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  1   .  Introduction 

 There is a considerable driving force to develop highly trans-
missive materials for high-temperature transparent ceramics 
for applications ranging from armor to lasers, to sodium vapor 
lamp envelopes. [  1  ]  The current material of choice for armor and 
lamp envelopes is  α -Al 2 O 3 , whereas doped YAG has emerged 
as the material of choice for lasers. [  2–5  ]  While widely used, 
polycrystalline  α -Al 2 O 3  has signifi cant optical losses due to its 
inherent birefringence. [  5  ]  As such, it is limited to translucent 
applications (as in vapor lamp envelopes, with average grain 
sizes of 20 +  μ m) or transparent applications where grain sizes 
are sub-500 nm, typically attained only by hot isostatic pressing 
(HIPping) for long periods of time (12 h, 200 MPa, 1250 °C). [  2  ]  

 Polycrystalline YAG is a potential replacement material for 
polycrystalline  α -Al 2 O 3  due to its high transparency in the vis-
ible region, along with satisfactory thermal shock and chem-
ical resistance. [  1,4  ]  In most applications, polycrystalline YAG is 
sintered at temperatures of 1700–1800 °C in vacuum, taking 
advantage of excessive grain growth to limit porosity and grain 

boundary light scattering, but at the cost 
of both mechanical and optical proper-
ties. [  6  ]  YAG nanopowders are often made 
via solution-based processes, although 
reactive sintering of Y 2 O 3  and Al 2 O 3  pow-
ders also appears to be a viable route to 
high-quality YAG monoliths. [  7  ]  

 Most laser-quality ceramic YAG is 
either cold pressed or slip cast to form 
green bodies, which limits attainable 
geometries. [  8,9  ]  Thermoplastic extrusion 
is an attractive candidate for producing 
more complex shapes, with the draw-
back of much lower green densities than 
are accessible via cold-pressing or slip 
casting. [  10  ]  The production of near-net 
shape ceramic monoliths is especially 
crucial in optical ceramics, where expen-
sive and time-consuming machining and 
polishing operations could be reduced. 
In addition, many demanding applica-
tions for transparent ceramics, such as 

missile radomes, have complicated geometries. Thermoplastic 
extrusion of nanopowders has rarely been studied, likely due 
to the challenges in obtaining high solids loadings due to the 
increased surface area interactions between particles in the 
melt, leading to extremely high viscosities that prevent easy 
extrusion. [  11,12  ]  

 Liquid-feed fl ame spray pyrolysis (LF-FSP) is a unique route 
to mixed-metal oxide nanopowders with elemental mixing at 
the atomic level. [  13,14  ]  In LF-FSP, ethanol solutions of metallo-
organic precursors are combusted, producing nanopowder 
“soot” with average particle sizes (APSs) of 25–70 nm. The as-
produced powders are unaggregated but lightly agglomerated. 
In principal, these powders offer the potential to sinter to high 
densities at low temperatures, with exceptional control of fi nal 
grain sizes and, according the bottom-up paradigm, should 
permit ready optimization of fi nal global properties including, 
for example, optical properties. 

 Indeed, the “bottom-up” approach to processing materials 
has received considerable support from numerous research 
groups in the past few years. [  15–22  ]  However, to the best of our 
knowledge, no one has sought to test this concept. Thus, one 
major objective of the work reported here is to attempt to val-
idate this axiom. In an upcoming paper, we will discuss this 
approach to dense NiAl 2 O 4 / α -Al 2 O 3  composites from both 
atomically mixed metastable nanopowders and mixed nanopo-
wders of the constituent oxides. 

 LF-FSP has been used previously to produce Y 3 Al 5 O 12  com-
position nanopowders albeit generating a hexagonal phase 
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Y 2 O 3  powders. The SEM images show uniform particles with 
typical APSs < 50 nm, which agrees with the BET SSAs. The 
SEMs also do not reveal any particles >200 nm. In Figure  1 b, the 
TEM images shows partially crystalline spherical particles. Some 
necking can be seen between the particles; however, this does 
not represent the majority of the powder.     

