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In our previous study, a comparative investigation of the sintering behavior of Pb(Zro.sz Tio.4s)03 
(PZT) ceramics prepared by aerosol deposition (AD) and conventional solid-state sintering (CV) 
was performed. As a result, despite the small grain size of0.42 J.tm, AD-processed PZT ceramics 
fired at 1 000°C showed good electrical properties comparable to those of bulk PZT ceramics 
with a large grain size (> 1 J.tm) prepared by CV at 1100 to 1200°C. In this study, Vickers 
hardness of AD-processed PZT ceramics was evaluated as a function of firing temperature and 
compared with those of CV-processed specimens. As a result, higher hardness was obtained in 
AD due to the smaller grain size, which is indicating that piezoelectric ceramics with higher 
mechanical properties can be prepared by AD without any sacrifice in electrical properties. 
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1. INTRODUCTION 
Aerosol deposition (AD) developed by Akedo et al. 

is a technique to prepare high density ceramic thick-film 
with thickness from 1 to 100 J..Lm by ejecting the aerosol 
consisting of a mixture of ceramics powder and gas from 
the nozzle to the substrate [1]. It was reported that 
mechanical properties of A}z03 films prepared by AD 
are comparable to those of bulk Ah03 ceramics prepared 
by conventional solid-state sintering (CV) [2]. In 
contrast, as for a piezoelectric material such as 
Pb(Zr,Ti)03 (PZT), there was few report of having 
achieved the electrical properties comparable to those of 
bulk ceramics. When PZT is prepared by AD, it is 
possible to improve the electrical properties by 
post-deposition firing treatment accompanied by an 
increase in the grain size, even though grain size is very 
small(< 0.1 J..Lm) and electric properties are very poor in 
the as-deposited state [3]. However, there is an upper 
limit in the firing temperature for the chemical reaction 
in the interface between the PZT layer and the substrate 
[3, 4]. Thus, it is difficult to increase the grain size 
equally to the bulk ceramics prepared by CV. In addition, 
it is thought that stress from the substrate might also 
decrease the electrical properties. Akedo and Lebedev 
reported the relationship between the piezoelectric 
constant and clamping from the substrate [5]. They 
indicated that the piezoelectric constant of PZT film 
released from the substrate was almost two times that of 
film clamped from the substrate. Similar effect of 
substrate clamping is reported for PZT thick-films 
prepared by the printing method [ 6]. Therefore, a 
reduction in the electrical properties for piezoelectric 
films prepared by AD is attributed to small grain size 
and stress from the substrate. 

In our previous study, to exclude the influences of 
substrate mentioned above, the substrate was removed 
from the AD-processed PZT ceramics by a chemical 
dissolution, followed by firing at various temperatures 
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from 800 to 1200°C [7, 8]. As a result, despite the small 
grain size of0.42 J..Lm, AD-processed PZT ceramics fired 
at 1 000°C showed equivalent electrical properties 
compared to bulk PZT ceramics with a large grain size 
(> 1 J..Lm) prepared by CV at 1100 to 1200°C. 

In this study, Vickers hardness of AD-processed PZT 
ceramics were evaluated as a function of firing 
temperature and compared with those of CV -processed 
specimens on the assumption that piezoelectric ceramics 
with higher mechanical properties can be prepared by 
AD without any sacrifice in electrical properties. 

2. EXPERIMENTAL 
2.1 Sample preparation 

PZT thick-films with thickness of 300 J..lm were 
deposited on Pt/Ti02/SUS430 substrate by AD at 600°C. 
Commercially available PZT (Zr/Ti = 52/48) powder 
(Sakai Chemical) with an average primary particle size 
of 0.3 J..Lm was used as starting powder. Then, bulk PZT 
ceramics were obtained by dissolving the substrate with 
FeC13 solution at 50°C, followed by firing at various 
temperatures from 800 to 1200°C for 3 h in air. Table I 
shows typical parameters of the deposition conditions 
for AD. For comparison with AD, bulk PZT ceramics 
were prepared by CV from the same starting powder. 
Using poly(vinyl alcohol) as a binder, the starting 
powders were uniaxially pressed into green bodies with 
diameter of 25 mm and with thickness of 2.5 mm under 
a pressure of 100 MPa, followed by firing at various 
temperatures from 800 to 1200°C for 3 h in air. 

