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Ion-beam treatment affects the near surface region of ceramic materials and is a potential 
technology in altering the surface microstructure and properties, in this study, a preliminary 
surface modification in yttria-stabilized zirconia was investigated through the employment of 
ion implantation. Fracture toughness and hardness were measured and evaluated by the 
indentation method for specimens implanted by direct As + bombardment. With the aid of 
residual stress measurement by X-ray diffraction, the properties of the implanted specimens 
can be related to the residual compressive stress induced by irradiation effects. Thermal 
stability of zirconia is improved due to the suppression of the tetragonal to monoclinic 
transformation in the presence of the residual compressive stress. 

1. In troduct ion  
Few materials show as much potential as zirconia- 
based ceramics for such a wide range of advanced and 
engineering ceramic applications, including extrusion 
dies, cutting tools, machinery wear parts, insulation 
and coating. The technological opportunities so avail- 
able are attributed to the discovery that the stress- 
induced tetragonal to monoclinic t ~ m phase trans- 
formation in fine ZrO2 grains occurs in the vicinity of 
a propagating crack [-1 3]. To its full potential, the 
properties of zirconia have been modified by the 
addition of MgO, Y203 and AlzO3 [-1, 4 9]. However, 
the advantages afforded by t---,m phase trans- 
formation have to be offset against the disadvantages, 
particularly with regard to the effects of low-temper- 
ature ageing in air or in a humid atmosphere, in which 
degradation of properties is observed [10-14]. To 
solve this problem, approaches have been employed 
including the addition of cerium oxide [6, 15-18] or 
doping ceria on the surface through a solid state 
reaction [19]. Nevertheless, it is still a challenge to 
suppress the ageing degradation and at the same time 
to retain good mechanical properties in ZrO2-based 
ceramics. 

The properties of ceramics are sensitive to surface 
conditions such as flaws, compositions and residual 
stresses. Ion-beam treatments affect only the near- 
surface region, and possess the potential to change the 
surface composition, stress state and microstructure 
[20]. Direct ion implantation is available with its 
diverse advantages, including no loss of bulk proper- 
ties, no effect on solid solubility limit, its low-temper- 
ature process and no adhesion problems. In the pre- 
sent study, yttria-stabilized zirconia (YSZ) was chosen 
as the starting material because of its high mechanical 
properties. Surface modification fn YSZ was investi- 

gated through ion implantation with As + ions at 
different doses. Microstructure, phase, hardness, and 
fracture toughness of the implanted samples are meas- 
ured and evaluated with the aid of electron micro- 
scopy, X-ray diffraction and mechanical testing. The 
effects of ion implantation on the tetragonal to mono- 
clinic phase transformation will be probed. 

2. Experimental procedure 
The materials selected for this study were 2mol % 
YzO3-ZrO2 (2YSZ) and 3 mol % Y203-ZrO2 (3YSZ). 
Samples were prepared through a conventional cer- 
amic fabrication process. Specimens were sintered at 
1500~ for 3 h prior to ion implantation. The mor- 
phology of the as-sintered specimens was investigated 
with a scanning electron microscope and the average 
grain size was estimated using the method proposed 
by Mendelsohn [-21]. X-ray diffractometry (XRD) was 
used to investigate the structure. 

Ion implantation was carried out in an ion implan- 
ter and specimens were bombarded by As + ions at 
applied voltages of 140 and 175 keV. Doses in the 
range 2 x 1015 to 3 x 1016 ions c m  - 2  w e r e  used. The 
hardness of implanted specimens was measured by the 
indentation method with a Vickers hardness indentor 
and the fracture toughness was calculated on the basis 
of equations proposed by Niihara et al. [22]. The 
surface residual stress on the implanted specimens was 
evaluated by XRD using CuK~ radiation. The ZrO 2 
(2 2 2) diffraction peak was chosen for its high intensity 
and higher diffraction angle to maximize the measured 
peak shift. Each measurement was carried out with 
three tilt angles ranging from 0~ ~ . The peak of the 
diffraction profile at each tilt angle was determined by 
the apex of a least-square parabola fitting to the top 
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portion of the profile. The intensity of tilt peaks were 
kept higher than I0 000 counts for better accuracy in 
the evaluation. 

