adhesion,
an outer ceramic layer of Al,O3/ZrO is formed by elec-
trophoretic deposition.

2. Experimental

Commercial powders of Nickel (T110, INCO, Canada),
ZrO, with 3mol% Y,03 (TZ-3YS, Tosoh, Japan), and o-
Al,O3 (Condea, HPAO5, USA) with mean particle sizes of
2.5, 0.4 and 0.35 pm, specific surface areas of 1.0, 6.7 and
9.5 m? g_1 ,and densities of 8.7,5.8 and 3.95 g cm 3, respec-
tively, were used.

Aqueous suspensions of Ni (100N) and Ni/Al,O3 mix-
tures with relative ratios of 85/15 and 70/30 (v/v) (labeled
as 15A and 30A, respectively) were prepared to final solids
contents of 20, 25 and 30vol.% (after binders addition).
According to previous studies!> suspensions were stabi-
lized with a commercial polyacrylic acid based polyelec-
trolyte (Duramax D-3005, Rohm and Haas, USA) adding
tetramethyl ammonium hydroxide (TMAH) up to pH 10.
Polyelectrolyte concentration was 0.8 wt.% with regard to
Al>O3 and 1 wt.% with regard to Ni. Suspensions were pre-
pared by ultrasonic mixing using a 400 W sonication probe
(IKA U400S, Germany) for 2 min and further stirring for
1 h.

Slurries for dipping were prepared adding 10 wt.% of a
commercial acrylic emulsion (Mowilith DM765, Celanese
Emulsions, Spain). The suspensions flow behaviour was mea-
sured with a rheometer RS50 (Haake, Germany) operating at
controlled shear rate conditions ranging from 0 to 15005~
The sensor system consisted of a double-cone rotor and a

stationary plate, protected with a solvent trap to reduce evap-
oration.

Commercially available foils of pure nickel were used as
coating substrates. Single coatings of 100N, 15A and 30A
were obtained by dipping at a withdrawal rate of 7.5 mm s~
Two-layer (2L) coatings were prepared by sequentially dip-
ping into suspensions 100N and 30A. Three-layer (3L) coat-
ings were obtained by consecutive immersion into 100N, 15A
and 30A suspensions. Coatings are labeled as 2L.-20%, 3L-
25%, etc, where 2L and 3L refer to the number of layers
and the percentage number refers to the solids loading of
the used suspensions. Every formed layer was weighted after
24 h drying to calculate the deposited mass/unit area.

The 100N, 2L and 3L coatings were further coated with
an external ceramic layer of Al,O3/ZrO; (relative ratio of
65.45/34.55, v/v) by electrophoretic co-deposition. The A/Z
suspension was prepared to a solids content of 3.4 vol.% in
ethanol by dispersing with 0.4 wt.% of polyethyleneimine
(PEIL, Aldrich). A graphite foil was used as counterelectrode,
separated at a distance of 2 cm from the work electrode. A
constant current density of 50 wA cm™2 was applied for a
deposition time of 90, using a power source AMEL, mod.
551 (UK). EPD equipment was provided with a lift in order
to assure a constant withdrawal rate of 7.5 mms™!,

Dynamic sintering tests were recorded on bulk pieces ob-
tained from suspensions of each composition with a dilatome-
ter (Netzsch, Germany) up to 1450 °C in flowing N atmo-
sphere. Samples were thermally treated in Ny atmosphere at
1450 °C for 3 h, with heating rates of 5°C min~! and cool-
ing rates of 2°C min~!, and a dwell at 500 °C for 30 min
during heating, to allow de-binding. Microstructural obser-
vations and thickness measurements were made by scanning
electron microscopy (SEM, Zeiss DSM-400, Germany).

3. Results and discussion
3.1. Monolithic dip-coatings

The flow behavior of 100N, 15A and 30A suspensions
with solids contents of 20, 25, and 30 vol.% was measured at
controlled rate conditions. All suspensions exhibit a shear-
thinning behavior, in agreement with that reported before
for nickel slurries.!® The shear-thinning behavior increases
with the addition of 10 wt.% of binder, which improves the
adhesion of the coatings produced by dipping.

