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Abstract

Mechanical properties measured by nanoindentation of ceramics of pure YAG, as well as doped with 2 and 5at% Eu and Nd
synthesized by a modification of the Pechini-type precursor method that includes the formation of spherical agglomerates by spray
drying, are reported. The densification of sintered doped samples was successfully achieved at temperatures as low as 1550 °C in air
using nanometric-sized powders produced by high-energy ball milling. A slight increase in the lattice parameter due to Eu and Nd
additions to the YAG was observed, as expected, but effectively no change in mechanical properties was observed. Within the standard
deviation, the hardness was 22 GPa and the elastic modulus was 315 GPa for all samples. These values are more than twice as large as
those previously reported for amorphous fibers prepared with the same compositions but similar to literature reports for single crystals.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Ceramics based on alumina doped with rare-earth oxides
have several properties that make them very attractive for a
range of applications [1-3]. Particularly, the combination of
aluminum oxide and yttrium oxide in stoichiometric pro-
portions forms compounds called yttrium aluminum garnets
(YAG), which are suitable for applications in the electronic
industry, such as solid-state lasers [4]. The unit cell of YAG
consists of a complex body-centered-cubic lattice (space
group Ia3d) with a lattice parameter of ~1.2 nm [2].

Polycrystalline pure YAG or in the form of composites
has many potential applications as a high-temperature
engineering material [5]. The alumina-YAG system in the
eutectic composition has been identified as an ultra-high-
temperature structural material [3]. Several studies in the
past decade have confirmed the superior mechanical
properties of this eutectic system at temperatures above
1400 °C [1]. Simultaneous with these developments, a survey
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of the creep resistance of single crystal oxides was per-
formed, including YAG, one of the most commonly used [6].
The high creep resistance of YAG is attributed to the
large lattice parameter and hence large Burgers vector of
the dislocations [7-9].

To obtain YAG powders, various methods have been
employed, including precipitation of hydroxides [10-12],
sol—gel processes [13—15], urea method [16], spray pyrolysis
[17], combustion synthesis [18], and citrate gel [19], among
others. However, the most traditional is still the mixed-
oxides method assisted by high-temperature solid-state
synthesis. This method has the disadvantage of using high
temperatures (~ 1600 °C) as well as long processing times.

The ““citrate precursor’” or Pechini method has been
used elsewhere for the synthesis of YAG [19]. Lower
processing temperatures (900 °C) are achieved and mate-
rial homogenization is improved by using rare earth
elements as dopants. A modified citrate precursor method
was reported previously by J. Zarate, et al. [20], who
described the production of a completely pure YAG phase
with significant reduction of the processing time compared
to the normal route of citrate precursor. An additional
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advantage of this modified synthesis route, compared with
other techniques, is that a better distribution of yttrium
and aluminum ions is achieved in the mixture. The reason
for the homogenous conditions is due to a spray-drying
step, which renders a high degree of dispersion of salts and
organics with a short effective diffusion distance. Thus,
once the organics are removed, the ions remain homo-
geneously distributed, which leads directly to a decrease in
the processing temperature of YAG compared to previous
results reported in the literature [21,22].

Mechanical characterization of dense YAG material,
particularly of intrinsic properties such as elastic modulus,
is relevant because YAG is often used as a reinforcement
phase in ceramics. Nanoindentation offers a set of techni-
ques, which despite the small size of an indentation imprint,
is a well-established methodology for the characterization
of mechanical properties of bulk materials (metals, cera-
mics), thin films, amorphous solids, fibers, etc. [23]

The objective of this work was to evaluate, using nano-
indentation, the mechanical properties of Nd- and Eu-
doped crystalline YAG synthesized by the modified citrate
precursor route. The results are compared with previously
reported mechanical properties of amorphous YAG fibers
with the same composition.

