
A

E
c
d

a
l
©

K

1

t
b
s
d
s
t
t
n
v
t
s
a
i
i
s
o
t

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 1793–1799

Lowering the sintering temperature for EPD coatings
by applying reaction bonding

Bernd Baufeld a,∗, Omer van der Biest a, Hans-Joachim Rätzer-Scheibe b

a Metaalkunde en Toegepaste Materiaalkunde, Katholieke Universiteit Leuven, Kasteelpark Arenberg 44, 3001 Leuven, Belgium
b Institute of Materials Research, German Aerospace Center (DLR), Linder Höhe, 51147 Cologne, Germany
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bstract

lectrophoretic deposition (EPD) allows the fabrication of ceramic coatings, for example of thermal barrier coatings for turbine engines, at lower
ost and higher speed than most other deposition techniques. The commonly used sintering temperatures of more than 1200 ◦C however may
amage the metal parts and also lead to high production costs.
This study suggests a powder mixture of zirconia and zirconium nitride to lower the sintering temperature, where during sintering in air at 1000 ◦C
homogenous, porous zirconia coating was obtained. The thermal conductivity determined by laser flash experiments proved to be significantly

ower than that of conventional thermal barrier coatings.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic coatings are widely applied for example as pro-
ection against wear, corrosion, and oxidation or as thermal
arrier coatings in turbine engines. More specifically, yttria-
tabilized zirconia (YSZ) is frequently used for these purposes
ue to its excellent mechanical properties such as high bending
trength and fracture toughness. These properties are related
o different toughening processes like tetragonal-monoclinic
ransformation1 and ferroelasticity.2–4 Common coating tech-
iques are for example plasma spraying, chemical and physical
apour deposition, which work well but may be rather cost and
ime intensive. Electrophoretic deposition (EPD) on the other
ide allows the fabrication of ceramic coatings at lower cost
nd higher speed than most other deposition techniques.5–8 EPD
mplies the deposition of powder from a suspension under the
nfluence of an electric field and the subsequent consolidation by

intering. Commonly the sintering temperatures are in the order
f 1200 ◦C and higher.6,8 These high temperatures are one of
he main disadvantages of applying EPD for the fabrication of
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eramic coatings since they easily may damage metal substrates
nd metal coatings. Furthermore, high sintering temperatures
ean also high production cost. Therefore EPD methods allow-

ng lower temperatures may have a significant commercial value.
In order to overcome this disadvantage of high sinter temper-

tures, reaction bonding is studied. Reaction bonding already
as applied by Wang et al.6,9 for EPD coatings derived from
suspension with 3 mol% Y2O3 stabilized ZrO2 and Al pow-

er. Due to the volume expansion during the oxidation of Al a
ense ZrO2/Al2O3 coating was obtained. However, the applied
inter temperature was between 1150 and 1300 ◦C. Further-
ore, for certain applications ZrO2/Al2O3 may not be ideal and

ure ZrO2 would be preferable. Another potential candidate for
eaction bonding is ZrN due to its low reaction temperature.
or example, it is reported that ZrN coatings degrade in air
t temperatures higher than 500 ◦C.10 A zirconia/ZrN suspen-
ion was already employed successfully for the fabrication of an
nvironmental protection coating for a ceramic/ceramic matrix
omponent applied by dip coating.11 The applied sintering tem-
erature, however, was 1300 ◦C. Therefore, in the present paper

he applicability of a zirconia/ZrN suspension for EPD with a
ower sintering temperature of 1000 ◦C will be studied. Further-

ore, the thermal conductivity of the ceramic coating will be
etermined by the laser flash technique.

mailto:bernd.baufeld@mtm.kuleuven.be
dx.doi.org/10.1016/j.jeurceramsoc.2007.11.019
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Table 1
Composition of the ethanol suspensions

Suspension name A B C

Powder fractions Zirconia 90.2 wt% 82.6 wt% 99.2 wt%
CoO 0.7 wt% 0.6 wt% 0.8 wt%
ZrN 9.1 wt% 16.8 wt% 0

Suspension stabilizers n-Butylamine 3 vol.%
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(Table 2). On the fracture surface of the EPD spalls one can
not only observe the round zirconia grains, but also frequently
larger grains with straight edges, which can be identified with
the help of energy dispersive X-ray analysis as Cr and Co con-
Dolapix CE64 1 wt%
owder load 96 g/l

