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bstract

he development of ceramic arc lamps for optical applications requires consideration of materials other than sintered polycrystalline alumina
PCA). Regular PCA is translucent, not transparent. Except small-grained, regular PCA cannot be used for high luminance applications such as
equired by projection systems. Silica lamps are currently operating close to their limit in highly loaded discharge lamps. These may be replaced
ith ceramic lamps so the Hg pressure may be elevated and/or higher powers achieved. Cubic materials can be polished to transparency for use

s optical sources of short arcs. The current paper surveys the composition, structure, and properties of transparent ceramic lamp tube materials
ncluding small-grained PCA, sapphire, aluminum oxynitride, yttrium aluminate garnet, and dysprosium oxide. The challenges beyond the optical
ransparency are to achieve (1) strong bonding between the transparent ceramic and electrode system to complete the discharge enclosure, (2)
atisfactory characteristics including thermo-mechanical properties in order to withstand the rapid heating and cooling cycles encountered in both
he discharge tube and seal, (3) durability to resist the attack from lamp chemicals at high temperatures, and (4) stability to maintain the optical

uality throughout the life. Performance, energy efficiency, environmental sustainability, and economics are driving the development of ceramic
nvelopes in lighting products. Transparent ceramics offer opportunities to push the limits of envelope materials for improved lamps. The paradigm
sed during the course of transparent ceramics research exemplifies advancement of new and improved materials.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Translucent polycrystalline alumina (PCA) doped with
agnesia-based additives1 discovered in 1960s has played an

nabling role in the lighting industry. It made possible the
onstruction and wide-spread use of high-pressure sodium
amps.2 In 1990s, metal-halide lamps featuring translucent
lumina tubes, cylindrical3 or round,4 were introduced for white-
ight, general-illumination applications, due to the nature of
ranslucency (not transparency) of regular, translucent alumina.
egular PCA is translucent and its spectrophotometer in-line

ransmittance5 is ∼0.3 compared to the overall total trans-
ittance of ∼0.98. Because of the scattering nature of this

exagonal material, regular PCA (unless small-grained) can-
ot be used for high luminance applications. If the arc tubes are

ransparent, the lamps could allow focused-beam applications
uch as projection lamps6 and automotive headlights7 contain-
ng various fills operating at temperatures higher than quartz. In
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rder to improve transparency or in-line transmittance, recent
evelopments in PCA have made progress in two distinctly dif-
erent directions of grain growth during sintering of PCA: (1)
onverting PCA to sapphire through abnormal grain growth, a
olid-state crystal conversion (SSCC) process,8 and (2) achiev-
ng transparent submicron-grained structure through sinter-HIP
f compacts of nearly nano-size alumina powder.9 Ceramics
f cubic symmetry which limits birefringent light scattering
t grain boundaries, are of interest due to their transparency
n the polished state. These are AlON,10 YAG,11 Y2O3,12,13

nd Dy2O3.14 The solubility of Y2O3 in molten salts is high.
ysprosium oxide was tested because of reduced thermody-
amic driving potentials for reactions with molten salt fills.
mong the various applications (e.g. lamp envelope, optical

ens/window, armor, infrared dome, and solid-state laser rod) for
he transparent alumina and cubic ceramics with optical qualities
omparable to single crystals of similar compositions, discharge

ubes are the most demanding, because of the requirements of
tability and durability of the transparent ceramics during high-
emperature, steady-state plus on-and-off service involved in
amps.15
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Fig. 1. Image of an operating sapphire–PCA–hat lamp7.

. Experimental, results, and discussion

.1. Sapphire

Straight sapphire tubes grown by melting and solidification
ave long been used in special lamps. A small layer of fine
o precipitates (from dissolution of the Mo die in the molten

lumina) along with pores caused by solidification shrinkage
ight be present in the near-surface region. If the levels of these

efects are high, the total transmittance would be lower than
hose of regular PCA. Some recent designs of burners involved
onnection of straight sapphire tubes to PCA hats (Fig. 1).7,16

he feedthrough scheme developed for PCA lamps3 was uti-
ized in the PCA hat.7 The luminance of the sapphire burners
as found to increase with increasing Ar pressure inside the dis-

harge tube.7 The microstructure of the sapphire–tube–PCA–hat
nterface is shown in Fig. 2. During formation of the inter-
erence bond, as PCA sintered and shrank upon sapphire, the
nitial sapphire–PCA boundary migrated towards PCA, sweep-
ng across the original interface and leaving behind a string of
oids (Fig. 2). The boundary motion (growth of sapphire into
CA), was similar to those reported in the literature.17 In spite
f anisotropy of sapphire with respect to PCA, the interface
emained intact after thousands of on-and-off cycles in lamps.7

his may be related to the relatively small sizes involved (≤9 mm
n diameter).

