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a Instituto de Investigaciones Metalúrgicas, UMSNH, Edificio “U”, C.U., Morelia, Michoacán, CP 58060, Mexico
b Centro de Investigación y Estudios Avanzados del IPN. Unidad Querétaro, Libramiento Norponiente No. 2000, Fracc. Real de Juriquilla,

Querétaro, Qro., CP 76230, Mexico
c Centro de Investigación en Materiales Avanzados y Laboratorio Nacional de Nanotecnología-Chihuahua. Miguel de Cervantes 120,

Complejo Industrial Chihuahua, Chihuahua, 31109 Mexico

Received 8 April 2009; received in revised form 21 July 2009; accepted 27 July 2009
Available online 2 September 2009

bstract

e report the structural and mechanical characterization of yttrium aluminum garnet fibers obtained with Eu and Nd additions by the melt-extraction
ethod (ME). Powders were synthesized by the modified citrate precursor method. This method produces in a single step of heat treatment the pure
AG phase avoiding the formation of YAlO3, Y4Al2O9 or Y2O3 phases. Rare earth additions delay proportionally to the added quantity of dopant

he crystallization temperature of the YAG phase. Using crystalline powders, cylindrical fibers (20–30 �m) in an amorphous state irrespective of
oping type and amount were obtained by ME. Nanoindentation tests were carried out showing hardness and reduced elastic modulus of 5.8 ± 0.3
nd 79.3 ± 4.9 GPa for pure YAG fibers, respectively. 2 at.% additions of Nd to the YAG phase lead to an increment in hardness and reduced elastic

odulus (9.1 and 128.6 GPa, respectively). However, further increments of Eu or Nd (5 at.%) cause a clear degradation of the mechanical properties

espective to the values reached with 2 at.% of rare earth additions. This degradation effect seems to be correlated to the atomic interaction due to
ifference between radii of Eu and Nd, respective to Y.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Yttrium Aluminum Garnet (YAG) has a cubic structure that
elongs to spatial group Ia3d with a lattice parameter of 12.01 Å,
here metallic ions occupy d, a and c positions (tetrahedral,
ctahedral and dodecahedral sites, respectively). The aluminum
toms occupy 24 d sites and 16 a sites and yttrium is typically
eported in 24 c sites.1 This compound has several applications,
ither as pure phase or doped with elements such as Nd3+, Eu3+,
b3+, Cr3+ and Ce3+ in laser systems production, coating of elec-

ronic devices, including the phosphor for cathode ray tubes.2–6
ecently, this compound has been considered as a good material
or structural applications at high temperatures7,8 and as ceramic
atrix reinforcement. These applications are intimately related
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o the optical properties, chemical stability at high temperatures,
xcellent corrosion resistance and good mechanical properties.

There are several methods reported in the literature for the
ynthesis of YAG powders. The conventional solid state reac-
ion method of powders9 for the synthesis of YAG requires high
emperatures (1600 ◦C) and a prolonged time of calcination.
everal wet methods of synthesis have been developed10–16 to
iminish the crystallization temperature and increase the purity
f the resulting YAG materials. The presence of intermediate
hases such as metastable YAlO3, Y4A2O9 and Y2O3 has been
bserved in several synthesis methods.13,14 Recently, Li et al.7

educed considerably the temperature of crystallization, obtain-
ng the YAG crystalline phase approximately at 300 ◦C for 2 h,
sing a pressurized reactor (pressures above 10 MPa) to achieve
he reaction.
Different methods to prepare doped- and undoped-YAG
nd Al2O3–Y2O3 fibers have been also reported in the lit-
rature such as sol–gel,17,18 melt growth techniques such as
icro-pulling-down (�-PD) method19–21 and the internal crys-
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ig. 1. Schematic representation of the used melt-extraction method for the
reparation of YAG fibers.

