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a b s t r a c t

Freeze-spray deposition (FSD) method is described for rapid fabrication of layered composites with
controlled layer thickness and uniform microstructure. The graded alumina/zirconia composites are fab-
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ricated by FSD of ceramic slurries followed by freeze drying. Aqueous slurries with glycerol addition
are sprayed on a cooled substrate using an automated 3D gantry system. Processing parameters such
as viscosity of the ceramic slurries, composition and thickness of deposited layers as well as sintering
conditions are investigated to optimize the fabrication process. Microstructural analysis of the fabricated
composites revealed uniform and crack-free transitional layers indicating a strong interfacial bonding
ayered composites
raded structures

between the layers.

. Introduction

Functionally graded materials received significant attention in
evelopment of ceramic composites with unique physical proper-
ies. Various methods have been utilized for fabrication of layered
omposites, including tape casting [1,2], slip casting [3], elec-
rophoresis deposition [4], plasma spraying [5], etc. Due to the

ismatch of thermal expansion and sintering rate of dissimilar
aterials, microstructural defects, such as cracks and delamina-

ion, often occur in layered ceramics [6–10]. Such processing flaws
re complex in thermomechanical origins. It was shown that by
ontrolling heating and cooling rates or by mixing Al2O3 and ZrO2
ithin the layers, the formation of cracks and delamination can be

educed or completely eliminated [11]. A slower cooling rate could
ompletely relax the stress caused by thermal expansion coeffi-
ient mismatch of the graded structures at temperatures >1200 ◦C
n hybrid Al2O3/ZrO2 laminates [12]. Creep behavior and damage

echanism of functionally graded composites and thermal barrier
oatings were investigated under thermal cycling [13,14].

Freeze-casting, a process involving freezing of ceramic slurries in
nonporous mold followed by sublimation of the solvent, has been
tilized to fabricate complex-shaped ceramics [15–25]. However,

abrication of thin layers by freeze casting to form graded structures
s a challenging task. Freeze-spray deposition (FSD), a technique
hich involves spraying of ceramic slurries onto a cold substrate
ollowed by sublimation of the solvent, is introduced in this work
o fabricate layered composites at a rapid processing speed.
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The present study is aimed at utilizing of the FSD process for
rapid processing of alumina/zirconia graded laminar composites
with controlled layer thickness and microstructural development.
Processing parameters such as composition, concentration and
rheological properties of ceramic slurries as well as sintering condi-
tions of green bodies were studied to optimize the microstructural
development of layered composites. The sintered composites were
characterized by electron microscopy techniques to reveal the
microstructural development of Al2O3/ZrO2 graded structures.

2. Experimental procedure

2.1. Slurry preparation and rheology study

Alumina (A16SG: Alcoa, USA) and 5.3 wt% (3 mol%) yttria-
stabilized zirconia (Sigma–Aldrich, USA) powders were used for
preparation of slurries. The average particle sizes of powders
were d50: 0.40 �m for alumina and d50: 0.82 �m for zirconia.
Alumina and zirconia aqueous slurries with solids loadings rang-
ing from 30 to 50 vol.% were prepared using 1.2 wt% ammonium
polymethacrylate (Darvan C: Vanderbilt, USA) and 3 wt% acrylic
emulsion polymer (Duramax: Rohm and Haas, USA). The amount
of organic additives in weight percentage was calculated based on
the weight of the powders. Glycerol (Fisher Scientific, Pittsburg,
PA) with the amount of 20 wt% by weight of water was used as
a cryoprotectant to prevent the growth of large ice and freezing
defects associated with crystallization of water in slurries. To attain

a homogeneous slurry mixture, mechanical milling was performed
for 24 h in polypropylene bottles using alumina grinding media.
Rheological characterization of the slurries was conducted to evalu-
ate the stability of slurries. Viscosities of the well-dispersed slurries
were measured using a rotating concentric cylinder viscometer

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:doganf@mst.edu
dx.doi.org/10.1016/j.mseb.2008.12.014


Q. Fu et al. / Materials Science and Eng

F
t

(
5

2

l
n
p
a
t
H
s
g
d
w
n
p
i
w
d
p
w
3

2

s
m
t
h
s
1
u
c

e
w
a
0

as a lubricant between particles and decreasing the viscosity of
the slurry, and (iii) interacting with nonionic dispersants to form
a micelle structure, which results in an increase of particle–particle
separation [28].
ig. 1. Experimental apparatus showing a system employed for the sample fabrica-
ion process.

Haake, Model VT500) with shear rates varying from 0 to
00 s−1.