3. Results and discussion 
3.1. Properties prior to ion implantation 
Fig. la and b, are scanning electron micrographs of 
the as-sintered surface for 2YSZ and 3YSZ specimens, 
respectively, before implantation, showing highly 
dense structure. The grain sizes estimated by the 
intercept method are 0.43 and 0.55 gm for 2YSZ and 
3YSZ, respectively. The phase determined by XRD 
reveals that 3YSZ contains the major tetragonal phase 
with a slightly detectable cubic structure, while 2YSZ 

TABLE I Fracture toughness and hardness of specimens 2YSZ 
and 3YSZ before ion implantation 

Sample Hv iMPa) Klc (MPa m ~/z) 

2YSZ 11870 9.83 
3YSZ 12830 4.28 

is fully tetragonal [23]. Table I lists the corresponding 
fracture toughness and hardness of 2YSZ and 3YSZ 
before implantation. The hardness of 3YSZ is larger 
than that of 2YSZ by about 10%. The fracture tough- 
ness of 3YSZ is, however, only half the value of 2YSZ. 
As reported by Tsukuma et  al. [24], when the Y 2 0 3  

content is more than 2.5 tool %, a gradual decrease of 
Klc in Z r O  2 Y 2 0 3  is observed resulting from the 
occurrence of the cubic phase. It is argued that the 
variation in K~c with YzO3 content is also related to 
the degree of tetragonal to monoclinic transformation. 

3.2. Property changes after ion implantation 
Table II represents the hardness and fracture tough- 
ness of 2YSZ and 3YSZ implanted under various 
doses with As + ion bombardment. For specimen 
3YSZ, the hardness and K~c values after 3 x 1016 
As+cm -2 implantation at 175keV remain essen- 
tially identical to those prior to ion implantation. The 
hardness values for 2YSZ specimens under different 
implantation conditions vary between 11610 and 
12010, only _ 2% deviation from the initial value 
11 870 prior to implantation. This is well within ex- 
perimental error. The Ktc for 2YSZ specimens de- 
creases by about 10% after 3 x 1016 As+cm -2 im- 
plantation at 175 keV, as indicated in Tables I and II. 
However, for 2YSZ specimens implanted at 140 keV, 
Klc increases from 8.17 with the dose rate of 2 x 1015 
i ons  c m  -2  to 10.78 with 3 x 1016 ions cm 2 dose. 

An explanation of the effect of ion implantation on 
the mechanical property of YSZ specimens can be 
drawn on the basis of the tetragonal to monoclinic 
transformation and the radiation-induced stress due 
to ion implantation, as discussed below. 

Figure 1 Scanning electron micrographs of specimens sintered at 
I500 ~ for 3 h: (a) 2YSZ, (b) 3YSZ. 

3.3. Evaluat ion of residual  s t ress  
As suggested by Lange E25], the examination of the 
thermodynamics in the constrained ZrOz(t )--, 
ZrOz(m ) reaction can be simplified by considering a 
stress-free, spherical inclusion of the tetragonal phase 
embedded within a matrix material. On transforming 
to the monoclinic phase, a state of stress arises within 
both the transformed inclusion and the surrounding 
matrix because of the constrained volume and shape 
changes. The differential free energy, z~G t~m, between 
these two states per unit volume of transformed ma- 
terial is 

AG ~m = (G~' - G~)+ (Us% - U~E) 

+ (u~ - u~) (1) 
or  

AGt~m = -- AGc + AUsE + AUs (2) 

where G c is the chemical free energy, USE is the strain 
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T A B L E  II  Hardness and fracture toughness of specimens 2YSZ and 3YSZ after direct As + ion implantation 