allization method,22,23 the levitation technique,24 and melt
xtraction.25,26 The melt-extraction method was developed ini-
ially by Maringer and Mobley27 in 1974. Originally, it was
eveloped to obtain metallic fibers mainly of steel and cer-
ain alloys to reinforce concrete and ceramic materials. Some

odifications to obtain fibers of ceramics such as CaO–Al2O3,
l2O3–ZrO2, Al2O3–ZrO2–SiO2 and Al2O3–ZrO2–TiO2

28–30

ere made on the process, and more recently fibers of YAG
nd some compositions of the system Al2O3–Y2O3 have been
roduced.25,26

Reinforcement of ceramics by adding micrometric YAG
bers seems to have great potential to produce high performance
tructural ceramic composites. Measurement of the mechani-
al properties of fiber cross-sections provides information to
emonstrate the effectiveness of reinforcement. Depth sens-
ng indentation is the most suitable method to characterize the

echanical impact of the fibers at the micrometric and nano-
etric scale.
In this work the melt-extraction technique was used to obtain

morphous fibers with the YAG composition, previously syn-
hesized by the modified citrate precursor method with additions
f Nd2O3 and Eu2O3. The prepared fibers were mechanically
valuated “as extracted” and as a function of the composition
y nanoindentation. Depth sensing indentation in the Hysitron
bi1 system is applied specifically to determine hardness and

educed elastic modulus by analyzing the load–depth curves.

. Experimental

Aluminum nitrate (99.9% J.T. Baker), yttrium nitrate (99.9%
ldrich), europium oxide, neodymium oxide (99.99% Alpha-
esar), citric acid (J.T. Baker), ethylenglycol (99.9% J.T. Baker)

nd deionized water were used as raw materials.
Solutions with compositions corresponding to YAG,

AG:2 at.% Eu and YAG:5 at.% Eu as well as YAG:2 at.%

d and YAG:5 at.% Nd were prepared by the citrate precursor
ethod as reported elsewhere.6 The Eu and Nd additions in at.%
ere referred to the yttrium content in the garnet. These solutions
ere fed separately into a spray dryer (Mini Spray-Dryer, ADL-

t
p
a
a

ig. 2. XRD patterns of (a) pure YAG powders at different calcinations tem-
eratures and (b) and (c) doped YAG powders with 2 and 5 at.% of Nd and Eu,
espectively, calcined at 850 and 900 ◦C.

1) to eliminate the solvent and to produce precursor powders.
hese powders were thereafter calcined from 750 to 1200 ◦C
o promote the crystallization of the YAG phase. Heat treated
owder samples were characterized by X-ray diffraction using
SIEMENS D5000 diffractometer with Cu K� radiation oper-

ted at 20 kV. Several micrographs of the samples were obtained
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ig. 3. Typical SEM a micrograph of YAG powders processed by spray dryin
d. High resolution TEM images of undoped YAG fibers showing (e) several s

gglomerates showing the interaction between single YAG particles.

y scanning electron microscopy (SEM, JEOL JSM-6400) to
stimate the characteristics of agglomerates as well as by trans-
ission electron microscopy (TEM, Phillips TECNAI super
win) with an acceleration voltage of 200 kV to measure the
article size and representative unit cell parameters. For the
xtraction of fibers from the melt, preforms were prepared using
he synthesized powders. Spray dried crystalline powders also
alcined at 900 ◦C were mixed with 5 wt.% of hydroxypropyl-
ellulose as plasticizer and distilled water. All mixtures were
xtruded to obtain cylindrical rods with 3 mm diameter and

