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Microstructural characteristics in Ni/zirconia 
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Zirconia with various dopants of Y203 and CeO2 was employed in the solid state bonding 
of an Ni/ceramic assembly. The interracial microstructure of the bonding assembly was 
examined by electron microscopy and X-ray diffraction and the bonding strength was 
evaluated with a tensile test under constant pressure. An intermediate layer was observed in 
the interface of the 3Y203-1 0CeO2-ZrO2/Ni bonding assembly which revealed that the solid 
state bonding of Ni/zirconia required the formation of a thin oxide layer to wet the ceramics. 
In the Ni/zirconia bonding, the growth of NiO was influenced by the dopants in the zirconia. 
This would, in turn, result in different bonding strengths between ZrO 2 and nickel. The highest 
bonding strength occurred in the 1 2CeO2-ZrOz/Ni assembly. 

1. Introduction 
Composite materials are rapidly increasing in import- 
ance in modern technology. The nature of the metal/ 
ceramic interfaces is a critical factor in determining 
the stability and mechanical properties of the com- 
posite. There has been great interest in the bonding of 
ceramics to metals. The application of ceramic-to- 
metal bonding is widely used in diesel engines, turbo- 
chargers [1], dental restoration [2], sensors [3, 4] and 
vacuum systems [5-8]. Many bonding methods have 
been reported [9, 10]. Among these, solid-state bond- 
ing is achieved by interposing a metallic layer between 
two ceramics or a metal and a ceramic. The bonding 
process depends on possible chemical interactions 
between the metal and the ceramic and also on contact 
growth [11]. For a noble metal/ceramic system, 
extensive reaction and migration of the metallic phase 
from the bond area were observed in the Pt-A1203 
system [12]. Platinum reacted strongly with A1203, 
ZrO2 and ThO2 under conditions of low oxidizing 
potential [13, 14]. For a non-noble metal/ceramic 
system, the bonding strength depends on bonding 
pressures, times, temperatures and atmosphere, and a 
diffuse layer of compositional variations is produced. 
In some studies [5, 15], the bonding strength increased 
with the increasing bonding time and pressure. Never- 
theless, Yamane et al. [16] reported a maximum shear 
strength obtained for 15 min bonding in air for PSZ/Ni 
at 1173 K. 

In this study, bonding assemblies between nickel 
and zirconia-based ceramics were employed to investi- 
gate the interfacial phenomenon in solid state bonding. 
Nickel is considered to be a model metal and zirconia 
has attracted much attention in wide ranges of appli- 
cation. The morphological development of Ni/zirconia 
bonding is evaluated by electron microscopy. The 
bonding strength in the metal-ceramic joint is inves- 
tigated as a function of firing at constant load. The 
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interrelation in the bonding assembly and the measured 
strength will be discussed. 

2. Experimental procedure 
Three types of zirconia ceramics were employed in the 
ceramic/metal bonding system. 3mo1% yttria- 
stabilized zirconia (YSZ3, Toyo Soda Co., Tokyo, 
Japan) was chosen for its high fracture toughness, 
which is unaffected by thermal cycling [17]. 12 mol % 
CeO2-ZrO2 was used because of its high fracture 
toughness, and resistance to phase transformation 
during the low-temperature ageing [18]. A third com- 
position with 3mo1% Y2OB-10mol% CeO2-ZrO 2 
was also employed. The ceria-containing zirconia was 
fabricated using a coprecipitation method [19, 20]. 
The samples of zirconia were prepared by sintering at 
1773K for 1.6h. 

Pure nickel foil, 0.05 mm thick, was employed to 
bond with zirconia. For the bonding test, the zirconia 
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Figure 1 Specimen assembly for tensile measurement. 

S Ni rod 

epoxy 

1 529 



Figure 2 Scanning electron micrographs: of  ZrO2-based ceramics: (a) as-sintered surface of  YSZ3; (b) fracture surface of YSZ3; 
(c) as-sintered surface of 3Y203-10CeOi-ZrO2; (d) as-sintered surface of  12CeO2-ZrO2. 

pellets were polished to optical flatness on one end 
with 1 to 6 #m diamond paste as the final abrasive. 
The metal and zirconia samples were cleaned before 
use by ultrasonic agitation in acetone. 