Sample H v (MPa) K~c (MPa m 1/2) Voltage (keV) Ion Dose (ions cm 2) 

3YSZ 12 880 4.28 175 As + 3 x 1016 
2YSZ 12010 8.25 175 As + 3 x 1016 
2YSZ 11 720 10.78 140 As + 3 • 1016 
2YSZ 11 730 9.21 140 As + 1 x 1016 
2YSZ 11 610 8.17 140 As + 2 x 1015 

energy associated with the particle, U s is the energy 
associated with the surface of the inclusion and super- 
scripts t, m represent the tetragonal and monoclinic 
phase, respectively. For  the case considered here, 
U~E = 0. The condition for the transformation to 
proceed requires that AG t~m < 0. 

The magnitude of the strain energy will depend on 
the elastic properties of the transformed inclusion and 
the surrounding matrix, the inclusion shape and the 
transformation strain. Consider a spherical tetragonal 
inclusion in a state of residual stress and in its trans- 
formed monoclinic state. The residual stress, ~ ' ,  arises 
from a stress-free strain, ~r. Through the principle of 
superposition it can be shown that the free-energy 
change associated with the t--* m transformation is 
[25, 26] 

l r AG t~m = - A G c  + US0E ___ CYije.ij 

r t + ~ij~i~ + AUs (3) 

where US0E is the strain energy for the case where the 
tetragonal particle is initially stress-free, c~ ~ represents 
the uniform stress state within the transformed inclu- 
sion, and ~t is the stress-free transformation strain. 

Equation 3 shows that the residual stress will retard 
phase transformation of zirconia while tensile stress 
tends to promote it. The above equation can then be 
employed to explain the variation in mechanical prop- 

erties for 2YSZ and 3YSZ specimens under different 
implantation conditions. 

X-ray diffraction profiles of the implanted and un- 
implanted specimens is shown in Fig. 2. A clear peak 
shift implies the presence of a surface residual stress. 

Stress measurement by X-ray diffraction has certain 
very definite advantages, as it is the only nondestruc- 
tive method for determining initial or residual stresses 
in a specimen without cutting it up to relieve the 
stresses. With the angular geometry of a tested speci- 
men as shown in Fig. 3 it can be shown that the stress 
component in the qb-direction is represented by 

o ,  - d ,  - d= E 

d~ (1 + v)sin/~ (4) 

where d is the lattice spacing, E and v are the Young's 
modulus and Poisson's ratio of the specimen. By 
stressing the specimen in known increments and 
measuring the difference in d values at the two selected 

angles, the stress component, c~, can be evaluated. 
Fig. 4a and b show the plot of d ,  versus sin29 for 

specimens 2YSZ and 3YSZ, respectively, on the basis 
of the standard X-ray diffraction method for stress 
measurement, in which a step scan of X-ray diffraction 
from CuK~ radiation was conducted to the ZrO2 
(222) plane with the angle ~ = 0 ~ 10 ~ and 20 ~ re- 
spectively. The slope of the d,  versus sin2qt diagram 

-<t  
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Figure 2 X-ray diffraction patterns obtained from the surface of as-sintered 3YSZ: (a) unimplanted, (b) As + implanted. 
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Figure 3 Angular relations for determination of the stress compon- 
ent in the (b direction. 

will give the value for the stress component inside the 
specimen, provided that the Young's modulus and 
Poisson's ratio are known. 

The slopes of these two lines in Fig. 4 fitted by 
regression are negative and the residual stresses calcu- 
lated are 0.61 and 1.56 GPa for 2YSZ and 3YSZ, 
respectively. The result confirms that ion implantation 
introduces the residual compressive stress into the 
surface of the specimens. 