  2.2   .  Tube Extrusion and Burnout 

 Through trial and error, we identifi ed a binder, consisting pri-
marily of a polyethylene-vinyl acetate-based hot-melt adhesive, 
that offers the viscoelastic properties needed to melt extrude 
powder/binder mixtures (see the Experimental Section). The 
adhesive materials were characterized by thermogravimetric 
analysis (TGA) and solvent solubility and were found not 
to contain any insoluble inorganic materials; therefore, no 
ceramic residue would be retained following binder burnout. 

 Tubes could be extruded up to 1 m in length with typical 
diameters of 10 mm with 0.7 mm-thick walls. The tube lengths 
were limited only by the volume of melt loaded into the die. 

that transforms to YAG with a low activa-
tion energy, referred to hereafter as hex-
Y 3 Al 5 O 12 . [  23,24  ]  In the work reported here, we 
explored the utility of using this atomically 
mixed, single-phase material as the basis for 
extruding tubes with the long term goal of 
making them transparent. 

 As part of this work, we also evaluated the 
maxim that optimal control of the scale of ele-
mental mixing should provide the best con-
trol of sintering rates, fi nal grain sizes, and 
fi nal densities. Thus, comparative studies 
using 3:5 molar mixtures of Y 2 O 3 : δ -Al 2 O 3  
were undertaken in an effort to process tubes 
using reactive sintering. In this case, both 
oxide nanopowders (APSs 30–40 nm) were mixed and then ball 
milled, achieving what we estimate to be compositonal homo-
geneity at the submicrometer scale at best. 

 Both sets of powders were thereafter mixed with an ethylene 
vinyl acetate polymer binder in a Brabender shear mixer and 
then thermoplastically extruded. Both approaches produced 
10 mm diameter tubes with 0.7 mm wall thicknesses, up to 1 m 
in length. Ten centimeter sections were sintered to at least 95% 
theoretical density (TD) with grain sizes of 0.5–3  μ m. Surpris-
ingly, nanosized Y 2 O 3  and Al 2 O 3  powders reactively sinter at 
lower temperatures and to fi ner fi nal grain sizes than the YAG 
composition powders. This contrasts strongly with the com-
monly accepted maxim of “fi ner mixing is better.”  

  2   .  Results and Discussion 

 In the following sections, characterization of the powders used 
in tube processing is presented, followed by a discussion of the 
tube extrusion, binder burnout, and fi nal densifi cation. There-
after, the processes that occur leading to faster densifi cation 
for the reactive sintered powders than the stoichiometrically 
correct single-phase powders are discussed. 

  2.1   .  Powder Characterization 

  Table   1  records the BET-derived specifi c surface area analysis 
(SSA) results and the corresponding calculated APSs for the 
LF-FSP and commercial nanopowders used in this study. 
Y 3 Al 5 O 12  composition nanopowders produced by LF-FSP are 
a hexagonal phase, as described previously and confi rmed by 
X-ray diffraction (XRD). [  24  ]   Figure    1   provides scanning electron 
microscope (SEM) and transmission electron microscope (TEM) 
images representative of hex-Y 3 Al 5 O 12  composition powders. 
 Figure    2   provides an SEM images representative of the LF-FSP 

 Table 1.   BET SSAs, and corresponding APSs, assuming spherical 
particles. 

   Al 2 O 3   Y 2 O 3   Y 3 Al 5 O 12   

BET SSA [m 2  g −1 ]  30  30  36  

APS [nm]  56  40  37  

      Figure 1.  a) SEM and b) TEM images of LF-FSP-produced Y 3 Al 5 O 12  powders. 

      Figure 2.  Representative SEM images of as-produced LF-FSP Y 2 O 3 . 
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followed by a long isothermal hold at a lower temperature. [  26  ]  
Two-step sintering is an effective way to minimize grain size, 
and has been used successfully in processing YAG. [  27  ]  Reactive 
Y 2 O 3 –Al 2 O 3  tubes were sintered using two-step sintering with 
an initial peak temperature of 1500 °C, followed by isothermal 
holds of 20–30 h at 1300 °C. Tubes sintered to a fi nal density of 
at least 96% TD after 30 h holds. 