The Ni/zirconia assembly was fired at constant 
pressure, and the heating rate for the bonding 
apparatus was estimated to be 30Kmin -~ below 
1273K. The bonding strength was measured by a 
tensile test, as indicated in Fig. 1. The ratio of contact 
area was measured from the micrograph of the 
fracture surface of the Ni/zirconia sample. 

The microstructural development in the metal/ 
ceramic bonding was examined with a computer- 

automated electron microprobe (Jeol JCXA-733, 
Tokyo, Japan) and a transmission electron micro- 
scope (TEM, Jeol 100CX). In addition, an X-ray 
diffraetometer was employed for phase identification. 

3. Results and discussion 
In order to investigate the effect of the dopant on the 
bonding strength of the ZrO2-Ni assembly, various 
dopants, including Y203 and CeO2 were employed in 
ZrO2 ceramics. Fig. 2 shows the scanning electron 
micrographs of the ZrOz-based ceramics. It is apparent 
that ceria-containing zirconia exhibits larger grain 
growth. 

T A B L E  I Grain size, crystalline size and phase of various zirconia 

YSZ3 3Y203-10CeO2-ZrO 2 12CeO 2 ZrO~ Pure ZrO 2 

Phase c + t c + t t + m m 
Grain size (Fm) 0.38 0.67 2.4 2.04 
Crystalline size (nm) 36.9 (t) 39.2 (t) 42.8 (t) 42.6 (m) 

43.5 (m) 

t, tetragonal; c~ cubic; m. monoclinic. 
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Figure 3 (a) The bright-field image of YSZ3; (b) corresponding 
[I 0 0]~ selected-area diffraction pattern. (c) The bright-field image of 
YSZ3: a crack is visible. 

The phase, grain size and crystalline size are listed 
in Table I. The crystalline size, D, is calculated using 
the Scherrer formula [21] 

D = 0.92(fi cos 0) (1) 

where 2 is the X-ray wavelength, fi is the corrected 
half-width and 0 is the Bragg's angle. 

Fig. 3a and b show the TEM bright-field image of 
YSZ3 and corresponding [1 0 0]c selected-area diffrac- 
tion pattern. A crack is visible in Fig. 3c, which 
indicates that the propagation of the crack is trans- 
granular. Fig. 4 presents the TEM bright-field image 
of a grain, g, in the specimen 12CeO2-ZrO2, and the 
corresponding [1 1 1]0 and [1 0 0]0 selected-area diffrac- 
tion patterns. Fig. 5 shows the TEM bright-field image 
of another grain, A, in 12CeO2-ZrO2, and the corre- 
sponding [1 1 1]m selected-area diffraction pattern. The 
grain sizes of grains g and A are about 1.7 and 2. 8 #m, 
respectively. According to Tsukuma's study [18], the 
critical grain size of the retention of the tetragonal 
phase for 12CeOz-ZrO2 was about 2.8 #m. As a result, 
the 1.7 #m grain size can retain the tetragonal phase. 
However, as the grain size is larger than 2.8 #m, the 
tetragonal phase cannot be retained and the mono- 
clinic phase is produced. Fig. 6 shows the transmis- 
sion electron micrograph and corresponding selected- 
area diffraction pattern of 3Y203-10CeO2-ZrO 2. The 
wave-like morphology is probably attributed to the 
ion milling in the sample preparation. 

Fig. 7 represents the (electron spectroscopy for 
chemical analysis (ESCA)) spectra of the fracture 

Figure 4 (a) The bright-field image of 12CeO2-ZrO 2. (b) [1 1 1]0 
selected-area diffraction pattern of grain g. (c) [1 0 0]0 selected-area 
diffraction pattern of grain g. 
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Figure 5 (a) The bright-field image of 12CeO_,-ZrO,_. (b) [l 1 1Ira selected-area diffraction pattern of grain A. 