.2. Freeze-spray deposition of alumina/zirconia composites

Slurries were prepared by optimizing their viscosity, and solids
oading to obtain optimum spray behavior without clogging of the
ozzle during spray process. Alumina and zirconia slurries were
rocessed with 45 and 35 vol.% solids loading, respectively. Thin
nd uniform layers of the sprayed slurries were achieved under
he air pressure of 0.28 MPa, using a spray nozzle (Iwata, Model
P-BCS). Graded alumina/zirconia composites were fabricated by

praying of slurries onto metallic plates cooled with liquid nitro-
en. The thickness of each layer was controlled by repetitive spray
eposition of slurries on frozen material. A 3D gantry system (Fig. 1)
as employed in controlling the height and movement of the spray
ozzle. Upon completion of the FSD process, the frozen green com-
acts were subjected to a 4 Pa vacuum for sublimation of solvent

n a freeze dryer (Virtris, Model Genesis 25). Freeze-dried samples
ere isostatically pressed at a pressure of 250 MPa to increase the
ensity and strength of green bodies. Following the binder burnout
rocess at 550 ◦C for 1 h at a heating rate of 1 ◦C/min, the samples
ere sintered at 1600 ◦C for 2 h with a heating and cooling rate of
◦C/min.

.3. Characterization

The sintering behavior of freeze-sprayed alumina and zirconia
amples was characterized using a dilatometer (Theta, Model Dila-
atic II) by measuring the dimensional shrinkage as a function of

emperature at temperatures ranging from 100 to 1500 ◦C with a
eating rate of 5 ◦C/min. Coefficient of thermal expansion (CTE) of
intered samples was measured using a dilatometer (Orton, Model
600). Linear dimensional change of the samples upon heating was
sed to determine the CTE values of the samples. The mean CTE was
alculated using data collected between 250 and 750 ◦C.

Scanning electron microscope, SEM (Hitachi, Model S-4700),

quipped with an electron dispersive X-ray spectroscope (EDS),
as employed for compositional analysis and microstructural char-

cterization of grade composites prepared by polishing with a
.05 �m finish and thermal etching at 1450 ◦C for 30 min.
ineering B 161 (2009) 120–124 121

3. Results and discussion

3.1. Rheology study

Spray processes of ceramic slurries require a delicate control of
rheological properties of slurries particularly with high solids load-
ings. Alumina and zirconia aqueous slurries with solids loadings
ranging from 30 to 50 vol.%, with and without glycerol addition
were prepared and characterized by viscosity measurements. All
slurries used in this study exhibited shear thinning behavior. For a
30 vol.% alumina slurry, an increase of the viscosity (at a shear rate
of 100 s−1) from 20 to 140 mPa/s was observed while the viscos-
ity for a 50 vol.% slurry increased from 11 to 65 mPa/s with and
without glycerol addition, respectively. A typical viscosity curve
for a 45 vol.% alumina slurry with 20 wt% glycerol is shown in
Fig. 2.

Results from viscosity measurement also revealed that glyc-
erol, initially added to prevent the growth of large ice and freezing
defects, had a significant effect in reduction of viscosity of alumina
slurries at high solids loadings. The relative viscosities (shear rate:
100 s−1) of alumina slurries with and without glycerol addition as a
function of solids loading are shown in Fig. 3. Viscosity data fit well
the theoretical curve according to the modified Krieger–Dougherty
equation [26,27]:

�r =
(

1 − �

�m

)−n

(1)

whereas �r is the relative viscosity defined as the viscosity of the
suspension, �, divided by the viscosity of the solvent (water) �L, �
is the volume fraction of the particles, �m is the volume fraction of
particles at which the viscosity becomes practically infinite, and n is
a fitting parameter. The maximum alumina solids loading predicted
by this model was �m = 66 vol.%, with n = 3.0 for alumina slurry
without glycerol and 69 vol.% with n = 3.2 for the slurry containing
20 wt% glycerol.

Reduction of the viscosity in slurries with glycerol addition is
attributed to a more effective steric stabilization. It was suggested
that glycerol may play a crucial role in: (i) enhancement of the dis-
persant’s role in overcoming of van der Waals attraction, (ii) acting
Fig. 2. Rheological behavior of 45 vol.% Al2O3 slurry with glycerol.
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ig. 3. Relative viscosity at a shear rate of 100 s−1 as a function of volume fraction
or alumina slurries with and without glycerol.

.2. Sintering behavior and thermomechanical properties

The sintering behavior of freeze-sprayed alumina and zirconia
amples are shown in Fig. 4. While the onset temperature for sin-
ering of both alumina and zirconia is near 1100 ◦C, densification
f zirconia was completed at 1400 ◦C with a linear shrinkage of
1%. On the other hand, densification of alumina required temper-

tures greater than 1500 ◦C. A steeper slope in the sintering curve
f zirconia suggested a faster sintering rate as compared to that
f alumina. Differential densification of alumina and zirconia lay-
rs during the sintering process may lead to differential shrinkage

ig. 4. Linear shrinkage as a function of temperature during sintering at a constant
eating rate for Al2O3 and ZrO2.
Fig. 5. Coefficient of thermal expansion (CTE) of alumina/zirconia composites as a
function of zirconia volume fraction in alumina.

between two materials, which may result in warping of the samples.
Since densification of zirconia layer takes place at lower sintering
temperatures as compared to that of alumina, excessive differen-
tial shrinkage due to constrained sintering may also result in crack
formation perpendicular to the layers.