. Experimental

.1. Specimen preparation

YSZ (Melox 5Y XZO 99.8%, i.e. 5 mol% Y2O3), cobalt
xide as a sintering aid12 (Aldrich cobalt(II, III)oxide 99.8%),
nd ZrN (ZR-501, 99.8% ZrN, Atlantis Equipment Engineers)
ere used. Since the grain size of the ZrN powder is rather large

1–5 �m according to the supplier), the ZrN powder was first
all milled with zirconia balls in ethanol for 1 day. Then the
irconia and the CoO powders were added and everything was
all milled again for 1 day. Two different compositions were
nvestigated (see Table 1), i.e. one with 9.1 (A) and one with
6.8 wt% ZrN (B). For comparison, a third type of suspension C
as prepared under similar conditions, but without the addition
f ZrN.13 The suspension was prepared by adding n-butylamine
BA) and Dolapix CE64 as suspension stabilization additives
see Table 1) to the powder/ethanol slurry. The suspension was
rst stirred mechanically, then ultrasonically, and finally again
echanically (15 min each sequence).
Two different substrate types were used. One consisted of

he Ni based superalloy IN600 and a rather rough and porous
lasma sprayed NiCoCrAlY coating. In order to reduce the orig-
nal roughness the metal coating has been grinded down to a
hickness to about 0.1 mm. The other substrate type, used for
he laser flash technique, is called quasi-free-standing coating,14

nd will be described in the following paragraph in detail.
The EPD cell consisted of a non-conductive container and two

lectrodes, where one of them was the substrate. During EPD,
he suspension was subjected to further mechanical stirring. The
xperimental conditions and data of the laser flash specimens
re presented in Table 2. The yield from suspensions A and B

s comparable and increases with deposition time (Fig. 1). The
rying in ambient conditions was followed by heat treatment
or 6 h: specimens from suspensions A and B in air at 1000 ◦C

able 2
PD conditions and data of the laser flash specimens (for the porosity calculation

he density of 6.05 g/cm3 is assumed for fully dense zirconia)

pecimens from suspension A B C

lectrical field strength (V/mm) 2.8
lectrical current (mA) 36 45 38
PD time (s) 90 90 120
PD thickness (mm) 0.11 0.09 0.10
ensity (g/cm3) 2.5 3.3 3.7
orosity (%) 59 46 38

F
s
c

ig. 1. Ceramic yield of the green coating derived from suspensions A and B in
ependence on the deposition time.

nd specimen from suspension C in hydrogen atmosphere at
200 ◦C.

The green coatings from suspensions A and B have finely
rained zirconia and coarser ZrN grains (Fig. 2). They have
dark grey colour, which is related to the black ZrN powder

nd turn white during heat treatment in air. Heat treatment of
pecimens with thicker coatings resulted in extensive spalla-
ion, limiting the final thickness of adherent EPD coatings to
bout 0.1 mm. Fig. 3 shows the fracture side of a spalled EPD
oating. From the microstructure it is obvious that despite the rel-
tively low temperature sintering took place. In comparison with
he green coating (Fig. 2) the very fine grains disappeared and
he grains developed a round appearance. The obtained ceramic
oating is rather porous, which agrees with density calculations
sing the mass change due to EPD and the specimen geometry
ig. 2. Back-scattered secondary electron micrograph of a green coating from
uspension B showing the finely grained YSZ and the larger ZrN grains (brighter
ontrast).
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XRD it can be stated that all ZrN transformed into zirconia. The
specimen derived from suspension A has a lower volume frac-
tion of the monoclinic phase than the one from suspension B
(Table 3).

Table 3
Tetragonality of different specimens, derived from intensities of the diffraction
peaks of monoclinic and tetragonal zirconia according to the formula by Toraya
et al.18

Type Volume fraction of the tetragonal
phase relative to the monoclinic
phase (%)

YSZ as-received 93.5
EPD coating from suspension A, green 92.8
ig. 3. Spall surface from a sintered EPD coating derived from suspension A,
iewed from the fracture side.

aining oxides. These are thermally grown oxides (TGO) which
evelop during heat treatment in air at the interface between the
iCoCrAlY coating and the ceramic EPD layer. NiCoCrAlY

oatings are designed to form a dense alumina TGO, but in case
f a local Al deficiency, possibly attributed to the porosity of the
lasma sprayed metal coating, also Co and Cr will oxidize.