Figure 6 (a) The bright-field image of 3Y203-10CeO~-ZrO2, (b) corresponding [0 0 l]t selected-area diffraction pattern. 

surface in YSZ3-Ni. The oxidation states of zirconium 
and nickel are evaluated to be ZrO 2 and NiO, respect- 
ively, from the spectra. The X-ray diffraction pattern 
of the fracture surface in YSZ3-Ni is shown in Fig. 8, 
in which the peaks are identified as ZrO2 (c, t) and 
NiO. On the basis of Figs 7 and 8, it is found that no 
intermediate compound is formed between nickel and 
zirconium when nickel is bonded to Z r O  2 in air. 

Fig. 9 shows a scanning electron micrograph of the 
cross-sectional view in an Ni-ZrO2 assembly bonded 
at 900 ~ C for 2 h in air. The assembly is of a sandwich 
type YSZ3/Ni/3Y203-10CeO2-ZrO2. The interface 
appears to be continuous and no large voids are 
observed. This is in agreement with the results reported 
by Rhines and Connel [22], and Sawhill and Hobbs 
[23], in which there is no vacancy accumulating at the 
Ni/NiO interface when new oxide grows. 

Fig. 10 shows the scanning electron micrograph, 
line profiles and X-ray mapping of nickel, zirconium 
and cerium in the vicinity of the bonding interface 

for 3YzO3-10CeO2-ZrO2/Ni specimen bonded 
at 900~ for 2h in air. According to the profile 
of zirconium, cerium and nickel, it is apparent that 
there is an intermediate layer between nickel and 
3Y203-10CeO2-ZrO2, which is believed to be NiO 
based on the X-ray diffraction, as shown in Fig. 8. 
A similar result is observed in the YSZ3/Ni assembly 
at 900~ for 2h in air. However, the layer thick- 
ness between Ni and YSZ3 is smaller than that in 
3Y203-10CeO2-ZrO2/Ni. It should be pointed out 
that nickel could not be bonded to YSZ3 when bonded 
in vacuum. This implies that the bonding of YSZ3/Ni 
requires the formation of a thin oxide layer to wet the 
YSZ3 ceramic. 

Bonding between various doped ZrO2 and nickel is 
employed to study the influence of the degree of 
bonding in the interfacial bonding strength, which is 
represented by the ratio P, defined as 

P~ = Aap/Ap (2) 

t.u 

194 
(a) 

_•83.2 
190 186 182 178 174 

Binding Energy (eV) 

Figure 7 The ESCA spectra of the fracture surface for YSZ3-Ni system. 
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Figure 8 The X-ray diffraction pattern of the fracture surface for the 
solid-solid state bonding of YSZ3-Ni. 

Figure 9 A scanning electron micrograph of the cross-section of 
YSZ3/Ni/3Y203-10CeO2-ZrO2 assembly bonded for 2 h at 900~ 
in air. 

Figure 10 EPMA result in 3Y203-10CeO2-ZrO2/Ni system: 
(a) SEM, (b) nickel line profile, (c) nickel X-ray mapping, 
(d) zirconium line profile (e) zirconium X-ray mapping, (f) cerium 
line profile, (g) cerium X-ray mapping. 
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Figure 11 The fracture force as the function of the degree of the 
bonded area for 12CeO~-ZrO2/Ni bonded for 2h at 900~ in air. 
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Figure 13 The fracture force of the degree of the bonded area for 
YSZ3/Ni bonded for 2 h at 900~ in air. 

where Aap is the bonded  interfacia l  a rea  and A v the 
to ta l  interfacial  area.  The degree of  bond ing  can be 
measured  at  the c e r amic -me ta l  interface f rom the 
opt ica l  mic rograph .  Figs  11 to 13 clearly indicate  that  
the fracture force increases with increasing bonded  
area. 

Table  II  lists the bond ing  s t rength of  var ious  d o p e d  
Z r O 2 - N i  assemblies b o n d e d  for 2 h at  900~ in air. 
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Figure 12 The fracture force as the function of the degree of the 
bonded area for 3Y203-10CeO2-ZrO ~/Ni bonded for 2 h at 900 ~ C 
in air. 

The bond ing  o f  12CeO2-ZrO2/Ni  is the strongest ,  
while 3Y_~O~-IOCeO2-ZrOSNi is the weakest.  