To eliminate differential densification associated with sin-
tering rate and thermal expansion mismatch between alumina
and zirconia, four transitional layers were deposited. The transi-
tional layers were prepared by mixing of an alumina slurry with
45 vol.% solids loading and a zirconia slurry with 35 vol.% solids
loading at different ratios. The coefficient of thermal expansion
(CTE) of alumina–zirconia composites is shown in Fig. 5. CTE val-
ues for alumina and zirconia were determined as 8.8 × 10−6 and
11.3 × 10−6/◦C, respectively. It was observed that the CTE increases
linearly as the volume fraction of zirconia (ranging from 20 to
80 vol.%) in alumina increases. The experimental results suggested
that the mismatch of CTE between dissimilar materials could be
reduced by the presence of transitional layers, which is attributed
to reduction of the stress concentration at the interfaces.

3.3. Layered composites
Based on the rheology studies and microstructural evalua-
tion of the samples, alumina and zirconia slurries with glycerol
addition were used for fabrication of laminated composites.
Laminar alumina and zirconia samples were processed by freeze-
spray deposition of graded layers. A typical microstructure of an

Fig. 6. Microstructure of the sintered alumina/zirconia composites.
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Fig. 7. Microstructure between alumina/zi

lumina–zirconia layered composite is shown in Fig. 6. The thick-
ess of each layer was in the range of 200–300 �m, which was
btained after spraying for 10 times. Each spray corresponded to
he formation of layers with a thickness of 20–30 �m. By control-
ing the solids loading of slurries, the flow rate and the speed of
ozzle movement, the layer thickness of a given composition could
e adjusted during the FSD process.

An abnormal grain growth (AGG) to certain extent and platelike
rains were observed in pure alumina (see Fig. 7(a)). The AGG of alu-
ina may be attributed to the presence of certain impurities such as

aO [29,30] and SiO2 [31–33]. As a result of AGG, intergranular pores
ere trapped within or between the abnormally grown large grains,
hich inhibited the further densification of the laminate. On the
ther hand, AGG of alumina in transitional laminates was not read-
ly evident (see Fig. 7(b)–(e)). The presence of a secondary phase,
pecifically zirconia, was beneficial with respect to inhibition of
GG. Fine zirconia particles are believed to pin the grain boundaries
f alumina which, in turn, inhibits the grain boundary migration
laminates revealing crack-free interfaces.

[34–36]. The pinning effect, therefore, resulted in suppression of
the grain growth of the alumina in the composite. Fig. 7(a) reveals
that the average grain size of alumina in the Al80–Zr20 layer is sig-
nificantly smaller (∼1–2 �m) as compared to that of pure alumina
(∼5 �m). Similarly, the grain growth of alumina in other transitional
layers (see Fig. 7(b)–(e)) was also inhibited. A dense and uniform
microstructure without cracks and micro-pores was obtained in
the transitional laminates. Alumina–zirconia layered structures and
other composites may find applications as materials exposed to
high temperature gradients. Such composites with complex geome-
tries can be fabricated at rapid processing rates by utilizing of the
FSD technique.
4. Summary

Freeze-spray deposition method was developed for rapid fab-
rication of laminated composites with controlled layer thickness
and uniform microstructure. Alumina–zirconia layered composites
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ere processed using aqueous slurries with glycerol addition under
apid freezing conditions. A differential shrinkage during sintering
f alumina and zirconia was reduced by deposition of transitional
ayers to obtain a compositional gradient. A dense and uniform

icrostructural development and crack-free interfaces between the
ayers show the potential of freeze-spray deposition as a method to
abricate layered composite materials for practical applications.

cknowledgements

This work was supported by the Air Force Research Laboratories
nder contract FA8650-04-C-5704. We thank Drs. M. Leu, G. Hilmas,
. Landers, and S. Reis for useful discussions.

eferences

[1] P. Boch, T. Chartier, M. Huttepain, J. Am. Ceram. Soc. 69 (1986) 191–192.
[2] K.P. Plucknett, C.H. Caceres, D.S. Wilkinson, J. Am. Ceram. Soc. 77 (1994)

2137–2144.
[3] J. Requena, R. Moreno, J.S. Moya, J. Am. Ceram. Soc. 72 (1989) 1511–1513.
[4] C. You, D.L. Jiang, S.H. Tan, Ceram. Int. 30 (2004) 813–815.
[5] J.L. He, W.Z. Li, H.D. Li, C.H. Liu, Surf. Coat. Technol. 103–104 (1998) 276–280.