2 cm length. The prepared rods were dried in air for 24 h at
oom temperature followed by calcination at 1000 ◦C for 30 min
o eliminate the water and hydroxypropyl-cellulose. Finally the
ods were sintered at 1500 ◦C for 1 h to acquire sufficient resis-

d
fi
s
d

YAG:2 at.% Eu, (b) YAG:5 at.% Eu, (c) YAG:2 at.% Nd and (d) YAG:5 at.%
al shaped agglomerates and (f) close up view of the contact zone between two

ance for later handling. Fibers were prepared by melt extraction
sing a copper–beryllium wheel (alloy C17 500) of 14 cm diame-
er as schematically shown in Fig. 1. Copper was chosen because
f its good thermal conductivity necessary to extract the heat
rom the liquid and to promote rapid solidification. The speed-
ontrolled wheel has an edge of 8 �m in thickness; the speed
eeding of the ceramic rod was also controlled to be 3 mm/min.
he sintered rod was melted using an oxy-acetylene torch to

orm a small molten drop just in the top and beneath the rotat-
ng wheel. The shallow contact of the wheel tip with the molten

rop resulted in the extraction and rapid solidification of the
bers. Under these conditions, the fiber extraction tangential
peed was 1.5 m/s. Characterization of fibers was done by X-ray
iffraction (SIEMENS D5000) to identify crystalline phases and
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ig. 4. XRD patterns of “as extracted” pure and doped YAG amorphous fibers.

canning electron microscopy (SEM JEOL 6400) to observe the
imensions, morphology, and surface conditions of fibers. A
ysitron Ubi1 nanoindentation system with a Berkovich dia-
ond tip (tip radius of 830 �m) in the load range of 50 �N to
mN was used to determine the hardness and reduced elastic
odulus of fiber transverse cross-sections. To do this, several
bers were mounted in a polymer matrix to polish their trans-
erse cross-section with alumina suspensions with particle size
n the range of 3 and 0.03 �m and a final polishing step with
ommercial colloidal silica suspension (Mastermet II, Buehler).

ndentation imprints in a “load control” mode of force versus
ime were carried out at different maximal loads covering most
f the fiber cross-section.

i

5

ig. 5. SEM images showing the outer surface appearance of “as extracted” (a) undope
bers. The micrograph of (e) corresponds to a transverse cross-section of the undope
Ceramic Society 30 (2010) 73–79

. Results and discussion

Fig. 2a shows typical XRD patterns of pure YAG powders
roduced by the modified citrate precursor method and thermally
reated at 750, 800, 825, 850, 900 and 1200 ◦C. YAG powders
ith additions of 2 and 5% of neodymium and europium heat

reated at 850 and 900 ◦C are shown in the same figure (Fig. 2b
nd c). In all cases, calcination temperatures below 850 ◦C lead
o powders in an amorphous state. Powder crystallization to
AG phase occurs above 850 ◦C, irrespective of the europium
r neodymium content and without the formation of Y–Al–O
ntermediate phases. The crystalline phase, as observed in the
iffraction patterns at temperatures above 850 ◦C, corresponds
o YAG according to the JCPDS card 33-0040. Additions of
are earths seem to delay the crystallization of the YAG phase
s observed in the lower intensity of the diffraction peaks. This
ehavior seems to be proportional to the dopant quantity. For
nstance, samples prepared with 2 at.% showed higher intensity
han those with 5 at.% of europium or neodymium in all the
iffracted planes. Considering that the Eu enters in solid solu-
ion in YAG, occupying dodecahedral sites, that are originally
ccupied by Y ions and that the covalent radii of Y, Nd and Eu are
.62, 1.64 and 1.85 Å, respectively, one can expect that europium
ons would need a longer time for diffusion than yttrium ions,
lowing re-arrangement. This effect can be observed by compar-
ng XRD patterns of doped YAG at 850 ◦C (Fig. 2b and c) where
major decrease in intensity of the diffraction peaks is obtained
ith 5 at.% of europium. Thus, this behavior suggests that at
s delayed.
Typical SEM images of powders with additions of 2 and

% of europium and neodymium both calcined at 900 ◦C for

d YAG, (b) YAG:Nd2 at.%, (c) YAG:Eu2 at.% and (d) YAG:Eu5 at.% amorphous
d YAG fiber.



pean Ceramic Society 30 (2010) 73–79 77

1
a
a
i
t
t
t
d
i
a
w
t
m
t
e
A
p

a
a
p
t
r
t

g
Y
s
a
t
fi
Y
t
t
d
i

t
o
m
n
w
q
t
d
s
b
l
o
t
u
e

s
a
d
t

F
s
t

h
m
h
r
r
c
a
o
E
There, clearly different behaviors are observed when indent-
ing the different prepared fibers. Quantification of hardness and
reduced elastic modulus values are summarized in Table 1.