In  o rder  to s tudy the effect of  the bond ing  t ime on 
the strength,  a series of  bond ing  tests was carr ied  out  

for t imes ranging  0.5 to 3 h under  a cons tan t  pressure.  
It seems tha t  the bond ing  s t rength increases p r o m p t l y  
as the bond ing  t ime increases f rom 0.5 to 1 h, but  
remains  a lmos t  unchanged  with t ime up to 3h ,  as 
shown in Fig. 14. I t  is a rgued tha t  the N i O  adhes ion  
to nickel is a p r e d o m i n a n t  fac tor  for Y S Z 3 - N i  
bonding ,  because  all test specimens f rac tured  at  the 
N i / N i O  interface for the Y S Z 3 - N i  assembly.  Thus,  
the mechan i sm of  N iO oxide growth  is a decisive 
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Figure 14 The bonding time dependence of the bonding strength for 
the YSZ3/Ni system. 

1 5 3 4  



Figure 15 Scanning electron micrograph of the fracture surface for 
strong YSZ3/Ni bonding: (a) NiO side, (b), (c) nickel side. 

factor to the bonding strength for this system. 
Fig. 15 shows a scanning electron micrograph of the 
fracture surface in YSZ3-Ni with strong bonding 
strength, while Fig. l 6 shows scanning electron micro- 

graphs of the fracture surface in YSZ3-Ni of which 
the bonding is weak. The weak bonding strength 
means that the bonding strength is less than 5 MPa. As 
shown in Figs 15 and 16, the morphology is extremely 
different on the nickel side. For strong YSZ3-Ni 
bonding, the dimple-like morphology appears on the 
nickel side of the fracture surface. However, in weak 
bonding, the incomplete growth of NiO oxide is 
observed. As the new NiO oxide grows uniformly 
throughout the volume of the scale, there is no 
vacancy accumulation at the Ni/NiO interface when 
the NiO oxide grows [22, 24]. If the oxide grows 
completely over the nickel, the bonding strength does 
not vary with increasing bonding time. The grain size 
of NiO in the fracture surface for various bonding 
times is given in Table III. It is observed that the grain 
size of NiO increases as the bonding time increases. 

4. Conclusions 
1. Solid state bonding between zirconia and nickel 

was investigated under constant pressure. Three types 
of zirconia were selected, including 3 mol % yttria- 
stabilized ZrO2, 12 mol % CeO2-ZrO2 and 3 mol % 
Y 2 0 3 - 1 0  mol % CeO2-ZrO2. 

2. The bonding strength in the YSZ3/Ni assembly 
increased rapidly with bonding time from 0.5 to 1 h at 
900 ~ C, and then reached a saturated value. 

Figure 16 Scanning electron micrograph of the fracture surface for 
weak YSZ3/Ni bondinm (a) NiO side_ (b). (el nickel side. 
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T A B L E  II  The bonding strength between various doped 
zirconia and nickel 

Zirconia No. of  specimens Average bonding 
tested strength (MPa) 

YSZ3 6 30.6 
3Y203-10CeOz-ZrO2 7 22.6 
12CeO2-ZrO2 6 36.6 

3. An intermediate layer of NiO was formed in the 
interface of 3YRO3-10CeO2-ZrO2/Ni bonding at 
900~ for 2h. A similar result was observed in the 
YSZ3/Ni assembly. Bonding in Ni/zirconia required 
the formation of a thin oxide layer to wet the ceramics. 

4. When the nickel foil was bonded to zirconia, 
the growth of NiO was affected by the dopants 
in the zirconia. This, in turn, resulted in different 
bonding strengths between ZrO2 and nickel. The 
12CeO2-ZrO2/Ni assembly has the highest bonding 
strength. 

5. For strong YSZ3-Ni bonding, a dimple-like 
morphology appeared on the nickel side of the frac- 
ture surface, while an incomplete growth of NiO was 
observed in the case of weak bonding. 
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T A B L E  I I I  The grain size of  NiO of  the fracture surface for 
various bonding times 

Bonding time (h) 

1 2 3 4 

Grain size of  0.62 1.09 1.22 1.58 
NiO (#m) 
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