2. Materials and methods

Aluminum nitrate (99.9% J.T. Baker), yttrium nitrate
(99.9% Aldrich), europium and neodymium oxides (99.99%
Alpha-Aesar), citric acid (J.T. Baker), ethylene glycol
(99.9% J.T. Baker) and deionized water were used as raw
materials. Solutions with compositions corresponding to
YAG, YAG:Eu22at%, YAG:Eu5at%, YAG:Nd 2at%,
and YAG:Nd 5at% were prepared by a modification of
the Pechini-type precursor method as reported by Zarate,
et al. [20]. The amount of Eu and Nd additions were relative
to the yttrium content in the garnet. To eliminate the
solvent and produce precursor powders, the solutions were
spray dried (ADL Mini Spray-Dryer 31) using spray
pressure, feed rate and temperature of 196 KPa, 0.251/h
and 180 °C, respectively.

Precursor prepared powders were then calcined in a
high-temperature furnace (Thermolyne M46100) at 900 °C
for 1 h to promote the crystallization of the YAG phase.
YAG calcined powders were uniaxially compacted (95 MPa)
for 1 min using an 11-mm diameter piston—cylinder die in a
hydraulic press. The amount of powder used for the
production of ceramic coupons was 0.35 g. These samples
are identified as “spray dried”. For mechanical characteriza-
tion, “spray dried” samples were sintered at 1550 °C for 1 h
in air using a heating ramp of 5 °C/min.

To increase the density while keeping the same sintering
conditions, a 0.5-h high-energy ball-milling step was added
to the processing route using a Retch MM400 mixer mill
operated at 25 Hz using 1-cm diameter TZP zirconia balls.
This second set of sintered samples is identified as “milled”.

The sintered ceramic coupons were characterized by X-ray
diffraction using a Rigaku D/Max2100 diffractometer with
Co-Ko radiation operated at 30 kV. SEM micrographs
(JEOL JSM 5800-LV) were used to estimate the morphology
and particle size distribution of the powders and grain size
of dense samples. The density of the ceramic coupons
was determined by the Archimedes method. Transverse
cross-sections were polished with alumina suspensions
(particle size of 3 to 0.03 um) and subsequently with a
commercial colloidal silica suspension (Buehler Mastermet II).
A slightly “etched” surface was obtained using this polishing
procedure.

A Hysitron Ubil nanoindentation system with a Berko-
vich diamond tip and variable load (1000-9000 pN) was
used to determine the hardness and reduced elastic mod-
ulus on the transverse cross-section of sintered materials.
Indentation imprints in a “load control” mode of force
versus time were carried out. The system was calibrated
by determining compliance, thermal drift (40-60 s), arca
function, and tip radius using a fused silica reference
sample (ASMEC, Germany) as well as point of zero load
for all indentation tests.

Compliance was calculated on the basis of the Oliver
and Pharr method [24], by making 16 indents at high loads
and considering the load frame compliance, Cgane-

1 ~vrH 1

Smeasured 2Ered P max

+ Cframe ( 1 )

where, S,.caared 1S the experimental stiffness, H is the
hardness, P,,,. is the maximal applied load and E,.; is
the reduced elastic modulus.

The area function was determined on the basis of 50
indents on a fused silica sample, 25 at “high loads” covering
the full range of load (up to 10 mN) and 25 at “low loads”,
where the maximum load is limited to 2 mN. The area
function is calculated on the basis of a polynomial function,
following the Oliver and Pharr method [24].

Finally, the tip radius is obtained by approximating of
the end of indenter tip to be a sphere and extracting the tip
radius from a contact area vs. contact depth curve (using
low load indentations, up to 2 mN):

A(h.) = na® = —nh?> 421 Rh, 2)

Atomic force micrographs (AFM) of the ““etched” surface
were recorded in contact mode using the Berkovich tip as a
probe to determine grain size of the dense samples. The
limiting factors to characterize by AFM are the surface
roughness and densification level. Thus, the average grain
size of the “‘as spray dried”” samples was determined only by
image analysis of SEM fracture surfaces. Irrespective of the
method of determination, cumulative frequency distribution
curves as well as a statistical average and standard deviation
were obtained.