Table 1
Hardness and elastic modulus results of the prepared YAG fibers.

Sample Hardness (GPa) Reduced elastic modulus (GPa)

YAG 5.8 ± 0.3 79.3 ± 4.9
R. López et al. / Journal of the Euro

h are shown in Fig. 3. Size quantification of the spherical
gglomerates by image analysis of these micrographs revealed
n average diameter of 0.86 ± 0.45 �m. Spherical morphology
s characteristic of agglomerates obtained by spray drying.6 Nei-
her morphology nor size of the spherical agglomerates seems
o be influenced by the composition of the feed solution or by
he heat treatment at temperatures as high as 1200 ◦C. The spray
rying method produces agglomerates of controlled size, which
s an important advantage compare with other methods.1,10 An
dvantage of spherical agglomerates is their excellent fluidity,
hich is beneficial for the elaboration of pressed bodies. In

he same Fig. 3, typical high resolution transmission electron
icroscopy micrographs of undoped YAG powder clearly show

hat such dried spherical agglomerates are composed of sev-
ral equiaxially shaped particles with a diameter of 25 ± 4 nm.
gain, these results are very similar to the powder samples
repared with rare earth additions.

After fiber preparation by using the melt-extraction method,
ll samples were again characterized by XRD and the results
re shown in Fig. 4. These diffraction patterns reveal an amor-
hous state of all the prepared systems, irrespective of the dopant
ype and content. This behavior is related to the high cooling
ates involved during the melt-extraction process (typically in
he order of 105 K s−1).

Morphology of the fibers can be observed in the SEM micro-
raphs of Fig. 5 for pure YAG (a) and YAG:Nd2 at.% (b),
AG:Eu2 at.% (c) and YAG:Eu5 at.%. All fibers showed smooth
urfaces and semi-circular transverse cross-sections except for
mark of the copper–beryllium wheel through the length of

he fibers, formed during fiber extraction. The inset of the same
gure (e) shows the transverse cross-section of a typical pure
AG fiber mounted in a polymer matrix and polished according

o the method described earlier. All fibers showed diameters in
he range of 20–30 �m mainly influenced by the operation con-
itions during the melt extraction described in Section 2, and
rrespective of the dopant type and quantity.

As mentioned before, all fibers were tested by nanoindenta-
ion with the load control mode using variable loads consistently
n the fiber transverse cross-section. Fig. 6 shows typical contact
ode AFM micrographs of the YAG:Nd5 at.% fiber, showing

anoindentation imprints on the polished fiber surface. Polishing
ith a commercial colloidal silica suspension produced surface
uality of the fiber cross-section with an average roughness close
o 3 nm, giving rise to the best surface conditions for nanoin-
entation testing. Indentations are well distributed along the
urface, where hardness and elastic modulus were determined
y the Oliver and Pharr method.31 Indentations at high loads are
ocated near the fiber border, whereas the low loads are most
f them well in the middle of the fiber cross-section. Indenta-
ion imprints were repeatedly located in this way, which allowed
s to evaluate the existence of any differences in hardness and
lastic modulus from the border to the center of the fiber.

