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The effects of copper and iron oxide additions 
on the sintering and properties of Y-TZP 
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Yttria-tetragonal zirconia polycrystals (Y-TZP) with a range of yttria contents were prepared 
from powders neutralized during processing with ammonium hydroxide and sintered at 
temperatures of 1300-1700~ Iron or copper oxide was ~idded and studies made of body 
characteristics, mechanical properties and ageing resistance. Densification was aided by 
higher yttria concentrations. The effects of the oxide additives were dependent on amounts 
present and sintering conditions, including ramp rates and holding temperatures. Ageing 
resistance was significantly improved for both oxide additions fired to lower temperatures 
but rapid transformation to monoclinic phase was observed for materials with larger grain 
sizes associated with higher sintering temperatures. 

1. Introduction 
Yttria-tetragonal zirconia polycrystals (Y-TZP) have 
good mechanical properties such as bend strength and 
fracture toughness, and these are associated with the 
tetragonal to monoclinic phase transformation which 
occurs ahead of propagating crack fronts. 

There is evidence that the addition of transition 
metal oxides to the Y-TZP powder improves sintering 
behaviour, with higher densities being attainable at 
lower temperatures [1-3]. The effects of these addi- 
tives on properties have not been clearly established. 

It is well-known that Y-TZP materials are suscep- 
tible to various environments, e.g. water/water va- 
pour, and with maximum kinetics occurring at 
100-300 ~ resulting in poor resistance to ageing. The 
loss of mechanical properties during ageing is asso- 
ciated with the tetragonal to monoclinic transforma- 
tion occurring from the surface into the interior of 
components [4], The rate of this transformation is one 
of the most important factors in the ageing process. In 
addition, the depth of monoclinic phase present for 
a given ageing time increases linearly with time [3, 5] 
and is dependent upon the grain size and stabilizer 
content [6]. 

Transition metal oxide additions to Y-TZP are like- 
ly to have an effect on ageing resistance if they influ- 
ence densification, result in lower grain sizes and are 
to be found associated with grain boundaries. Yttria 
content, impurity level and method of powder prep- 
aration, e.g. co-precipitation, co-coating or mixing, are 
all factors which will affect resistance to degradation. 

The various mechanisms of ageing previously pro- 
posed [7-10] have involved several processes for 
chemical and mechanical degradation. Most fre- 

0022-2461  �9 1995 Chapman & Hall 

quently it has been Suggested that O H -  ions are 
adsorbed at the Y-TZP surface leading to the forma- 
tion of Zr -OH or Y-OH groups which form at 
stressed sites. Further migration of O H -  into the 
Structure creates stresses leading to transformation 
[8]. 

The present work was concerned with the investiga- 
tion of the effects of: (i) yttria levels, nominally 2, 2.5, 3 
and 4mo1%; (ii) type of neutralizing solution 
used during powder preparation, e.g. NH4OH or 
NaOH; (iii) sintering temperatures and ceramic 
body characteristics; (iv) dopants, a range of levels of 
oxides of iron and copper, and their effects on forming 
characteristics and properties including ageing resist- 
ance; and (v) sintering temperature and ageing 
behaviour. 

2. Experimental procedure 
The method used in the production of the powders is 
described elsewhere [I1]. Neutralization during this 
preparation was with either ammonium hydroxide or 
caustic soda. The transition metal oxides were added 
to the zirconia using a coating technique. Pellets 
were die pressed at i0 MPa and then isostatically 
pressed at 200 MPa. Sintering was at temperatures 
between 1300 and 1700~ with ramp rates in the 
range 2.5-15 ~ C min-  1. 

The starting powders and the fired test pieces were 
characterized where appropriate to determine particle 
size, specific surface areas, grain size, phase content 
and mechanical properties. Some samples were aged 
in an autoclave at 180~ in superheated water at 
a steam pressure of ~ 10 bar ( ~ 1 MPa). 
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3. Results and discussion 
3.1. Particle size 
Powders were in the nanometre range with particle 
sizes measured by transmission electron microscopy 
(TEM) of 0.07-0.08 ~tm. Specific surface areas (SSA) 
determined by the BET method for powders contain- 
ing between 2 and 4 mol % yttria prepared by am- 
monium hydroxide or caustic soda neutralization, 
were between 19 m2g - t (2.5 mol % yttria, NaOH) and 
30 m2g- 1 (4.0 tool % yttria, NaOH). For given yttria 
concentrations, ammonium hydroxide-neutralized 
powders had higher SSA values by about 2 m2g -1 
than for caustic soda powders, except for 2.0 mol % 
yttria materials. 