 Ball-milled, reactive Y 2 O 3 –Al 2 O 3  pellets of the same compo-
sition did not sinter well below 1500 °C. This difference in sin-
tering behavior may arise because of the intensive shear mixing 
of the thermoplastic mixer or simply because the binder used 
in forming the pellets was simply polyethylene oxide (PEO) 
rather than the vinylacetate polymer. The microstructure shown 
in  Figure    5   is typical of reactive sintered YAG and offers grain 
sizes of 500 ± 30 nm by lineal intercept.  

 Hex-Y 3 Al 5 O 12  powder tubes sinter only to ≈70% TD using the 
same two-step scheme ( Figure    6  a) and were only found to sinter 
on heating to 1500 °C for extended periods (Figure  6 b). After 
35 h at 1500 °C in vacuum, sintering of hex-Y 3 Al 5 O 12 composition 
tubes stalled at ≈93% TD. Further sintering at 1600 °C/5 h/air 
brought the tubes to 98% TD with typical microstructures as 
shown in Figure  6 b. This microstructure is characterized by a dis-
tribution of grains much larger (3–5  μ m) than seen in Figure  5 . 
For optical applications, subsequent hot isotatic pressing is man-
dated by the need to eliminate the remaining closed porosity. [  2  ]   

 Figure    3   provides a schematic of the extruder and spider 
extrusion die. Thermoplastic melts for extrusion were loaded 
at 50 vol% powder, corresponding to an approximate solids 
loading of 82 wt%. Powder loadings < 45 vol% were insuffi -
cient to maintain a tubular geometry through burnout. Ther-
moplastic melts with higher ceramic loading were diffi cult to 
extrude into defect free bodies. The high amounts of binder 
required a fi rst burnout step in dry N 2 , followed by dry air 
and then O 2 . The fi nal O 2  burnout was performed at 800 °C to 
impart mechanical strength to the debindered bodies.  

  Figure    4  a shows cross-sections of an as-extruded tube, a fully 
debindered tube, and a tube sintered to 95% TD. Cross-sectional 
geometry was maintained from the as-extruded tubes through 
to the fi nal sintered product. Figure  4 b provides a view of longer 
extruded sections, along with a debindered tube and a sintered 
tube. Some deviations from linearity along the tube axis are seen 
in the as-extruded tubes. However, the extrusion process did not 
use a guide rod, which is expected to improve overall straightness.   

  2.3   .  Tube Sintering 

 Two different routes to 95% dense YAG tubes were examined 
to ensure that one processing approach did not favor one set 
of materials over the other. Thus, reactive sintering of Al 2 O 3  
and Y 2 O 3  and sintering of hex-Y 3 Al 5 O 12  tubes were run under 
a 10 −3- −10 −4  Torr vacuum. All samples were fi rst heated in 
vacuum at 1000 °C for 2 h, which has previously been found to 
improve pore size distributions. [  25  ]  

 One processing approach followed the two-step method of 
Chen and Wang that involves ramping to a peak temperature 

      Figure 3.  Schematic of extruder and spider extrusion die. 

      Figure 4.  a) Optical photograph of tubes, from left to right: as-extruded, 
burnt-out, and 95% TD. b) Images of tubes, from top to bottom: 95% TD 
sintered, burned-out, and as-extruded. 
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traces for both Y 3 Al 5 O 12  and Y 2 O 3 –Al 2 O 3  (see the Supporting 
Information) give the phase transformation temperatures 
shown in  Table   2 .  

 Although both samples show similar YAG nucleation tem-
peratures, the XRD patterns suggest different rates to full 
transformation, likely determined by the diffusion distances. 
The differences in densifi cation rates between the reactive 
and exact composition samples is unusual. One explanation 
is that densifi cation occurs prior to full phase transformation 
in the Y 2 O 3 –Al 2 O 3  system. At a low temperature, the hex-YAG 
powders were shown by XRD to fully transform to YAG. As 
such, any sintering can be explained mechanistically as that 
of YAG. In YAG, anion diffusion has been shown to be the 
rate-determing species for lattice diffusion. [  30  ]  For the reactive 
sintering case, the mechanics are more complicated. O is the 
rate-limiting species in Al 2 O 3 , and Y is the rate-limiting spe-
cies in Y 2 O 3 . [  30,31  ]  Diffusional couples of Al 2 O 3  and Y 2 O 3  have 
shown that the reaction occurs when Al diffuses into the Y 2 O 3  
lattice. [  32  ]  As such, the reaction between Al 2 O 3  and Y 2 O 3  should 
produce yttrium-rich phases before YAG stoichiometry is 

reached. This is refl ected by the XRD pat-
terns from the reactive Y 2 O 3 –Al 2 O 3  tubes, 
where yttrium-rich YAP and YAM are formed 
prior to transformation to YAG. It should be 
noted that the lattice mobility of Al in Y 2 O 3  is 
fi ve times that of Al in YAG. [  32  ]  