To evaluate the effect of the milling process route, a
Weibull distribution was used to analyze the mechanical
properties of the samples (elastic modulus, E; and hard-
ness, H). In this case, Weibull probability plots help to
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organize many different types of data into straight line
X-Y plots.

3. Results and discussion

In a previous report [25] additions of 2 and 5 at% Nd
and Eu to YAG showed a strong influence on the
mechanical behavior of amorphous fibers obtained via a
melt extraction process. As mentioned earlier, the main
goal of this study was to confirm this effect, but in
polycrystalline YAG samples. As shown below, one
characteristic of the “milled” samples is that they have a
densification level above 96% of the theoretical density,
thus avoiding the influence of pore compliance on the
experimental elastic modulus. The step-by-step results of
the processing route to obtain polycrystalline, high-density
samples are presented and discussed below.

Fig. 1 shows typical SEM images of powders of pure
YAG and with 5at% Eu and Nd synthesized by the
Pechini method, spray dried and calcined at 900 °C for 1 h.
All samples showed spherical agglomerates composed of
particles of less than 100 nm, a characteristic previously
reported elsewhere [25]. The agglomerate diameters were
obtained from a cumulative frequency graphic and are
presented in Table 1. The variation observed in these
values is fully within the expected behavior for spray
drying processes, so that one can conclude that there
is no influence of the doping type or contents on the
agglomerate size or morphology. The agglomerate size is
entirely defined by the spray-drying parameters.

For the densification of the samples, as a first approach,
“spray dried” ceramic coupons were prepared directly after
the synthesis. The “‘spray dried” powders were uniaxially
pressed and subsequently sintered at 1550 °C in air to
promote densification. The sintering temperature of
1550 °C was chosen based on experiments as a function of
temperature in the range of 1200-1550 °C.

For the sintered “spray dried”” samples the maximum
densification measured using the Archimedes method
was 85%. To confirm the low densification behavior, the
samples were fractured in simple bending. Typical SEM
micrographs of the fracture surfaces are shown in Fig. 2.

B YAG:5Eu &7

;
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These images confirm the low densification levels. The grain
size of the YAG:Eu 2at% sample ranges from 1.0-4.5 um,
whereas the range for the pure YAG, YAG:Eu 5at% and
YAG:Nd 2 at% samples is from 0.5-2.0 pm. The YAG:Nd
5at.% lies inbetween. There is no clear connection between
dopant content and grain size.

The poor densification behavior was determined by the
powder-packing factor obtained in uniaxial pressing. Neither
the pressure distribution nor the particle flow during uniaxial
pressing were high enough to break the spherical agglomerates
obtained by spray drying and calcination. Some variability in
densification was observed between samples even though the
uniaxial pressure was kept constant. Additionally, it is well
known from the literature that there are some difficulties
sintering YAG ceramics at the sintering conditions used
(1550 °C in air) [26].

Since density is critical, especially in the determination of
mechanical properties by nanoindentation, further experi-
ments were carried out in order to increase densification
at a maximum sintering temperature of 1550 °C in air.
Improvements were achieved by high-energy ball milling
the powders just after spray drying but before compacting
and sintering. Ball milling of the spray dried and calcined
powders was carried out for 30 min, and subsequently the
powders were processed in the same manner as the initial
samples. The milling time was chosen to minimize con-
tamination. A series of tests performed using the same ball
mill and milling parameters, but with pure alumina powder,
resulted in 1.82% zirconia (milling media) contamination of

Table 1

Mean particle diameter as a function of dopant

concentration.

Sample Average agglomerate
diameter (um)

YAG 0.51+£0.23

YAG:2Eu 0.49 +0.36

YAG:5Eu 0.87+£0.38

YAG:2Nd 0.60 +0.28

YAG:5Nd 0.55+0.28

Fig. 1. Typical SEM micrograph of YAG powders, with and without rare-earth additions, processed by spray drying.
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"spray dried"

Cumulative frequency (%)

Grain Size (um)

Fig. 2. SEM micrographs of the fracture surface of “‘spray dried” samples sintered at 1550 °C. The grain size distribution can also be observed.

