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TRANSLUCENT Y3A15012 CERAMICS : MECHANICAL PROPERTIES 

G. DE WITH and J.E.D. PARREN 

Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, The Netherlands 

The elastic, hardness and fracture behaviour of fully dense Y3A15012 ceramics doped with various 
amounts of either Si02 or MgO was studied. Al-rich inclusions, isolated large grains and coarse 
grained microstructures were found to be regularly present. These features have a significant in- 
fluence on the mechanical properties. For 'normal', small grained microstructures typically a 
value of 290 GPa for Young's modulus, 18 GPa for the hardness (2 N load) and 1.7 MPa.m1/2 for 
the fracture toughness is obtained. 

1. INTRODUCTION 

Aluminium oxide ceramics are well studied and 

have many applicationsl. If properly processed, 

translucent ceramics can be sintered from this 

material, usually employing MgO as a dopant (see 

e.g. ref. 2). Recently also the sintering of 

YjA15012 (YAG) powder to translucent ceramics 

was described3 with either MgO or SiO2 as sinte- 

ring aid. The dopant behaviour in YAG is the 

subject of an accompanying paper4. As compared 

with translucent alumina the main virtue of YAG 

ceramics is a low optical absorption. While 

typical values for the effective absorption 

coefficient, b, of alumina are in the range of 

1.8 to 2.2 mm-l, b-values of 1.6 mm-1 and 0.7 

mm -l have been reported for YAG(Si02) and 

YAG(Mg0) ceramics respectively. For various 

applications the mechanical properties are also 

relevant so that the elastic, hardness and frac- 

ture behaviour of various YAG ceramics were 

investigated. 

2. EXPERIMENTAL 

The materials were prepared using the wet- 

-chemical route as described in ref. (3). Vari- 

ous dopant levels for SiO2 as well as MgO were 

used. All sintering was done in a vacuum of 

about 10v3 Pa at temperatures between 1700 and 

18OO'C. The microstructure of the various cera- 

mics was revealed by scanning electron micro- 
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scopy (SEM) using fracture surfaces. All cera- 

mics prepared contained a certain amount of Al- 

-rich inclusions in spite of the fact that they 

were prepared to be strictly stoichiometric. 

This is probably due to the sintering proce- 

dure. The mean linear intercept, d, was used as 

a grain size measure5. For all materials in the 

fine grained areas d ranged from 3 to 6 pm. The 

surfaces were covered with a thin gold layer to 

prevent electrostatic charging during examina- 

tion. 
. . 

The densities, q, of the sample were determi- 

ned by Prokic’s method6. The longitudinal wave 

velocity, vl, and shear wave velocity, vs, were 

measured at 10 and 20 MHz respectively using the 

pulse-echo technique on specimens of at least 

99.8% relative density. From q, vl and vs 

Young’s modulus, E, and Poisson’s ratio, v, were 

calculated with the usual formulae for isotropic 

materials7. No correction was applied for atte- 

nuation since the loss tangent was less than 

0.05. The sample standard deviation was estima- 

ted to be about 2 GPa. 

The Vickers hardness, Hv, was measured on 

polished specimens. For each material the load 

was varied between 0.5 N and 20 N and applied 

for about 15 seconds. Measurements were done in 

oil as well as water. The average sample stan- 

dard deviation using five readings was about 1.5 

GPa. For comparison the Knoop hardness, Hk, was 



also measured (2 N load, ambient). The usual 

formulae for the calculation of the hardness 

were used. Selected indentations were examined 

by SEM. 

The fracture toughness, KIc, was measured 

at various temperatures in a N2 gas atmosphere 

(200 ppmV H20) with the three point bend test 

(span 12 mm, cross head speed 1.0 mm/min) using 

specimens of size 1*3*15 mm3 in an all-ceramic 

bending set-up. A notch with a relative depth of 

about 0.15 was sawn in the specimens. Pre-crack- 

ing was done by a Knoop indentation (2 N load) 

at the notch root on both sides of the speci- 

mens. The compliance factor was calculated as 

described in ref. (8). Normally three specimens 

were used for each KIc determination resulting 

in a average sample standard deviation of 0.1 

MPa.m1/2. 

For two selected ceramics the strength, s, 

was measured in the same bending set-up, but 

only at room temperature. Specimens were sawn 

with a 300 mesh ( 50 vm) diamond wheel. The 

strength was measured in the as-machined state 

and after annealing at 1OOO’C for 2 hours in 

air. In each case 5 specimens were used. 