.2. Characterisation techniques

The thermal diffusivity of the EPD coating was measured
sing the laser flash method (LFA427, NETZSCH). In this tech-
ique, the front side of a plan-parallel disk is heated by a short
aser pulse (neodymium doped gallium gadolinium garnet laser
ith a wavelength of 1.064 �m). The heat diffuses through the

ample and the resulting temperature rise of the rear surface is
ecorded by an infrared detector (2–5 �m wavelength range).
he thermal diffusivity is determined from the measured tem-
erature rise and analyzed by the NETZSCH LFA Proteus®

oftware. Thermal conductivity of the coating k is then calcu-
ated using the relationship k = cpρα, where cp is the temperature
ependent specific heat,15 ρ the density, and α is the thermal dif-
usivity. The analysis is based on a one-dimensional heat flow
nd takes the heat loss from all surfaces of the disk-shaped sam-
le into account. In contrast to former analyses,14 the effect of
he radiative heat transfer in the interior of the sample, which is
specially noticeable at higher temperatures,16 is considered by
his software.

A special sample type called quasi-free-standing coating
llows measuring the thermal conductivity of fragile and thin
oatings. This sample type consists of a sapphire support (diame-
er 12.7 mm, thickness 1 mm) on which the ceramic EPD coating
s deposited. For the laser flash measurement of semi-transparent
irconia it is in addition necessary to add a thin platinum layer
n both sides of the ceramic coating, which were sputter coated

efore and after the EPD process with a thickness of about 5 �m.
he thin Pt layer between sapphire and EPD coating prevents the

aser beam penetration into the interior of the sample and ensures
n effective and uniform absorption of the laser pulse. The thin

F
F
F
F
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t layer on the EPD coating surface serves as emission layer
or measuring the temperature signal by the infrared detector. In
ddition, this opaque layer prevents the infrared detector from
iewing into the sample interior and thus not giving an accurate
emperature rise curve for the rear surface. Furthermore, for the
PD process the metal layer on the electrically non-conductive
apphire forms the necessary electrode.

The laser flash tests were performed in vacuum (between 10.5
nd 10.4 mbar) from room temperature up to 1150 ◦C. In order
o study sintering effects on the thermal conductivity, which are
eported for conventional TBC systems,17 the specimens were
ot only investigated in the as-sintered condition, but also after
00 h annealing in air at 1100 ◦C.

Further analysing tools were scanning electron microscopy
SEM, FEI XL30FEG), X-ray diffraction (XRD, Seifert 3003-
T) and differential scanning calorimetry (DSC, NETZSCH
SC 404).

. Results and discussion

.1. Phase transition during sintering

Before sintering the XRD spectra of specimen from suspen-
ions A and B show peaks of tetragonal zirconia, of ZrN, and
n addition very weakly of monoclinic zirconia (Fig. 4). Actu-
lly, the tetragonal and cubic phase can not be discerned by
he available resolution of the XRD, but due to the composi-
ion of the YSZ (5 mol% Y2O3) the cubic phase is excluded.
he as-received YSZ powder consists of tetragonal but also
f a small volume fraction of monoclinic phase (Table 3). It
ay be hypothesized that the decreased volume fraction of the

etragonal phase found for the green coatings is due to the ball
illing. Wang et al.6 reported about such a transformation from

etragonal to monoclinic and explained it as a martensitic phase
ransformation induced by the fracture of YSZ grains.

After sintering in air at 1000 ◦C specimens from the suspen-
ions A and B show pronounced peaks of monoclinic zirconia
n addition to the ones of tetragonal zirconia (Fig. 4), while the
eaks of ZrN disappeared. Within the detection limits of the
rom suspension A, sintered 54.4
rom suspension B, green 88.0
rom suspension B, sintered 54.5
rom suspension C, green 92.0
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ig. 4. XRD spectra of the ceramic coating of specimen from suspension A (a)
nd B (b) after EPD and after sintering in air at 1000 ◦C. Z: tetragonal zirconia,
: monoclinic zirconia, N: ZrN.

.2. Thermal reactions

DSC was used to investigate the behavior of the YSZ/ZrN
owder mix in air (flow rate 50 ml/min) in dependence on tem-
erature (heating and cooling rate: 10 K/min). The DSC traces of
he dried powder (before the addition of the suspension stabiliz-
rs) consist of several exothermal and endothermal peaks during
eating (Fig. 5) and none during cooling. In order to understand
he complex DSC spectrum, the starting powders YSZ and ZrN
ere measured as well.