Fig. 1 shows the values of viscosity measured at 100s~!
and the weight/unit area of the dip-coatings deposited on the
nickel substrates from suspensions with different composi-
tion as a function of their solids loadings. The plot evidences
that viscosity increases with the solids concentration and de-
creases with increasing concentration of Al;O3. The increase
of viscosity leads to an increase of the deposited mass, as it is
clearly observed for suspension 100N, although for 30 vol.%
composite suspensions (15A and 30A) the deposited mass is
lower than expected.
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Fig. 1. Viscosity (continuous lines) of 100N, 15A, and 30A suspensions and
weight/unit area of the resulting dry dip-coatings (dashed lines).

Monolithic coatings 15A and 30A were prepared by dip-
ping and sintered at 1450 °C for 3 h. Both coatings maintain
firmly joined to the nickel substrate, without releasing when
pulling out with scotch tape. Ni powders were also deposited
by dipping, acting as a substrate for subsequent deposition of
the multiple layers.

Deposited Ni films have a green thickness ranging from
25 to 100 wm, while that of A15 and A30 coatings range from
12 to 50 wm, depending on the solids content of the suspen-
sion. Table 1 relates the viscosity of the suspensions with the
deposited mass and the green and sintered thickness. Summa-
rized results show that the higher is the viscosity the greater is
the thickness. Furthermore, the relative green density of the
deposited films tends to increase as the content of alumina
increases. The Ni coatings have the lowest packing density,
due to the larger particle size of Ni powders. The addition of
submicronic alumina leads to a bimodal size distribution that
improves particles packing.

Fig. 2 shows SEM micrographs of 15A sintered coatings
obtained from suspensions with solids contents of 20 (a), 25
(b) and 30 vol.% (c). All the coatings are characterized by a
porous Ni matrix joined to the substrate, the largest porosity
appearing at the interface. Small grains of Al,O3 are found
either inside the Ni grains, especially for 25 and 30 vol.%
coatings, or at the surface. It appears that both the density

and the thickness uniformity increase with increasing solids
contents.

In agreement with Table 1, the increase of the viscosity
values of the suspensions versus the solids content promotes
a thickness increase, and also higher densification, since sol-
vent evaporation is the only mechanism operating during
shaping.

Fig. 3 shows a SEM micrograph of a 30A coating, ob-
tained from suspensions with 20 vol.% solids. Isolated coarse
grains of nickel are surrounded by the finer Al,O3 grains but
the joining between substrate and coating is quite poor, and
cracking occurs at the interface.

For dynamic sintering studies bulk monoliths were ob-
tained by pouring suspensions of every composition with
a solids content of 20vol.% into non-porous steel molds.
Fig. 4a shows the shrinkage curves of samples 100N, 15A,
30A, and A/Z. The corresponding derivative curves are plot-
ted in Fig. 4b. Nickel shows a first shrinkage stage at 550 °C
that has been previously assigned'? to the formation of necks
between fine particles, and a second stage with a change of
slope at 900 °C, corresponding to the maximum sintering rate
(Fig. 4b). The final shrinkage of the samples is around 30%.
For the sample 15A, the slope of the shrinkage curve de-
creases, and the first peak in the derivative shifts up to above
700°C, as the introduction of Al,Os retards sintering. In
the derivative two further peaks appear centered at 900° and
1150 °C. The sintering rate coincides with that of pure nickel
at around 850 °C. Shrinkage increases at temperatures above
1400 °C, as the ceramic phase has not fully densified. When
increasing the amount of alumina (sample A30) the shrink-
age is seriously reduced, since the concentration of second
phase is large enough to difficult continuous contact between
nickel particles. In the case of the A/Z sample, shrinkage
starts at 1200 °C. At the final temperature of this experiment
(1450 °C) no full densification has been reached but the sin-
tering process has achieved the maximum shrinkage rate in-
dicating that a dwell at this temperature will increase the final
density of this layer.