In the SSCC process,8 the PCA doped with MgO was heat-
reated to first achieve a state of equiaxed grain structure of
ranslucency followed with out-diffusion of the MgO dopant to
60 ppm so as to bring about a high rate of intrinsic grain growth

o result in transparent sapphire shapes. The surface roughness

nd bulk residual pores of the PCA are typically preserved in
he converted sapphire. It is challenging to achieve full conver-
ion in large PCA parts consistently; oftentimes only surface
egion is converted. Examples of converted sapphire are shown

o
o
l
1

Fig. 2. Cross-section microstructure of
amic Society 29 (2009) 237–244

n Fig. 3. Strides8 have been made with regard to the issues of the
rowth mechanism and conversion speed, which should assist
n demonstration of the service of converted sapphire in lamps.

.2. Small-grained alumina

PCA of submicron-grain-size and high in-line transmittance
very low residual porosity and small grains) was accomplished
sing sinter-HIP (hot isostatic pressing) of compacts consist-
ng of nearly nano-size alumina particles.9 The sealing structure
eveloped for regular PCA metal halide lamps3 can be read-
ly used. The in-line transmittance in the visible range reached
ver 70% of that of sapphire. Computation of scattering and
bsorption indicated this was about the theoretical limit of the
n-line transmittance for the grain size involved. The mechanical
trength was as high as sapphire, due to the small grain size.9

uch high-in-line transmittance, high strength, and ability of
aking into complex shapes (in contrast with anisotropy and

traight tubes of melt-and-grown sapphire) made the material of
nterest for use as envelopes in beamers. Fig. 4 shows images
f a fiber light-source placed inside the tubes, clearly demon-
trating a better definition for the submicron-grained part versus
egular, 15-�m-grained alumina. The better image resolution is
ue to a relatively sharp curve of the angular dependence of the
cattered light.9

For lamp envelope applications, it is important to have both
igh total and high in-line transmittance. Total transmittance,
measure of absorption, of arc tubes is critical to the total

umen output, while in-line transmittance which is mainly a
easure of scattering is important to luminance (brightness) of

he arc. A high in-line transmittance does not mean high total
ransmittance.5 For example, very high-in-line sapphire tubes
ould have rather low total transmittance (<92%) caused by
bsorption due to Mo particles coming from slight dissolution
f the Mo dies in the molten alumina and precipitation of Mo in
he near-surface region of sapphire during solidification.

The total transmittance of the sub�m-grained tubes was mea-
ured by placing a small light pipe (from a tungsten halogen
amp) inside the body, and measuring the total integrated flux

f light passing the tube wall. The total transmittance values
f as-sinter-HIPed discharge vessels were 77.7%, significantly
ower than that (98–99%) of normal sintered alumina parts with
5 �m grain size (Table 1). After annealing at 1025–1150 ◦C

sapphire–PCA interference bond.
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Fig. 3. Sapphire partially converted from MgO-doped PCA: cross-section microstructure showing complete conversion only in the near-OD region, left figures;
outside views of nearly fully converted tubes showing retention of PCA surface ripples, right figures.
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ig. 4. Images of polished tubes containing fiber-optical miniature light source
iffuse image in regular PCA tube (b). One example of sub�m PCA lamp is in

n air for 2–4 h, the total transmittance of sub�m-grained alu-
ina vessels increased to 90.5%. Annealing under Ar–5 ppm O2

tmosphere at 1100 ◦C for 2 h increased the total transmittance of

he sub�m-grained discharge vessels to 95.0%. Some as-made
ubes were faintly gray. Tubes annealed in air at 1025–1150 ◦C
or 2–4 h had an added, undesirable, brownish hue which was
bserved in air-annealed PCA sintered in hydrogen. The sam-

c
o
s
t

able 1
otal transmittance (%) of sub�m-grained alumina tubes before and after annealing

As-made

umber of tube samples 18
verage total transmittance and standard deviation (%) 77.7 ± 6.8
rating the relatively sharp image of the source in sub�m PCA tube (a), vs. the

les became colorless after annealing under Ar–5 ppm O2. The
ata clearly showed the benefits of post-sinter-HIP anneal in
ncreasing the total transmittance to >92%, a level required for

ommercial lighting applications. The gray and brown discol-
ration appeared not related to metallic or carbon contamination,
ince various analyses such as bulk, surface, and cross-section
echniques could not find any impurities significantly higher than