3. RESULTS AND DISCUSSION 

3.1. Elastic behaviour 

The value of Young’s modulus, E, is important 

in many applications of ceramics. As compared 

with Y203 and Al203, YAG is stiffer than yttria 

but more compliant than alumina. While E(A1203) 

is about 400 GPA2y9 and E(Y2O3) is about 177 

GPalO, the average value of E obtained for YAG 

is 290 GPa. Poisson’s ratio, v, was determined 

to be 0.246. From the single crystal elastic 

constants an estimate for E(YAG) can be calcula- 

ted using the Voigt-Reuss-HillI or Hashin- 

-Shtrikman12 averaging scheme. The average 

values of the single crystal elastic constants 

given in ref. (13) are cl1 = 334 GPa, ~12 q 112 

GPa and c44 = 115 GPa. The coefficients of vari- 

ation in these mean values using the 4 experi- 

mental data sets are lJ.2, lJ.5 and 11.2% respecti- 

vely. Averaging these data resulted in an rsti- 

mated E-value of 283 GPa (and a v-val t1p of 

0.243). The difference between this estimate and 

the experimental value is small (2.5%) but siq- 

nif icant since the error in the calculated 

E(YAG) due to the experimental uncertaint (es ill 

the single crystal constant:; is about 1.U I;Pa 

(0.4%). It cannot he caused by small Iievintinns 

from 100% relative density since correction for 

this effect would result in an even Iarqer dis- 

crepancy. One possibility is that the difference 

is due to the presence of the (stiffer) Al-rich 

inclusions which have been observed by SFM and 

TF.M (see fig. 3 of ref. 4). Assuming the inclu- 

sions to be Al2O3, the ‘three-phase-model’14 for 

the elasticity of composites can he used to cal- 

culate the amount of Al203 in the YAG ceramics. 

This estimate yields a value of about 6.4% for 

the volume concentration of A1203 inclusions. 

Since from the point count analysis of the rele- 

vant micrographs and X-ray diffraction peak in- 

tensity measurements an average value of about 

0.4% is obtained, the difference between the 

theoretical and the experimental value seems 

real. 

For ceramics containing more inclusions the 

E-value is significantly higher, e.g. for the 

1200 wt.ppm SiO2 doped material containing about 

15 vol.% Al203 the value of Young’s InOdcJltJS is 

311 GPa. 

3.2. Hardness 

Mechani.cal behaviour of ceramics is conve- 

niently characterized by the hardness, H. It is 

defined by 

H : k.L.D-2 (1) 

where k is a dimensionless constant depending on 

the type of indenter, L is the load and D is the 

corresponding indentational diayonal. The inter- 

pretation of the hardness, however, is quite in- 

volved. Several effects such as the type of mea- 

surement, the Load and the environment can have 

a significant influence. The load dependence is 



often described by the so-called Meyer law : 

L = c.Dn (2) 

The parameter c is the load required to make 

an unit size indentation and advocated as a kind 

of strength measure15. The parameter n, which 

ideally has the value 2, is a measure for the 

load dependence of the hardness and thus of the 

size effect. In practice the load range used is 

limited on the low side by the observability of 

the indentation and on the high side by exces- 

sive cracking. 

For the YAG ceramics at low loads ( 2 N) in 

general no cracks were observed (upper part 

fig. 1). At about 2 N cracking started (although 

not necessarily only median cracks, middle part 

fig. 1) and at higher loads (10 N) extensive 

lateral cracking was observed (lower part fig. 

1). This lateral cracking is most probably due 

to the residual surface stresses introduced by 

the polishing procedure. In fig. 2 a typical 

plot of hardness versus load and the correspon- 

ding Meyer plot is shown for a particular YAG 

ceramic. The values of c and n were determined 

by a weighted least-squares analysis of diagonal 

length versus load (the diagonal length is the 

T YAG 1510~) 

1 12 J 

03 05 1 23 5 10 20 30 
lndentotm load INI - 

2- 
YAG (SiO2) 

11 I 
03 05 1 23 5 10 20 30 

Indentation load INI - 

FIGURE 1 
Vickers hardness indentation of YAG ceramics 
doped with 500 wt. ppm SiO2 at 0.5 N (upper), 
2.0 N (middle) and 10 N (lower). 

FIGURE 2 

Vickers hardness (in inert environment) versus 
load for YAG doped with 500 wt. ppm SiO2 (upper) 

and the corresponding Meyer plot (lower). 
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dependent variable, for an extensive discussion 

see ref. (15)). The results for all ceramics 

analysed are presented in table 1. 