According to these studies it can be predicted that a multi-
layer composed of 100N—A15N and/or A30N can be used
to join the ceramic layer (A/Z) to a dense metallic sub-

Table 1

Suspensions and coatings properties

Composition Solids content Viscosity Weight/area (£0.2 mg/cm?) Thickness
(vol.%) (mPas) .

Green (£5 pm) Sintered (£1 wm)

100N 20 30 26 -
25 62 18 56 -
30 108 31 102 -

15A 20 27 6 18 10
25 45 11 40 17
30 91 18 53 22

30A 20 17 4 12 8
25 28 9 30 16
30 55 13 35 -
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Fig. 2. SEM microstructures of 15A coatings obtained from suspensions with solids loadings of 20 (a), 25 (b), and 30 (c) vol.%.

strate. As the temperature achieves 550 °C the nickel and the
metal—ceramic layers start to form necks and slight shrinkage
takes place. At 900 °C the nickel and nickel-alumina layers
should be joined to the nickel substrate. At this temperature
nickel has reached the maximum shrinkage rate but this is
not the case of nickel-alumina layers, which need higher
temperatures. As can be seen in Fig. 4a the shrinkage of the
different layers develops a stepwise system that will match
the sintering stresses generated by the adjacent layer and
no delamination would occur. It has to be noted that dilato-
metric studies have been performed on monolithic samples
with the same composition as that of the layers, but the fi-
nal shrinkage and sintering rate will be different in a layered
coating.”

3.2. Multilayer coatings

Table 2 summarizes the sequence of layers in the mul-
tilayer coatings fabricated by sequential dipping from sus-
pensions of different solids contents. Dipping, and not elec-

Table 2
Sequence of layers in the multilayer coatings

Suspension solids
content (vol.%)

Layers sequence

2L (100N-30A) (%) 3L (100N-15A—30A) (%)

20 2L-20 3L-20
25 2L-25 3L-25
30 2L-30 3L-30
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Fig. 5. Deposited mass of 100N, 2L, and 3L coatings as a function of the
solids content of suspensions.

trophoresis, was selected to shape intermediate layers in order
to reduce the thickness of the gradient structure.

Fig. 5 shows the weight/unit area of the coatings with
two and three layers (2L and 3L) compared to that obtained
for 100N (1L), versus the solids content. The total deposited
weight in 2L and 3L coatings using 20 and 25 vol.% suspen-
sions is similar to that of the first layer (100N), thus meaning
that these layers are very thin. However, when using 30 vol.%
suspensions, there is a significant contribution of the ceramic-
containing layers to the total mass of the deposit. Results point
out that multi-step dipping does not increase the deposits
weight as it would be expected. Deposited layers character-
ized in Table 1 were shaped on the nickel foil while sequential
deposits were shaped on the film of Ni powders deposited be-
fore. The lower deposit weight is due to the different nature
of the substrate surface.

Ceramic coatings of alumina—zirconia (A/Z) were de-
posited by EPD, using as work electrodes the nickel substrates
with single coating (100N), 2L coating (100N-30A), and 3L
coating (100N-15A-30A). The mass/unit area of the A/Z
coating ranged from 11 to 18 mg cm™2. Deposits are slightly
heavier when deposition is performed directly on the 100N
layer, regardless of the solids content, which suggests that
there is other process involved in the deposit formation dif-
ferent to the electrophoresis. Other authors suggest the pos-
sible existence of an additional contribution to the deposit
growth due to the solvent filtration on a porous substrate.?
The 100N green structure is more porous than 15A and 30A
structures, so the filtration effect during electrophoresis may
be significant.