Typical indentation results for the YAG:Nd2 at.% fiber are

hown in Fig. 7 (load–penetration depth curves and hardness
nd reduced elastic modulus as a function of contact penetration
epth). There was practically no variation of hardness between
he edge and the center of the fiber, as can be seen from the

Y
Y
Y
Y

ig. 6. AFM micrographs in contact mode of a YAG:Nd5 at.% fiber cross-
ection showing typical nanoindentation marks carried out at variable load in
he “load control mode”.

orizontal line from Fig. 7(b). For the case of reduced elastic
odulus, there is a surface effect of higher values with respect to

igher penetration depths changing from around 120 to 130 GPa,
espectively for this fiber. This effect is probably due to the
esidual stresses induced in the fibers during the polishing pro-
edures. There is, however a clear influence of the doping type
nd amount on the mechanical properties of fibers. A comparison
f load against penetration depth curves of undoped and Nd and
u-doped fibers, all of them “as extracted” are shown in Fig. 8.
AG:Eu2 at.% 6.3 ± 0.5 96.9 ± 3.9
AG:Eu5 at.% 4.9 ± 0.1 61.9 ± 6.2
AG:Nd2 at.% 9.1 ± 0.1 128.6 ± 3.1
AG:Nd5 at.% 7.8 ± 0.1 68.1 ± 1.6
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ig. 7. Typical load–penetration curves as well as the results of hardness and
educed elastic modulus as a function of penetration depth of a YAG:Nd2 at.%
morphous fiber obtained by the “load control” mode in nanoindentation.

Rare earths additions of 2 at.% clearly enhance the hard-
ess and elastic modulus of the fibers. For instance, 2 at.%
dditions of Nd increase hardness and reduced elastic modulus
rom 5.8 ± 0.3 and 79.3 ± 4.9 GPa of the undoped YAG fiber

o 9.1 ± 0.1 and 128.6 ± 3.1 GPa, respectively, which are the
ighest effect reached in doped YAG fibers. Further increments
f the rare earths (5 at.% Eu or Nd) reduce dramatically the

ig. 8. Comparison of the load–penetration depth curves at high loads of
ndoped YAG with the corresponding data of 2 and 5 at.% of Eu and Nd doped
AG fibers.
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echanical performance. The lowest values were obtained for
AG:Eu5 at.% fibers.

It has been reported by Weber et al.24 that there are at least two
henomena that may affect the fiber-pulling behavior observed
or pure YAG and doped compositions, which in turn affect their
echanical behavior. The first in the greater sensitivity of under-

ooling behavior in general for the pure composition. It is well
nown that YAG crystal growth can encounter difficulties due
o crystallization of other phases. Evidently, undercooled pure
AG melts are sensitive to small compositional or other differ-
nces associated with preheating, and this sensitivity may also
nfluence the glass-fiber-pulling process.

The second phenomenon that may affect fiber-pulling was
eported by Aasland and McMillan (as referred by Weber et
l.24). They found that a mixture of two glasses forms on rapid
ooling of Al2O3–Y2O3 melts containing 24–32 mol% Y2O3.
he difficulty in making pure YAG fibers and the ease with which
oped fibers were formed may result for different melt-transition
inetics for the pure and doped materials.

. Conclusion

Homogeneous amorphous fibers of 20–30 �m in diameter
ave been successfully produced by the melt-extraction method
sing crystalline YAG powders prepared by the modified cit-
ate precursor method. This method allowed a crystallization
emperature of the YAG phase in the powders of 850 ◦C and
omogeneous doping with Nd and Eu up to 5 at.% avoiding for-
ation of other Y–Al–O phases, different to the Y–Al garnet

tructure. This behavior is attributed to the high homogeneity of
he elements in the spray dried precursory powders. The melt-
xtraction method of rods prepared with powders calcined at
00 ◦C allowed the preparation of fibers in an amorphous state
ue to the high cooling rates of the melt. Fibers with additions
f 2 at.% of both Eu or Nd showed an increase in hardness
nd reduced elastic modulus (9.1 ± 0.1 and 128.6 ± 3.1 GPa)
ith respect to pure YAG amorphous fibers (5.8 ± 0.3 and
9.3 ± 4.9 GPa). Additions of 5 at.% of Eu or Nd diminished
he mechanical properties. Here, the ionic radii difference, par-
icularly between Y and Eu seems to affect the chemical binding
ehavior of the atoms in the composition of YAG fibers, which
etermines their poor mechanical properties.
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