Table 2
Density as a function of dopant concentration and average grain size of
samples sintered at 1550 °C.

Sample Density (%) Average grain size (um)
“milled” “spray dried” “milled”
YAG 97 1.2+0.2 4.0+0.7
YAG:2Eu 99 24+04 3.0+£0.5
YAG:5Eu 96 1.1+0.2 2.1+04
YAG:2Nd 97 1.2+0.2 3.3+£0.7
YAG:5Nd 98 1.7+£0.3 32407

the powder after 30 min of milling. Thus, we can reasonably
assume the same purity (98.2%) of the YAG and doped-YAG
powder. Table 2 presents the density for all “milled” samples,
as well as the average grains size for both the “spray dried”
and the “milled” samples. A particle size of less than 100 nm
was obtained in the “milled” powder.

Comparing the grain size distribution curves for the
“spray dried” samples (Fig. 2) and the “milled” samples
(Fig. 3), it can be seen that the additional step of milling
resulted in a slight increase in grain size. This observation
can also be made by comparing the average values in
Table 2. Fig. 3 also includes a typical AFM micrograph of
a pure YAG sample in which the grains can be seen more
clearly than in the SEM.

X-ray patterns for the compacted and sintered samples
are shown in Fig. 4. For all samples, Bragg peaks
corresponding to YAG are present, with only very slight
differences in peak position and intensity, which indicate
again, only slight differences in lattice parameter. This
behavior is expected because Eut? (1.25A) and Nd*3

(1.12 A) ions substitute for the smaller Y+ (1.015 A) ions,
resulting in a distortion of the YAG unit cell and a
corresponding increase in the lattice parameter (Table 3).
The values are in agreement with those of Saladino, et al.
[27]. The addition of 2 at% of Eu and Nd expands the
cubic lattice of YAG by 0.23% and 0.16%, respectively.
The change in size with 5 at% dopant is 0.28% for Eu and
0.30% for Nd. This is consistent with previous findings for
Nd-doped YAG, where the reported solubility limit is
12 wt% (16.5 at%) [28].

In order to determine if these changes in lattice para-
meter are significant, the mechanical properties of the
samples were measured. Nanoindentation load-penetration
curves (P-h) obtained with a maximum load of 3 mN for
“spray dried”” and “milled” pure YAG samples are shown
in Fig. 5. There, the effect of increasing the densification
level due to the milling step can be qualitatively observed
in the load-penetration curves, specifically in the hysteris of
the loading and unloading curves. In the YAG “milled”
samples, in most of the cases the material still shows a fully
elastic behavior all the way up to 3 mN.

Fig. 6 shows a comparison of P-/ nanoindentation
curves made on pure YAG, YAG:Eu 2at% and YAG:Nd
2 at% “‘milled” samples (a, b and c, respectively). In all
cases, the elastic limit can be obtained by applying a
Hertzian fit to the indentation loading stage (Fig. 6 a, b’
and ¢). From these images, the onset of plastic deforma-
tion for the doped samples is observed at loads around
1.9 mN, which correspond to mean contact pressures (P,,)
of ~22 GPa. Pure YAG shows a higher elastic limit, so
that the P-h curve doesn’t show hysteresis in the unloading
stage after 3 mN of applied load. The Hertzian fit also
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Fig. 3. Effect of the milling step on microstructure:
YAG samples.

(420)

YAG

YAG:2Eu
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YAG:5Eu
YAG:2Nd

T YAG:5Nd

70
26 (degrees)

Fig. 4. XRD spectra of samples sintered at 1550 °C.

Table 3
Lattice parameter as a function of dopant
concentration of sintered samples.

Sample Lattice parameter (:A)
YAG 12.014 + 0.004
YAG:2 Eu 12.042 +0.002
YAG:5 Eu 12.048 £0.018
YAG:2Nd 12.033 +£0.016
YAG:5Nd 12.051 £ 0.017

allows the determination of the elastic modulus according
to the Hertz equation [29].

P= gE,ede/th ©)
where P is the maximal load, R is the tip radius (698 nm)
and / is the penetration depth.