 Thus, there is a basis to claim that low tem-
perture densifi cation of reactive Y 2 O 3 –Al 2 O 3  
powders represents densifi cation seen prior 
to full transformation to the garnet phase. 
However, diffusion in some yttrium alumi-
nate phases (YAP, YAM) has not been well 
characterized. As such, a number of phases 
with different diffusion mechanisms may 
exist at any one time in the sintering process. 

 Contamination may provide an alternate 
explanation for the sintering behavior seen 

  Figure    7   and  Figure    8   provide time/temperature XRDs for 
hex-Y 3 Al 5 O 12  and Y 2 O 3 –Al 2 O 3   powders mixtures, respectively. 
As-produced hex-Y 3 Al 5 O 12  powders show a diffraction pattern 
indicating monoclinc yttrium aluminate (YAM), Y 4 Al 2 O 9 , as 
well as a pattern similar to hexagonal YAlO 3 , but actually the 
hexagonal Y 3 Al 5 O 12  phase. [  16  ]  YAM, hexagonal-Y 3 Al 5 O 12 , and 
YAlO 3  (YAP) phases are commonly present in nano-YAG syn-
thesized by a variety of solution-based processes. [  28  ]  After 3 h at 
1100 °C, the powders transform fully to YAG. Y 2 O 3 –Al 2 O 3  reac-
tive sintering consists of a mixture of Y 2 O 3  and  δ -Al 2 O 3  at low 
temperatures. Heating to 1100 °C causes formation of YAP and 
YAM. Then at 1200 °C/3 h, the Y 2 O 3 –Al 2 O 3  powders fully trans-
form into YAG.   

 As previously shown, the activation energy for the transfor-
mation of the hexagonal phase to YAG is ≈110 kJ/mol, com-
pared to 550 kJ/mol for the transformation of YAlO 3  to YAG. 
This accounts for the full transformation of the hexagonal pow-
ders at 1100 °C/3 h. [  24,29  ]  Differential thermal analysis (DTA) 

      Figure 5.  Y 2 O 3 -Al 2 O 3  tube fracture surface SEM image; two-step heated 
to 1500/1300 °C (96% TD). 

      Figure 6.  SEM images of Y 3 Al 5 O 12  composition. a) Tube surface two-step heated to 1500/1300 °C 
(70% TD); b) fracture surface at 98% TD after heating to 1600 °C/5 h/air. 

      Figure 7.  XRDs of Y 3 Al 5 O 12  ground tubes on sintering for 3 h at 
800–1400 °C. (H-Hexagonal YAlO 3 , M-Y 4 Al 2 O 9 , G-Y 3 Al 5 O 12  garnet). 
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contributions to scattering are expected to scale with dimen-
sions: meaning they will go to zero as grain boundary surface 
area/particle goes effectively to zero. 

 Furthermore, substitutional (ion) impurities do not degrade 
optical performance until their concentration becomes very 
high and their distribution becomes suffi ciently inhomoge-
neous to introduce density or index fl uctuations on the scale of 
a wavelength. 

 While the above has not been studied extensively and 
remains to some extent conjecture, it is in keeping with recent 
work by Krell et al who explored the relationship between Mie 
scattering from pores as a function of pore size and wavelength 
of incident light fi nding that smaller pores contribute little or 
nothing to scattering at longer wavelengths. [  35  ]  Thus, scattering 
from second phases would be expected to follow the same 
behavior.  