The parameters c and n are quite similar for 

all ceramics, although somewhat higher n-values 

are observed for the YAG(Mg0) materials and 

somewhat higher c-values for the YAG(Si02) cera- 

mics. On average an n-value of about 1.8 is 

obtained and this value is quite typical for 

ceramics. One clear exception is one of the 1000 

wt. ppm SiO2 doped ceramics where a significant- 

ly higher n and lower c value were found. In- 

spection of the indentations revealed that in 

this case median cracks already developed at 

about 1 N load. The Al203 content for this cera- 

mic is also somewhat higher than on average 

(table 1). The analysis of the indentations made 

in water yielded quite similar results and no 

definitive environmental effect could be obser- 

ved . 

While for H(Al2O3) values of about 20 GPa (1 

N loadl6) are reported, for Y2O3 a hardness 

value of only about 6 GPa (load unknownlo) is 

given. The H(YAG) is thus comparable to H(A1203) 

and substantially higher than H(Y203). The mea- 

surement of the Knoop hardness of YAG(Mg0) and 

TABLE 1 
Hardness behaviour and fracture toughness of YAG 
ceramics in inert environment 
-_____-- -------- 

dope n C KIC, A1203 
(MPa.mz) (~01%) 

~-___________l 

250 wt. ppm MgO 1.842 0.0151 1.87 11.5 

500 ” 1.811 0.0175 1.66 0.5 

1000 ‘9 1.817 0.0165 1.65 0.1 

500 wt. ppm SiO2 1.722 0.0216 1.84 0.5 

1000 ” 1.775 0.0184 - 0.3 

1000 ” 1.899 0.0120 - 1.0 

1200 ” 2.00 15.2 

1550 ” 1.72 0.1 

2000 ” 1.769 0.0189 1.61 0.2 

---- ----_-1___ 

n and c as defined in eq. 2 

YAG(Si02) was done for comparison and yielded 

values of 15.3 GPa and 14.3 GPa respectively (2 

N load, ambient). As has been observed beforei 

this type of measurement usually results in 

somewhat different hardness values, in particu- 

lar at low loads. 

3.3. Fracture 

Catastrophic fracture is characterized by two 

parameters : fracture toughness, KIC, and 

strength, s. For a review, see ref. (17). In 

brief, the fracture toughness represents sn in- 

herent resistance of the material to fracture 

while the strength is determined both by intrin- 

sic behaviour and the (mechanical) defect struc- 

ture of the material. Both parameters are thus 

of interest and consequently are studied. 

The fracture toughness at room temperature 

for several YAG ceramics is given in table 1. 

From this table it appears that the Si02-doped 

ceramics have a somewhat higher toughness value 

than the MgO-doped materials. It also appears 

that at higher SiO2 dopant lvels the toughness 

decreases but this trend is deceptive. For YAG 

ceramics doped with 1550 wt. ppm SiO2 no abnor- 

mal features are present in the microstructure 

and the KTc value of 1.7 MPa.m112 is pro- 

bably the proper value for fine grained YAG 

ceramics. The material doped with 500 wt. ppm 

SiO2 has large grains and extensive cracking 

throughout the specimens is present after the 

fracture test. This effect increases the tough- 

ness. The 1200 wt. ppm Si02 doped ceramic con- 

tains about 15 vol.% Al2O3. Because the tough- 

ness of alumina (4.0 MPa.m112) is significant- 

ly higher than for YAG this means that the mate- 

rial is toughened by the Al203 inclusions. 

Finally YAG ceramics doped with 2000 wt. ppm 

SiO2 shows discontinuous grain growth. Occasio- 

nally large grains with a size upto 1 mm can be 

observed on the fracture surfaces. Since the 

toughness of single crystals is usually substan- 

tially lower then for the corresponding poly- 

crystalline materials, a lower overall value of 
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the toughness results. It should be remsrked 

that measurements using samples from other, but 

similar processing cycles occasionally yielded 

slightly different KIc values. 

For the YAG(Mg0) ceramics a more or less con- 

stant KIc value of 1.7 MPa.ml/* is observed, 

except for the 250 wt. ppm doped material. The 

latter ceramic, however, contained about 11 

vol.% Al203 and is consequently toughened. The 

value of 1.7 MPa.ml/z is equal to the value 

obtained for the ‘normal’ YAG(Si02). Neverthe- 

less there is an obvious difference between the 

fracture surface morphology of the MgO doped 

materials and the SiO2 doped ceramics as obser- 

ved on the SEM fractograph’s (fig. 3). 

The temperature dependence of KIc of vari- 

ous YAG ceramics is shown in fig. 4. Surprising- 

ly for all ceramics the value of KIc initially 

increases with rising temperature. At still 

higher temperatures, however, it decreases 

again. The reason for the increase is not enti- 

FIGURE 3 FIGURE 4 

SEM fractograph of YAG doped with 1550 wt. ppm 
SiO2 (upper) and 500 wt. ppm MgO (lower). 