YSZ shows during heating an endothermal peak around

50 ◦C. Since the YSZ powder contains not only tetragonal,
ut also monoclinic phase (see Table 3), this endothermal peak
an be assigned to the monoclinic to tetragonal phase transfor-

t
c
b
h

ig. 5. DSC in air of the dried powder of suspension B (without the addition of
he suspension stabilizers) in comparison with the one of the ZrN and zirconia
owders as used for the suspension.

ation in accordance with Suresh et al.19 During cooling no
ore-transformation of the YSZ was observed indicating that

he YSZ remained tetragonal. Zirconia with 5 mol% Y2O3 is
ore precisely called t′-zirconia, and shows in contrast to lower

ttria content zirconia a reluctance to transform martensitically
o the monoclinic phase during cooling.20–22

ZrN powder exhibits an exothermal double peak between
00 and 800 ◦C, which can be explained by a stepwise transfor-
ation from ZrN to ZrO2. According to other authors23,24 the

ransformation is not direct but intermediate species are formed,
tarting at 300 ◦C. The complete oxidation into ZrO2 starts at
50 ◦C and at 950 ◦C only ZrO2 was detected.24

With the thermal reactions of the starting powder the com-
lex DSC spectrum of the powder mix can be understood. The
uperposition of the endothermal peak from the monoclinic to
etragonal transformation of YSZ and of the exothermal peak
rom the oxidation of ZrN results in a strong exothermal peak
round 500 ◦C, a weaker exothermal peak around 800 ◦C and an
ndothermal peak around 830 ◦C. The zirconia resulting from
he oxidation is not stabilized and the time at temperature is pre-
umably too short to get a Y exchange with YSZ grains. Since
he monoclinic to tetragonal phase transition of pure ZrO2 is
ignificantly higher (∼1200◦) than for YSZ,20 the oxidation of
rN during the DSC will result in monoclinic ZrO2. Therefore,
t high temperatures the assumed phases are monoclinic zirco-
ia from the oxidation and t′-zirconia from the YSZ and during
ooling no further reaction will be observed.

Not yet explained is the exothermal peak of the pow-
er mix around 300 ◦C. While YSZ and ZrN powders were
nvestigated in the as-received condition, the powder mix has
een milled in ethanol. Supposedly, even after drying OH
roups exist on the surface of its grains, which may lead to

he peak at this low temperature. DSC traces of green EPD
oatings (not shown here), i.e. including the suspension sta-
ilizers, are very similar to the ones of the powder mix, but
ave in addition another relatively sharp exothermal peak at
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ig. 6. Cross-section of EPD coatings on the IN600/NiCoCrAlY system, derived
rom suspensions A (a) and B (b), both with a deposition time of 60 s.

80 ◦C. This is attributed to the burning off of remains of the
-butylamine.

.3. Microstructure

The cross-sections of EPD coatings on IN600/NiCoCrAlY
ubstrates demonstrate that the EPD process levels out the
urface roughness of the metal coating resulting in a smooth
eramic surface (Fig. 6). This may be attributed to the throwing
ower and the potential drop over the deposit of ethanol-based
uspensions.25 The EPD coatings appear homogenous and have
nly few agglomerates. Occasionally, cracks parallel to the sur-
ace can be observed. The rough and porous structure of the
etal coating is also apparent in this figure. Due to the sintering

n air a TGO has developed on the metal coating surfaces.
The more detailed view of Fig. 7 shows that the EPD coatings

re relatively porous and that despite the low heat treatment tem-
erature sintering has been achieved. The porosity seems to be
omparable with the one of conventional EPD coatings sintered

t 1200 ◦C.13 Yet, it is obvious that suspension B resulted in a
ower porosity than suspension A.

Close inspection of the micrographs (Fig. 7b and d) suggests
hat the ceramic coating is not single phased. On the grain sur-

f
w
E
w
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aces and for the larger grains within the grains a darker grey
hase can be discerned. Point analysis with EDX of the SEM
ndicates besides Zr and O the existence of Co, Cr and Fe in
he regions of the darker phase. It may be speculated that these
arker regions are additional oxides. However, no indication for
his additional phase was found by XRD, which may be due to
too low volume fraction of this secondary phase or due to the
ossibility of being amorphous.

.4. Thermal conductivity

Fig. 8 shows the thermal conductivity of specimens from
uspensions A–C. At room temperature, the as-sintered EPD
oatings have a very low thermal conductivity between 0.4 and
.6 W/(m K) decreasing moderately with increasing tempera-
ure. Due to the lower density, the sintered EPD coating derived
rom suspension A has a lower thermal conductivity then the one
rom suspension B.