  2.4   .  Dilatometry Studies 

 Dilatometry studies were conducted to follow densifi cation for 
both systems. Powder compacts (pellets) were pressed, cold 
isostatic pressed (CIPped) and debindered to provide sam-
ples for the dilatometry studies (see  Figure    9   and the Experi-
mental Section). There is considerable contrast between the 

in the Y 2 O 3 –Al 2 O 3  system. Indeed, the micrographs shown 
in Figure  5  reveal small numbers of darker grains that result 
from less electron dense materials. Element mapping studies 
(Figure S3) suggest that these darker grains are primarily alu-
minum with little or no yttrium, although we see no evidence 
of  α -Al 2 O 3  in any XRD studies. This suggests the presence of a 
small amount of a secondary phase; however, it is not clear if 
this is responsible for the difference in sintering behavior. For 
50 vol% Al 2 O 3 –YAG composites, Palmero et al. found a reduc-
tion in sintering temperature from 1600 °C to as low as 1370 °C 
with mechanical activation of powders through ball milling and 
an optimized pre-calcination step. [  33  ]  In another study, Palmero 
et al. found a 100 °C lower onset of sin-
tering in 5 vol% YAG in Al 2 O 3 . [  34  ]  These 
studies provide a possible explanation for 
the low-temperature sintering behavior 
seen here, but the high Al 2 O 3  contents 
studied preclude a direct correlation to 
our work. However, if it is the basis for 
rapid sintering, then this represents an 
alternative to the use of SiO 2  as a sintering 
aid in the generation of transparent YAG 
materials. Clearly future studies should 
focus on exploring the effects of different 
excesses of Al 2 O 3 . 

 A referee has pointed out that the pres-
ence of even small amounts of a second 
phase such as Al 2 O 3  would preclude the 
use of these materials for laser applica-
tions. It is important to point out to the 
community that this may not be the case. 

 Light scattering takes place when 
there are density or index changes on 
the scale of the wavelength of light. For 
second phase inclusions that are much 
smaller than the wavelengths of emitted 
or transmitted light, their grain boundary 

      Figure 8.  XRDs for Y 2 O 3 –Al 2 O 3  ground tubes on sintering for 3 h at 
800–1400 °C. (Y-Y 2 O 3 , A-transtion-Al 2 O 3 , P-YAP, M-YAM). 
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 Table 2.   DTA phase formation temperatures for Y 3 Al 5 O 12  and Y 2 O 3 –
Al 2 O 3  samples. 

Material  Phase formed   

   YAP, YAM  YAG  

Y 2 O 3 -Al 2 O 3   1160 °C  1307 °C  

Y 3 Al 5 O 12   915 °C  1061 °C  

      Figure 9.  Dilatometry traces of pellets (after debindering at 800 °C) of a) Y 3 Al 5 O 12  at 5 and 
10 °C/min/air; b) 3Y 2 O 3  :5 δ –Al 2 O 3 , heated at 10 °C/min/air to 1500 °C, 1300 °C for 3 h in 
vacuum. 
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homogeneity is closer to submicron volumes, sinters much 
faster because densifi cation occurs much faster than diffusion 
leading to the formation of the fi nal stoichiometric YAG phase. 
This work contrasts with an upcoming paper in which phase 
separation occurs much faster than densifi cation leading to 
equivalent submicron compositional uniformity prior to pro-
cesses that result in full densifi cation. 

 It should be noted that our goal was to achieve densi-
ties > 95% of theory as this represents a practical objective of 
researchers exploring densifi cation mechanisms and routes to 
optimizing such processes.  

  4   .  Experimental Section 
  Materials : Yttrium propionate was synthesized through the reaction 

of yttrium carbonate (PIDC, Ann Arbor, MI) with propionic acid. 
Anhydrous ethanol (Decon Labs (King of Prussia, PA) and Nanotek  γ -
Al 2 O 3  (Nanophase Technologies, Chicago, IL) were used in this work, 
along with bicine, polyethylene glycol, and stearic acid (Sigma-Aldrich). 
Alumatrane was synthesized as described elsewhere. [  37  ]  Nanotek  γ -Al 2 O 3  
was received as a gift. Ethylene vinyl acetate hot melt adhesive was 

purchased from standard sources. 
  LF-FSP : Yttrium propionate and alumatrane 

were used as precursors of Y 2 O 3  and Al 2 O 3 , 
respectively. Ethanol solutions at less than 5 wt% 
ceramic loading were aerosolized using O 2  at 80 psi 
and combusted, producing oxide nanopowders, 
either Y 2 O 3  or YAG composition that were collected 
downstream at 50–100 g/h. The resultant powders 
were evalulated using nitrogen BET analysis for 
surface area measurements and SEM and TEM 
measurements. 