3.2. X-ray diffraction 
For powders with 2-4 tool% yttria prepared with 
both neutralizers, the monoclinic content varied from 
90% 95%. 

Pellets sintered at 1400 ~ C showed tetragonal phase 
contents of 79% 98%, the lower value being for 
the 2 mol % yttria pellets; see Table I which con- 

TABLE I Composition, phase content and density of Y-TZPs 

Yttria content Powder Sintered Pellet density 
monoclinic tetragonal 

(mol %) content (%) content (%) (Mg m-3) 

2.0 90.4 79.0 5.85 
2.5 93.4 97.8 5.96 
3.0 94.0 97.8 6.01 
4.0 94.1 97.9 6.07 

tains data for ammonia-neutralized material. For 
2.5 mol % yttria, the tetragonal content had increased 
to 98%. There was a slightly increasing amount of 
cubic phase present for the 3 and 4mo1% yttria 
batches. 

3.3. Density 
As yttria content increased, densities rose from 
5.85 M g m  -3 to 6.07 M g m  -3, the lower values being 
associated with higher amounts of monoclinic phase, 
i.e. where there is less tetragonal-phase stabilization, 
see Table I. 

For CuO dopant levels of 0.02-0.17 wt %, higher 
densities were measured for lower ramp rates 
( < 15 ~ C rain- 1) and low holding times, see Fig.1. The 
0.35wt% CuO samples gave high densities, 
( >  5.94 Mgm 3), for high ramp rates (15~ min - t )  
and 5 h holding times. Similar results were obtained 
for up to 0.5 wt % Fe203 additions. 

3.4. Grain size 
For 1300 and 1700~ C sintering temperatures, the in- 
fluence of copper and iron oxide contents on grain size 
in 2.5 tool % yttria pellets are shown in Table II. 
Consequently, some increase in grain size resulted 
from the addition of transition metal oxides parti- 
cularly at the higher sintering temperature. However, 
the improved sinterability was associated with a de- 
crease in the tetragonal content and a concomitant 
increase in the amount of monoclinic and/or cubic 
phase present. 
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Figure 1 The effect of ramp rate on the sintered density of Y-TZP 
with respect to dopant concentration: (I~) 2.5, (m) 5, (A) 10 and ( x ) 
15 ~ min- 1. 

3.5. Hardness  
For up to 0.17 wt % CuO additions there was little 
increase in hardness with values around 12-13 GPa. 
For 0 .35wt% CuO specimens, hardnesses were 
between 4 and 11 GPa for sintering ramp rates 
up to 1400 ~ C of 2.5-15 ~ C min-a,  respectively, see 
Fig. 2. For up to 0.17wt % CuO, slightly higher 
hardnesses were measured for 5~ min -1 samples. 
For 0-0.17 wt % CuO, maximum hardnesses were ob- 
served at a soak time of 120 min, Fig. 3. 

The effects on hardness were associated with grain 
size and/or the decrease in the tetragonal phase. This 
was particularly striking in the 0.35 wt % copper ox- 
ide pellets with lower tetragonal-phase samples having 
lower hardnesses. 

TABLE II Grain size, composition and sintering temperature for doped Y-TZPs 

Sintered at 1300 ~ C Sintered at 1700 ~ C 

Composition Grain size Tetragonal Composition Grain size Tetragonal 
content content 

(wt %) (#m) (%) (wt %) (pro) (%) 

0.00 CuO 0,29 98 
0.07 CuO 058 99 
0.25 F%O 3 0.33 94 

' 0.00 CuO 
0.05 CuO 
0.25 F%O3 
0.50 FezO 3 

1 . 4 9  

2.60 
3.12 
3.60 

100 
100 
50 
51 
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Figure 2 The effect of ramp rate on the Vickers hardness Of Y-TZP 
with respect to dopant concentration: For key, see Fig. 1. 

Higher  strengths and better resistance to ageing 
degradat ion are at tr ibutable to higher densities result- 
ing from improved sinterability, and to yttria enrich- 
ment  at the grain boundaries  [3, 13]. 