Multilayer coatings were thermally treated at 1450 °C in
N, atmosphere. A/Z layers partially released on sintering
when directly deposited on 100N coatings, but when 15A
and/or 30A layers are present the A/Z layer maintained ad-
hered to the substrate. Apparently, no differences between 2L
and 3L coatings were observed at the interface. Ceramic lay-
ers only showed external cracks at the edges, due to increased
thickness close to the substrate edges under the effect of the
electric field during EPD.
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Fig. 6. SEM microstructure of Al,03/ZrO, layer deposited by EPD on the
100N-20% layer.

Microstructural observations by SEM show that the thick-
ness of the A/Z layers ranges from 40 to 50 wm, the thicker
being those deposited onto 100N coatings, in good agreement
with the weight/unit area measurements. Multilayer coating
composed by a 100N-20% (without alumina) and the outer
A/Z layer (Fig. 6) shows that the nickel 100N layer joins to
the nickel substrate with no residual porosity or defects at the
interface, but the joining between the deposited nickel layer
and the ceramic layer is worst, probably due to the shrinkage
mismatch.

SEM pictures of Fig. 7 show a general view (a) and a
detail (b) of the multilayer 3L-20% coated by A/Z layer.
The Ni layer has joined to the substrate, as well as to the
15A layer, although some pores appear aligned at the in-
terface between nickel layer and substrate, in contrast with
the microstructure observed in Fig. 6. The A15N and A30N
layers have mixed and cannot be well differentiated. Large
grains of nickel are surrounded by fine alumina particles and
a relatively large porosity remains. This structure is 20 um
thick, and it seems that Al,O3 content increases toward the
ceramic layer.

In the case of the 2L intermediate coating, the outer ce-
ramic layer also adhered to the substrate after sintering. Mi-
crostructures in Fig. 8 show multilayer coatings with inter-
mediate layers 2L-25% (a) and 2L.-20% (b). In both cases the
AlyO3/Ni layer is thinner than that developed with the 3L-
20% multilayer system (Fig. 7). Its thickness increases with
the solids content from 5 to 10 pm. Isolated pores appear in
the 2L.-25% microstructure (Fig. 8a) at the interface between
nickel layer and substrate, whereas the 21.-20% material has
no residual porosity and the powdered Ni layer cannot be dis-
tinguished from the Ni substrate. Although the second layer

Fig.7. SEM microstructure of the multilayer 3L.-20% coated by Al,03/ZrO,
EPD layer, at two different magnifications.

in 2L-25% system (Fig. 8a) has similar composition to the
last layer of 3L-20% system (Fig. 7b), the anchoring of Ni
grains of the composite layer to the pure Ni layer seems to be
stronger, showing a closer structure. This effect can be also
observed in the 2L-20% multilayer.

In summary, a metal-ceramic composite with graded
structure has been formed by means of intermediate porous
layers that adsorb stresses occurring during sintering. Junc-
ture regions increase with both the solids content (8a, 8b)
and the number of layers (7b, 8b). The adhesion of the
coating to the Ni sheet is strongly improved when a thin
layer of Ni powders is deposited on the Ni foil. An exter-
nal dense layer of AlO3-ZrO> up to 50 wm in thickness
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Fig. 8. SEM microstructure of the multilayers 2L-25% (a) and 2L-20% (b),
both coated by an Al,03/ZrO;, EPD layer.

can be deposited by electrophoresis on the metal-ceramic
layer.

4. Conclusions

A functionally graded coating shaped by dipping has been
designed to join a metal substrate to a thick ceramic layer
(up to 50 wm), the last being deposited by an electrophore-
sis process. Multilayer system is constituted by two clearly
differentiated layers: a Ni layer that uniformly joins to the
Ni substrate, and a composite Al,O3/Ni layer after a ther-
mal treatment at 1450 °C (5-20 pm). While Ni grains at the

composite layer join to the Ni layer, the development of a con-
tinuous, thin Al,O3 layer (<1 wm) surrounding the Ni grains
promotes the joining of this layer to the A/Z deposit. Shap-
ing conditions (sequence of layers, solids concentrations and
composition of the suspensions) will be optimized in further
works to remove the isolated pores appearing at the interface
between the deposited nickel layer and the substrate.
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