Temperature dependence of the fracture toughness 

of YAG doped with SiO2 (upper) and MgO (lower). 

rely clear. In debased alumina a maximum in 

toughness is also observed (see e.g. ref. 17). 

In thst case the effect is attributed to addi- 

tional energy dissipation in the viscous, glassy 

secondary phase at the temperature corresponding 

to the maximum in KIc. This explanation csn be 

ruled out in the present case as no secondary 

phase is present4 neither at the grain bounda- 

ries nor in the triple junctions. A possible 

2.7, 

* 1200 ppm Si02 
0 1550 ppm 5102 

x : 2000 Epm 5102 

0 300 600 900 1200 1500 1eoo 
Temperature (Ki 

2.4 o : 500 ppm MgO 

2.1. 

i”l.& /9_ 

s 

1.5 - 

1.2’ 
0 300 600 900 1200 1500 1eoo 

Temperature IK) 



mechanism is as follows : the matrix is (slight- 

ly) toughened by the A1203 inclusions themsel- 

ves, but also weakened by the surrounding stress 

field which happens to be tensile (see fig. 4 of 

ref. 4). At increasing temperatures the magni- 

tude of this stress diminishes, thus toughening 

the materiel. The decrease is probably the nor- 

mally observed (decreasing) trend, due to a 

decrease of the Young’s modulus with temperature 

(see appendices ref. 18). The KIc decrease is 

possibly intensified by the change from trans- 

granular to intergranular fracture with tempera- 

ture as observed with SEM. 

For two ceramics the strength was measured in 

the as-machined state end after a 2 hour-1OUU’C 

annealing treatment (table 2). For both ceramics 

the strength was about 410 MPa. As compared with 

translucent alumina this value is somewhat 

higher in spite of the lower KIc values. A 

smaller flaw size is thus present. It seems li- 

kely that after the annealing treatment no resi- 

duel surface stresses are present. In that case 

the average flaw size, a, can be estimated by 

a = (KIc/Y.s)* (3) 

The factor Y depends on the geometry of the cri- 

TABLE 2 
Strength end flaw size of YAG ceramics. 
~ ---- -- ---_ -~~-----~~-_____-_______-_______ 

dope : 500 wt. ppm MgO 
------ ---- __^______.~__________________________ 

cond. s (MPa) KIC 

(MPa.mi) 
d a a/d 

(urn) (urn) 
___-- ----__ _ ____ ____-________________________ 

as-sewn 410(36) 1.66 3.4 10.0 2.9 

annea led 433(34) 9’ ” 9.3 2.7 

------------_--------.---_____________________ 

dope : 1200 wt. ppm Sill2 
------------------___--____________________ 

cond. s (We) KI,-, d(gm) a(ym) a/d 
(MPa.mz) (um) (urn) 

-..----_----__________________________________ 

as-sawn 4x2(47) 2.00 5.6 14.8 2.6 

annealed 479 (48 ) ” ” 11.0 2.0 

-------.-----__________-_____________________ 

as-sawn : sawn surface using 300 mesh diamond 
annealed: 2 hours et 1OOO’C in air 
standard sample deviation given in parentheses 
d : grain size, a : flew size 

cal flew. Assuming a semi-circular crack, Y is 

about 1.26 lH. This estimate yields V~~IJPS Iof 

about III @rn (table 2). This value is about twice 

to three times the qrain size. A flaw size of 

two to three times the average qrain sire was 

also estimated for tral,slucent aLumina9. Al- 

though the toughness of alumina is significantly 

higher (4.0 MPa.ml/*) the larger grailrsize (25 

vrn) is the cause of a lower strenytil value (28U 

MPa). The benefit of a small grainsize is thus, 

at least from a strength point of view, clearly 

illustrated. 

4. CONCLUDING REMARKS 

From the above discussion of the results 

obtained, it is clear that the microstructure of 

the YAG ceramics is Largely dominated by two 

features : Al-rich inclllsions and large grains 

which occur either isolated or as a major con- 

stituent of the microstructure. For ceramics 

with a more or less normal, smal.1 grained micro- 

structure a typical value for Young’s modulus of 

290 GPa, a hardness value at 2 N load of 18 GPa 

and a fracture toughness of 1.7 MPa.m112 is 

obtained. The precise values are, however, apart 

from whether the materials contain Sic)2 or MgO 

as a dopant, largely dependent on the presence 

of the inclusions and the large grains. Conse- 

quently, the present processiny needs consider- 

able improvement. 
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