  Powder Processing : For reactive sintering, 
approximately 60 g of as-shot LF-FSP Y 2 O 3  was 
added to 750 mL of ethanol, with 2 wt% bicine as 
a dispersant. The suspension was ultrasonicated 
for 20 min using a Vibracell VC-505 ultrasonic horn 
(Sonics & Materials, Newtown, CT) at 100 W of 
power. After a 24 h settling period, the supernatant 
was decanted and dried. The same process was 
repeated using 60 g of NanoTek Al 2 O 3 . The dried 

two systems. Early densifi cation regions shown in Figure  9 a 
for the hex-Y 3 Al 5 O 12  powders (900–1100 °C) likely result from 
crystallization of the YAP,YAM, and YAG phases (based on the 
SEM image in Figure  6 a and XRDs shown in Figure  7 ). There-
after, densifi cation is slow because of the diffusion rates in 
YAG, as previously discussed. Indeed, as we have reported else-
where, the only way to get high-density, relatively fi ne-grained 
YAG is to sinter at very high heating rates (up to 30 °C/min). [  36  ]   

 In contrast, 3Y 2 O 3  :5 δ –Al 2 O 3  densifi es rapidly beginning 
at 1100–1150 °C then densifying more slowly, as shown in 
Figure  9 b. The likeliest explanation is that the YAG phase 
forms with sintering but it is not complete even on heating to 
1500 °C briefl y. This permits relatively rapid densifi cation in 
time frames and at temperatures well below those needed to 
fully densify the atomically mixed Y 3 Al 5 O 12  materials. This is 
again quite contrary to the maxim that atomic mixing should 
provide optimal processing of ceramic materials.  

  2.5   .  Tube Processing 

  Figure    10  a is an optical micrograph of a 98% TD sintered tube 
(1600 °C/5 h/air) that is straight and has a nearly circular cross-
section (Figure  10 b). Samples were cut from 1 m-long extruded 
tubes to simplify processing.  Figure    11   shows that the tube is 
translucent, retaining a bluish tint, assumed to originate from 
contaminants in the original powder or from shear mixing and 
extrusion.     

  3   .  Conclusions 

 The work described above provides a rare example of ther-
moplastic extrusion and processing of nanooxide powders to 
high density ceramic tubes. More importantly it provides an 
example that contrasts greatly with the general maxim that 
atomic mixing (bottom-up approach) offers superior opportu-
nities to control time, temperature and rates of densifi cation 
in processing ceramic materials. In this paper, a single phase, 
atomically mixed hex-Y 3 Al 5 O 12  nanopowder crystallizes rap-
idly to YAG faster than it densifi es. In contrast a shear mixed 
3Y 2 O 3 :5 δ -Al 2 O 3  set of nanopowders, where the compositional 

      Figure 10.  Optical micrograph of sintered 98% TD Y 3 Al 5 O 12  composition tube with excellent 
dimensional uniformity. 

      Figure 11.  Optical micrograph of sintered, 98% TD Y 3 Al 5 O 12  compo-
sition tube. The light shining through the sample gives an idea of the 
translucency. 
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copper tape on a sample stub. Transmission electron microscope 
measurements were performed on a JEOL 3011 HREM (JEOL Ltd., 
Tokyo, Japan) at 300 kV. Powders were dispersed in ethanol and wicked 
through a holey carbon grid. Surface area analysis (SSA) results were 
obtained on a Micromeritics ASAP 2020 sorption analyzer (Norcross, 
GA). Samples were degassed for 8 h at 400 °C. Analysis was conducted 
on  ∼ 200 mg samples at 77 K with N 2  adsorbate gas. SSA’s were 
calculated using an 11 point BET method with relative pressures from 
0.05–0.35. Simultaneous TGA–DTA was performed on a Q600 TGA-DTA 
instrument (TA Instruments, Inc., New Castle, DE). Measurements 
were taken under 60 mL min −1  of compressed extra dry air. Samples 
(20–40 mg) were pressed in a 3 mm die and placed in an alumina 
sample pan. The reference pan was alumina. Samples were heated at 
10 °C min −1  to 1400 °C.  
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