The coating derived from suspension C without addition of
rN has a porosity of 38%.13 Yet, despite the fact that it has a

ower porosity than the one derived from suspension B (46%),
t has a slightly lower thermal conductivity than the one from
uspension B. Since their microstructural architecture is com-
arable, the difference in thermal conductivity may be related
o the difference in yttria concentrations. With increasing yttria
oncentration the number of oxygen vacancies, at which the
honons are scattered, increases leading to a lower thermal
onductivity.26 Sintered coatings derived from suspensions with
rN have a higher volume fraction of the monoclinic phase than
oatings derived from suspension C (Table 3) and monoclinic
irconia has a lower amount of yttria and therefore a lower num-
er of oxygen vacancies than tetragonal zirconia. Therefore,
ith similar porosity the coatings derived from suspensions with
rN would have a higher thermal conductivity then the ones
erived from suspension C. This effect seems to be so strong,
hat even with a lower porosity the coating from suspension

has a lower thermal conductivity than the one derived from
uspension B.

Heat treatment for 100 h in air at 1100 ◦C significantly
ncreases the thermal conductivity for all EPD coatings. It is
oteworthy, that the specimen with the highest porosity not
nly has the lowest thermal conductivity, but also the smallest
ncrease in thermal conductivity due to the heat treatment.

In comparison with commercially available thermal bar-
ier coatings, like air plasma sprayed (APS) or electron
eam physical vapour deposition (EB-PVD), the EPD coatings
ave remarkable low thermal conductivities. Values of about
.8 W/(m K) for APS and 1.6 W/(m K) for EB-PVD coatings
re reported for coatings in the initial state at room temperature,
ecreasing to 0.7 and 1.25 W/(m K), respectively, at 1150 ◦C13,17

fter corresponding heat treatment in air at 1100 ◦C for 100 h,
hese commercial coatings also showed a considerable increase
n thermal conductivity to 1.3 W/(m K) for APS and 2.1 W/(m K)

or EB-PVD thermal barrier coatings at room temperature,
hich are significantly higher values than for the EPD coatings.
PD allows therefore the fabrication of thermal barrier coatings
ith remarkably low thermal conductivity.
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Fig. 7. Details of cross-sections of EPD coatings on the IN600/NiCoCrAlY system,
time of 60 s.
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ig. 8. Thermal conductivity in dependence on temperature during heating, in
he as sintered condition and after 100 h heat treatment at 1100 ◦C in air of the
wo different EPD coatings with and without ZrN13.

. Conclusion

A stable ethanol based suspension with partially Y2O3 sta-
ilized ZrO2 and ZrN powder fractions has been prepared and

uccessfully applied for EPD. With sintering in air at a remark-
bly low maximum temperature of 1000 ◦C porous ceramic
oatings (≈0.1 mm thick) were obtained due to reaction bond-
ng. The achieved homogenous microstructure is comparable

A

s

derived from a suspension A (a and b) and B (c and d), both with a deposition

ith the one without reaction bonding but sintered at 1200 ◦C.
ue to the throwing power of ethanol-based suspensions original

urface roughness is levelled out resulting in a smooth surface.
he resultant phases are tetragonal and monoclinic zirconia.
he latter developed due to the oxidation of ZrN with a defi-
iency of stabilizing yttria. Further research with zirconia with
igher yttria composition (for example fully stabilized zirconia)
s worthwhile to investigate whether the monoclinic phase can
e omitted. This would be advantageous due to detrimental vol-
me changes of monoclinic-tetragonal transformations during
n service temperature cycles to very high temperatures.

The thermal conductivity of the EPD coating proved to be
emarkably low. However, annealing at 1100 ◦C increased the
hermal conductivity drastically. Compared with thermal barrier
oatings prepared by APS or EB-PVD, the reaction bonded EPD
oatings have still superior thermal properties.

A drawback might be poor adherence, abrasive and corrosion
esistance of EPD coatings, which still have to be investi-
ated. Nevertheless, applications exist where the requirements
o mechanical properties are less severe and cheaper thermal
arrier coatings with lower thermal conductivity are desired.27

urthermore, if the aim is a low thermal conductivity and a good
orrosion resistance, for example, a combination of EPD and
PS is imaginable.
cknowledgment
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