The indentation hardness (H) and elastic modulus (E)
were determined from the unloading stage of the P-/
curves using the Oliver Pharr method [24]. The Poisson’s

Cumulative frequency (%)
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(a) typical AFM micrograph of a pure YAG sample, (b) grain size distribution for all “milled”

ratio for YAG, v=0.23 [30], was used for all samples in
determining the elastic modulus:

(1=2)

(1/Ewea—(1-07) /Ey)

s =

4)

where E;=1140 GPa, and v;=0.07 are the eclastic constants
for the diamond indenter, and E, and v, are the elastic
constants of the sample. The average values of H and E;
in highly densified (“milled”) pure YAG samples are
20.6 + 1.3 and 319 + 13 GPa, respectively, which are simi-
lar to previously measured values for polycrystalline YAG
(Es=308 GPa) [30] The full set of data is presented in
Table 4 for “spray dried”” samples and Table 5 for “milled”
samples.

The calculated values of elastic modulus using the Hertz
equation shows an almost perfect match with those
calculated by the Oliver & Pharr method (deviations of
less than 6%). Another interesting observation that can be
made from the results in Tables 4 and 5 is that doping had
essentially no effect on the mechanical properties. How-
ever, the most glaring observation is the difference in
mechanical properties between “spray dried” and “milled”
samples. The average elastic modulus of the “spray dried”
samples (150 + 75 GPa) is less than half the average for the
“milled” samples (320 + 13 GPa). Not only that, but the
standard deviation is also much larger. These differences
are due to compliance resulting from the low density
(porosity) of the “spray dried” samples. Although a large
standard deviation is an indicator, identifying samples
whose low density (porosity) significantly affects their
mechanical properties is difficult using traditional meth-
ods. Thus, a Weibull analysis of the hardness and elastic
modulus data was performed.

Weibull analysis is a technique specialized in the model-
ing of data exhibiting significant variability, which has been
successfully and routinely applied in the analysis of the
strength reliability of brittle materials [31] In this work, a
two-parameter Weibull model was used to fit the hardness
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Fig. 5. Comparison of typical nanoindentation curves
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the elastic limit obtained by applying a Hertzian fit to the indentation loading stage (2, b'and c, respectively).
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Hardness H, elastic modulus Ej, and corresponding Weibull moduli m, along with the values determined by the Oliver &

Pharr method for the “‘spray dried” samples.

Sample Hardness (GPa) Elastic modulus (GPa)
H my my H(O&P) E; m my E; (O&P))

YAG 16.7 1.4 3.4 12.7+ 7.0 193 2.3 33 150+ 75
YAG:2 Eu 18.3 1.3 33 11.3+54 237 1.3 3.4 160 + 75
YAG:5 Eu 15.6 1.6 33 11.9+8.1 181 1.8 4.7 120 + 65
YAG:2Nd 17.5 0.9 2.4 11.2+9.6 132 1.2 3.0 110 +85
YAG:5Nd 16.2 0.5 3.5 10.4+5.9 245 0.9 3.8 180 + 70
Table 5

Hardness H, elastic modulus Ej, and corresponding Weibull moduli m, along with the values determined by the Oliver &

Pharr method for the “milled” samples.

Sample Hardness (GPa) Eastic modulus (GPa) Yield (GPa)
H (Weibull) m (Weibull) H (O&P) E; (Weibull) m (Weibull) E; (O&P) P, (Hertzian)
YAG 21.3 23.0 206 +1.3 327 38.2 319+ 13 22.1+0.1
YAG:2 Eu 23.5 28.4 233+3.0 327 46.8 323+ 11 22.1+0.3
YAG:5 Eu 21.2 24.2 21.6+2.4 314 46.5 311+ 11 22.04+0.4
YAG:2Nd 21.1 18.2 209+ 1.9 323 41.7 316+ 19 22.140.1
YAG:5Nd 19.5 27.0 19.5+1.5 330 27.1 313+27 22.1+0.1

and elastic modulus data, based on the equation:

p(V) = l—exp [— (;;) ] (5)

where p is the probability for the parameter x, V is the
volume of interaction, m is the Weibull modulus, a
dimensionless quantity, and x, is known as the scaling
parameter and corresponds to the property of interest
(hardness, H, or elastic modulus, Eg). The Weibull data
presented in Fig. 7 is based on a modification of Equation
(5) by taking the natural logarithm of both sides twice and
simplifying:

1
In {m (]_p(V)ﬂ — m(In(x)—In(xo) (6)

In this case, the Weibull parameter, m, is the slope of the
fit, and the Y-intercept yields x). The magnitude of m
increases as the variability or scatter of the data decreases.
As a general rule, when m is greater than 10, the data
scatter is considered low [32].

Two observations can be readily made based on inspec-
tion of the Weibull plots of Fig. 7. First, all the “spray
dried” samples have bimodal distributions with two dis-
tinct slopes, which is characteristic of two relatively
distinct populations of data. These two populations corre-
spond to differences in density at the nanometric level,
where the indentations in higher density areas correspond
to the group with higher slope (Weibull parameter m).
However, the difference in slope is not significant, as both
are small (i.e., the scatter is large) for all the ““spray dried”
samples, for both hardness and elastic modulus. The values
are tabulated in Table 4.

At first consideration, these results may seem negative.
However, the low Weibull modulus is a clear indication
that the samples are not fully dense, and this determina-
tion was made without the need to section the samples.
As further confirmation, the scattering of mechanical
properties was dramatically reduced by improving the
densification of the samples, as evidenced by the much
greater slopes (m=27-47). A summary of the hardness and
elastic modulus (Weibull-determined and calculated using
the Oliver & Pharr method) of the “milled” samples is
presented in Table 5. By comparing these results with the
values for the “‘spray dried” samples (from Table 4), it is
evident that the dispersion of the experimental data in
samples after milling is more than acceptable according to
Weibull analyses.

An additional feature can be observed in the hardness
Weibull distribution curves. The YAG sample shows a
nearly monomodal distribution (almost perfect linear
tendency), whereas the doped samples all have bimodal
distributions. The smaller group of data mainly shows
values with higher hardness. Even for these dense, “milled”
samples, there is no evident influence of the type or amount
of doping, as the slight variations observed lie within the
experimental error (standard deviation), implying that the
concentration of dopants used in this work do not alter the
mechanical properties of YAG. Table 5. This Table also
shows the mean contact pressures calculated using the
Hertzian approach for all “milled”” samples. There is also
no effect of doping on the elastic limit compared to pure
YAG, with all values being ~22 GPa.

A similar study of mechanical properites using nanoin-
dentation was recently reported for individual amorphous
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Fig. 7. Weibull dispersion analysis of hardness and Young’s modulus of doped and undoped

YAG fibers, as opposed to dense samples, but with the
same type and concentration of dopants [25]. Overall, the
hardness and stiffness values of the amorphous fibers are
low compared to the values obtained for the crystalline
YAG compacts investigated in this work. For example, the
hardness and stiffness of pure amorphous YAG fibers are
less than 30% of the values determined for the correspond-
ing crystalline sample. Interestingly, for the amorphous
YAG fibers, a positive effect of Nd additions on the
mechanical properties was observed.

4. Conclusions

The use of a modified version of the Pechini-type precursor
method based on spray drying and an additional step of
milling allowed the preparation of highly dense doped YAG
ceramics sintered at 1,550 °C in air. A small increase in the

“spray dried” and “milled” YAG samples.

lattice parameter due to Eu and Nd additions was measured,
as expected, but no measurable effects on the mechanical
properties were observed. Comparison with previous reports
of the mechanical performance of amorphous fibers showed
that the polycrystalline samples produced in this study
achieved more than twice the values obtained with the best
amorphous fibers. Thus, the use of amorphous fibers produced
by the melt extraction method as a reinforcing agent is limited
by their mechanical performance, and the YAG polycrystalline
materials produced as described in this paper are better
candidates to be used as reinforcing agents for high tempera-
ture applications.
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