[6] C. Hillman, Z. Suo, F.F. Lange, J. Am. Ceram. Soc. 79 (1996) 2127–2133.
[7] S. Majumdar, T. Claar, B. Flandermeyer, J. Am Ceram. Soc. 69 (1986) 628–633.
[8] S.C. Kunz, R.E. Loehman, Adv. Ceram. Mater. 2 (1987) 69–73.
[9] P.Z. Cai, G.L. Messing, D.J. Green, J. Am. Ceram. Soc. 80 (1997) 445–452.
10] K. An, K. Ravichandran, R. Dutton, S. Semiatin, J. Am. Ceram. Soc. 82 (1999)

399–406.

[
[

[
[
[

ineering B 161 (2009) 120–124

[11] P.Z. Cai, D.J. Green, G.L. Messing, J. Am. Ceram. Soc. 80 (1997) 1929–1939.
12] P.Z. Cai, D.J. Green, G.L. Messing, J. Am. Ceram. Soc. 80 (1997) 1940–1948.

[13] V. Gupta, S. Singh, H. Chandrawat, S. Ray, Metal. Mater. Trans. A 35 (2004)
1381–1386.

[14] M. Ohki, Y. Mutoh, M. Takahashi, T. Lshibashi, J. Jpn. Therm. Spray Soc. 38 (2001)
190–199.

[15] B.E. Novich, C.A. Sundback, R.W. Adams, in: M.J. Cima (Ed.), Forming Science and
Technology for Ceramics, American Ceramic Society, Westerville, OH, 1992, pp.
157–164.

[16] R.W. Jones, Ind. Ceram. 20 (2000) 117–121.
[17] T. Fukasawa, M. Ando, T. Ohji, S. Kanzaki, J. Am. Ceram. Soc. 84 (2001) 230–232.
[18] S.W. Sofie, F. Dogan, J. Am. Ceram. Soc. 84 (2001) 1459–1464.
[19] F. Dogan, S.W. Sofie, CFI-Ceram. Forum Int. 79 (2002) E35–E38.
20] Q. Fu, M.N. Rahaman, F. Dogan, B.S. Bal, J. Biomed. Mater. Res. Part B: Appl.

Biomater. 86B (2008) 125–135.
21] Q. Fu, M.N. Rahaman, F. Dogan, B.S. Bal, J. Biomed. Mater. Res. Part B: Appl.

Biomater. 86B (2008) 514–522.
22] K. Araki, J.W. Halloran, J. Am. Ceram Soc. 87 (2004) 2014–2019.
23] Q. Fu, M.N. Rahaman, F. Dogan, B.S. Bal, Biomed. Mater. 3 (2008) 025005.
24] J. Halloran, Science 311 (2006) 479–480.
25] S. Deville, E. Saiz, R.K. Nalla, A.P. Tomsia, Science 311 (2006) 515–518.
26] I.M. Krieger, M. Dougherty, Trans. Soc. Rheol. 3 (1959) 137–152.
27] L. Bergström, Colloids Surf. A: Physicochem. Eng. Aspects 133 (1998) 151–155.
28] L. Wang, C. Tiu, T.J. Liu, Colloid Polym. Sci. 274 (1996) 138–144.
29] S.I. Bae, S. Baik, J. Am. Ceram. Soc. 76 (1993) 1065–1067.
30] J. Juang, S. Baik, J. Am. Ceram. Soc. 86 (2003) 644–649.
31] I.J. Bae, S. Baik, J. Am. Ceram. Soc. 80 (1997) 1149–1156.

32] C.W. Park, D.Y. Yoon, J. Am. Ceram. Soc. 83 (2000) 2605–2609.
33] A.P. Goswami, S. Roy, M.K. Mitra, G.C. Das, J. Am. Ceram. Soc. 84 (2001)

1620–1626.
34] D.J. Green, J. Am. Ceram. Soc. 65 (1982) 610–614.
35] B. Kibbel, A.H. Heuer, J. Am. Ceram. Soc. 69 (1986) 231–236.
36] K. Okada, T. Sakuma, Br. Ceram. Trans. 93 (1994) 71–74.


	Freeze-spray deposition of layered alumina/zirconia composites
	Introduction
	Experimental procedure
	Slurry preparation and rheology study
	Freeze-spray deposition of alumina/zirconia composites
	Characterization

	Results and discussion
	Rheology study
	Sintering behavior and thermomechanical properties
	Layered composites

	Summary
	Acknowledgements
	References