3.4. A g e i n g  behav iou r  and t ~ m phase 
t r ans fo rma t i on  

ZrO2-based ceramics represent one class of new struc- 
tural materials, which exhibit superior mechanical 
properties. However, there exist certain disadvantages 
for ZrO 2 ceramics with regard to the environmental 
conditions. The strength degradation associated with 
low-temperature ageing around several hundred de- 
grees Celsius has been explained by the formation of 
microcracks induced by the tetragonal to monoclinic 
transformation on the surface [13-15]. For investiga- 
tion of ageing behaviour in this study, the originally 

0.08670 
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0.08600 0.4)2 oh6 oh8 o.' o o. 2 
(0) sin2q/ 

0.08870 
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0.08800 0.C)2 0)04 0.06 0.C)8 0.'10 0.12 
(b) sin2q, " 

Figure 4 d, sin2~ diagram of specimens implanted with 3 • 1016 
As + cm-2: (a) 2YSZ, (b) 3YSZ. 

fully tetragonal 2YSZ specimen was aged at room 
temperature for 6 months. Fig. 5a shows the X-ray 
diffraction pattern, in which monoclinic peaks (1 1 1) 
and (00 2) are visible. The occurrence of the mono- 
clinic phase may result in strength degradation, as 
reported in the literature [10-15]. However, fully 
tetragonal phase is retained in the implanted and then 
aged specimen, as shown in Fig. 5b. It appears that 
the tetragonal to monoclinic phase transformation of 
zirconia is suppressed by the presence of the residual 
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Figure 5 XRD patterns illustrating the phase difference between (a) unimplanted and (b) implanted surface of 2YSZ. 
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compressive stress due to the ion implantation pro- 
cess, as indicated in Equation 3. 

It has been proposed that a decrease in the volume 
fraction of transformable tetragonal phase will de- 
crease the fracture toughness [6, 25]. The presence of 
the residual compressive stress reduces the fraction of 
transformable tetragonal phase and thus decreases the 
effectiveness of transformation toughening in YSZ. 
Tsukuma et al. [24] reported that the fracture tough- 
ness in ZrO2-Y203 would gradually decrease when 
Y203 exceeds 2.5 mol %. This implies that the trans- 
formation toughening mechanism is less dominating 
in 3YSZ as compared to 2YSZ. Consequently, the 
contribution of residual stress to the fracture tough- 
ness will be less significant than the reduction of t ~ m 
transformation toughening by alloying effect on AGc 
in 3YSZ, compared to that in 2YSZ. The results 
summarized in Tables I and II clearly reveal this 
evidence. 

Residual compressive stresses, if sufficiently high, 
are considered to prevent Type I crack opening of 
radial cracks near the surface [27], and to reduce the 
lateral crack opening forces [28] by superposition of 
the compressive stress pattern on the residual stress 
field from the indentation. The latter effect has been 
observed to result in the deflection of lateral crack 
trajectories away from the surface, thus preventing 
break-out spalling [20-28], shortening of the sub- 
surface lateral cracks [20, 29] and even in complete 
suppression of the lateral cracking. Nevertheless, in 
the present study, it appears that the increase of 
fracture toughness for 2YSZ due to residual com- 
pressive stress is not appreciable, compared to the 
decrease in fracture toughness caused by the reduction 
of the tendency for phase transformation. 

4. Conclusion 
Direct As + ion implantation in 2 mol %-ZrO 2 (2YSZ) 
and 3 mol %-ZrO 2 (3YSZ) was employed in the modi- 
fication of surface properties. Residual compressive 
stresses were developed near the surface of the ceram- 
ics due to ion implantation. Thermal stability in YSZ 
was improved in the presence of the residual com- 
pressive stress, which results in the suppression of the 
tetragonal to monoclinic transformation during the 
ageing process. The contribution of residual stress to 
the fracture toughness is less significant than the 
reduction of t ~ m transformation toughening by the 
alloy effect in 3YSZ, compared to 2YSZ. However, the 
increase in fracture toughness for 2YSZ due to re- 
sidual compressive stress is not appreciable with re- 
spect to the decrease in fracture toughness due to the 
reduction in the degree of phase transformation. It is 
probable that appropriate implantation treatments 

can render ZrO 2 ceramics with better thermal stability 
and increased fracture toughness. 
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