3 .7 .  F r a c t u r e  t o u g h n e s s  
The max imum values of fracture toughness were 
measured for sintering holding times of 120rain, 
Fig. 6. In general, increasing copper  oxide content  
gave lower K~ values, with the 0.35 wt % CuO speci- 
mens having particularly low values of 

4.5 M P a  m ~/2 as compared  with the highest values 
of 13 M P a m  ~/2. 
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Figure 3 The effect of dopant concentration on the Vickers hard- 
ness of Y-TZP with respect to holding time: (I1,) 0, (I) 0.02, (J,) 0.05, 
( x ) 0.17, (*) 0.35. 
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Figure 4 The effect of sintering aids on the fracture strength of 
Y-TZP with respect to ageing time: (II ~) undoped Y-TZP, (I) 
+ 0.07 wt % CuO, (&) + 0.25 wt % FezO 3. 

3 . 6 .  S t r e n g t h  

Strengths were measured in a biaxial disc flexure 
method  [12] and ranged from 1049-1558 M P a  as 
additive content  was increased from zero to 0.25 wt % 
iron oxide. For  several samples containing CuO and 
Fe203,  there were impressive ageing characteristics 
with, in some cases, high strength retention, even after 
1000 h at 180~ in autoclave conditions, see Fig. 4. 
The samples with the best strength retention were 
those with low surface monoclinic  content,  Fig. 5. The 
best ageing resistances were obtained with 0.25 wt % 
Fe203 and 0.07 wt % CuO. 

3.8. Ageing behaviour and sintering 
temperature 

A comparison was made between the ageing behaviour 
of plain Y-TZP and Y-TZP doped with 0.25 wt % 
Fe203 sintered at 1300 and 1700 ~ C. The iron oxide- 
bearing samples endured at least 1000 h (sintered at 
1300 ~ C) without much strength reduction and even the 
plain Y-TZP had some strength after 1000 h. 

The 1700~ samples degraded rapidly during age- 
ing and, in this case, the 0.25 wt % iron oxide material 
crumbled almost  immediately; see Fig. 7 which shows 
the percentage of  monoclinic  phase versus ageing 
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Figure 5 The effect of sintering aids on the surface monoclinic 
content of Y-TZP with respect to ageing time (sintered at 1300 ~ 
For key, see Fig. 4. 
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Figure 6 The effect of holding time on indentation fracture tough- 
ness of Y-TZP with respect to dopant concentration: (0) 60, (I) 120 
and (A) 300 min. 
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Figure 7 The effect of sintering aids on the surface monoclinic 
content of Y-TZP with respect to ageing time (sintered at 1700 ~ 
(0) undoped Y-TZP, ( , )  + 0.05 wt % CuO, (A) + 0.25 wt % 
FezO 3. 

time. The poor ageing behaviour was accompanied by 
dramatic increases in the amounts of surface mono- 
clinic phase present. 

The rapid degradation was almost certainly exacer- 
bated by the presence of large grains from the high 
sintering temperature and the action of the transition 
metal oxides. 

4. Sinter ing aids and their  inf luence 
on propert ies 

The effects of transition metal oxide additives were 
complicated depending on the amount present, the 
ramp rate and the sintering temperature. The action of 
both copper and iron oxides is believed to be via 
transient liquid phases, although physical evidence for 
this is still being sought. In superplastic zirconia cer- 
amics containing copper oxide dopants, a liquid phase 
has been identified [14]. However, TEM studies on 
copper oxide-doped coated Y-TZPs have shown that 
there is no evidence of intergranular glassy phases 
being present E3] at room temperature. Copper oxide 
melts at a lower temperature than iron oxide, so the 
former is more effective at lower temperatures. These 
additives improve densification with greater effect at 
higher concentrations. Longer times at higher temper- 
atures and for greater dopant levels are likely to lead 
to grain growth and reduced mechanical properties. 
The measurements of grain size and phase content 
supply some confirmatory evidence for these theories. 

5. Conclusions 
1. Small differences in powder characteristics and 

sintered phase contents were found for the two neut- 
ralization methods. 

2. Increased densities were obtained for higher yt- 
tria concentrations. The effects of differences in ramp 
rates during sintering depend on the dopant level. 

3. Copper and iron oxides promote grain growth in 
Y-TZP particularly at higher sintering temperatures. 

4. Additions of copper oxide improve the hardness 
of Y-TZP over various ramp rates and holding times, 
maximum values being obtained for 1300 ~ C, 
10~ min-~ and a soak time of 120 rain. 

5. Metal oxide additions have a beneficial effect on 
the ageing resistance of Y-TZP, particularly for lower 
sintering temperatures. 

6. Fracture toughness values are adversely affected 
by additions of copper oxide to Y-TZP. 

7. Ageing resistance is severely lessened with in- 
creasing grain size resulting from high sintering tem- 
peratures. 
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