2.2 Characterization 
For mechanical measurement, the specimens were 

polished into mirror faces and Vickers hardness was 
measured using a micro-hardness tester (Shimadzu, 
DUH-W201) with a Vickers indenter. Seven dots were 
measured, and the average of five dots, omitting the 
maximum and minimum values, was estimated. 
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Table I. Deposition Conditions for PZT by AD 

Starting powder 
Substrate 
Substrate temperature (°C) 
Carrier gas 
Consumption of carrier gas (Limin) 
Orifice size of the nozzle (mm X mm) 
Scanning rate (mmls) 
Deposition area (mm x mm) 
Film thickness (~m) 
Pressure in the deposition chamber (Pa) 
Pressure in the aerosol chamber (kPa) 

3. RESULTS AND DISCUSSION 

PZT (Zr/Ti = 52/48) 
SUS430 
600 

02 
6 
7.5 X 0.3 
0.5 
7.5 X 10 
300 
50 
70 

Figure 1 shows the Vickers hardness as a function of 
firing temperature. Figure 2 shows the Vickers hardness 
as a function of grain size [7]. Relatively high hardness 
was achieved in AD as compared with CV over the 
whole grain size range. Hardness simply decreased with 
increasing grain size in AD. In contrast, hardness 
increased with increasing grain size up to 1.0 j..lm in CV, 
above which it decreased with increasing grain size. 

Dependence of strength or hardness of conventional 
polycrystalline materials on grain size (d) is usually 
described by the Hall-Petch relationship as follows: 
Hv = lfvo + krl/2 (1) 
where Hvo and k are constant [9, 10]. This relationship 
has been confirmed in both theory and practice in many 
metallic materials with average grain size of 100 nm or 
larger. Here pile-up of dislocations at grain boundaries is 
envisioned as a key mechanistic process underlying an 
enhanced resistance to plastic flow from grain 
refinement. 

Figure 3 shows the relationship between Vickers 
hardness and inverse of the square root of grain size. It 
was found that the Hall-Petch relationship was obeyed in 
AD over the almost whole grain size range above 100 
nm, while the relationship was obeyed in CV only above 
1.0 j..lm. The result can be explained considering the 
difference in microstructures between AD and CV, as 
shown in Fig. 4 [7]. Namely, only grain size could be the 
determining factor of hardness in AD, since density is 
almost constant against grain size. In contrast, density 
could be the major factor determining hardness up to the 
critical grain size of 1.0 j..lm where densification is 
almost accomplished in CV. 
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Fig.l Vickers hardness as a function of firing temperature. 

It is expected that slight softening (the deviation from 
the Hall-Petch relationship) in AD below the grain size 
of 100 nm is attributed to so-called inverse Hall-Petch 
effect (grain boundary sliding and/or Coble creep) [11, 
12] or lattice distortion in the as-deposited state, and that 
drastic softening in CV below the grain size of 1.0 j..lm is 
simply attributed to the presence of porosity. 
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Fig.2 Vickers hardness as a function of grain size. 
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Fig.3 Relationship between Vickers hardness and 
inverse of the square root of grain size. 
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Fig.4 Density as a function of grain size. 
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4. CONCLUSIONS 
In this study, Vickers hardness of AD-processed PZT 

ceramics were evaluated as a function of firing 
temperature and compared with those of CV-processed 
specimens. As a result, higher hardness was obtained in 
AD due to higher densification and finer grain size. 
Therefore, it is confirmed that piezoelectric ceramics 
with higher mechanical properties can be prepared by 
AD without any sacrifice in electrical properties, as 
shown in Fig.5 [7]. 
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Fig.5 Relationship between Vickers hardness and Pr-

5. REFERENCES 
[1] J. Akedo, M. Ichiki, K. Kikuchi, and R. Maeda, 
IEEE Proceedings of the 1Oth Annual International 
Workshop on Micro Electra Mechanical Systems, 
135-140 (1997). 
[2] J. Akedo, Hyomen Kagaku, 25, 635-641 (2004). [in 
Japanese]. 
[3] J. Akedo, N. Minami, K. Fukuda, M. Ichiki, and R. 
Maeda, Ferroelectrics, 231, 285-292 (1999). 
[4] H. Adachi, Y. Kuroda, T. Imahashi, and K. 
Yanagisawa,Jpn. J. Appl. Phys.,36, 1159-1163 (1997). 
[5] J. Akedo and M. Lebedev, Appl. Phys. Left., 77, 
1710-1712 (2000). 
[6] R. N. Torah, S. P. Beeby, and N. M. White, J. Phys. 
D, 37, 1-5 (2004). 
[7] T. Miyoshi, Jpn. J. Appl. Phys., 46, 7018-7023 
(2007). 
[8] T. Miyoshi, J. Am. Ceram. Soc., 91, 2098-2104 
(2008) 
[9] E. 0. Hall, Proc. Phys. Soc. London, B64, 
747-753 (1951). 
[10] N. J. Petch, J. Iron Steel Inst., 174, 25-28 (1953). 
[11] A.H. Chokski, A. Rosen, J. Karch, and H. Gleiter, 
Scripta Metal!. 23, 1679-1684 (1989). 
[12] R. A. Masumura, P. M. Hazzledine, C. S. Pande, 
Acta Mater. 46, 4527-4534 (1998). 

(Recieved December 7, 2007; Accepted July 7, 2008) 

1233 