After anneal in air at
1025–1150 ◦C for 2–4 h

After anneal in Ar–5 ppm O2

at 1100 ◦C for 2 h

18 18
90.4 ± 2.3 95.0 ± 1.8
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grained PCA discharge tubes, which could become cloudy and
exhibited grain growth after operation for thousands of hours
in lamps (Figs. 9). The opaqueness in the arc tube could (1)
Fig. 5. Spectrophotometer total-forward and in-l

hose in regular PCA. The discoloration is ascribed to color
enters in PCA18: an oxygen vacancy with a trapped electron
nd an associated magnesium solute, a double oxygen vacancy
ith four trapped electrons, and an oxygen interstitial with two

rapped holes, as explained in the following.
Sub�m-grained alumina ceramics generally involves a higher

evel of MgO dopant to reach full density than larger-grained
∼15 �m) alumina based on micron-sized starting powders,
ecause the nearly nano-sized powder requires higher MgO
opant to fully cover the surface of the finer, starting particles.
nlike the 15 �m-grained alumina, the MgO dopant (∼200 to
00 ppm) in sub�m-grained alumina becomes completely dis-
olved in lattice and grain boundary region.15 As a result, high
evels of color centers are formed, which absorb light resulting in
ow total transmittance (∼77.7%) for the as-made MgO-doped,
ub�m-grained, alumina discharge vessels despite their very
igh in-line transmittance. The light-absorbing color centers
ere either converted or minimized such that the total trans-
ittance increased during annealing under the specific PO2. The

eat treatment temperature and time conformed to the tempera-
ure limit required for microstructural and transparency (in-line
ransmittance) stability.

In sub�m-grained alumina doped with MgO sintering aid,
rowth of grains and pores occurred at temperatures as low as
150 ◦C.15 At 1240 ◦C, an average grain size of 0.5 �m grew
o about 1.1 �m (Fig. 3), and the spectrophotometer transmit-
ance (both total-forward and in-line) values at 600nm dropped
bout 25–30% after 500 h at 1240 ◦C (Fig. 5). Fig. 6 shows
rain growth versus time at 1150–1290 ◦C in sub�m-grained
CA, along with values reported in the literature.19,20 Such
rain-growth behavior is distinctly different from that of the
egular, 10–30 �m-grained PCA, which do not show any grain

rowth during 20,000 h service at ∼1250 ◦C in HPS lamps. The
bserved grain growth at 1150–1290 ◦C is due to the extremely
mall size of the grains, since the grain growth rate is inversely
roportional to the grain size.
nsmittance vs. long-term temperature and time.

The microstructural instability is tied to the solid solubil-
ty of MgO in alumina, which is a function of grain size in
he range of sub�m to ∼2 �m.21 Electron microprobe mapping
f the number density and sizes of MgAl2O4 spinel particles
f polished cross sections of samples annealed at 1240 ◦C for
00 h is shown in Fig. 7. No spinel second phase was detected
n as-sintered sub�m Al2O3 doped with MgO. During sintering
f compacts of MgO-doped, nearly nano Al2O3 powders, the
gO dopant is all dissolved, in the lattice and grain-boundary

egion. During the subsequent heat treatment, grains and pores
row (Figs. 6–8) and MgAl2O4 spinel precipitates out, while
he enriched MgO level at grain boundaries, boundary width,
nd equilibrium MgO content in the lattice, undergo dynamic
volution, in a background of boundary motion, precipitation of
econd phase, and diffusional flux of the dopant. The decrease
n transmittance and grain growth could also occur in small-
Fig. 6. Average grain size vs. time at various temperatures.
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Fig. 7. Electron microprobe Mg mapping of sub�m PCA annealed at 1240 ◦C
for 500 h showing Mg-rich spots (indicated by arrows).

Fig. 8. Transmission electron micrograph of MgO-doped sub�m PCA annealed
at 1250 ◦C, showing pore growth (indicated by arrow).

Fig. 9. Scanning electron micrograph of fractured surface of MgO-doped sub�m
PCA burner showing grain growth after operation in lamp for 500 h.
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Fig. 10. Etched, polished optical micrograph of sintered YAG.27

ncrease emittance, which in turn, decrease lamp efficacy, and (2)
ncrease reflectance to raise the wall temperature, which would
urther exacerbate grain growth and reactions of the wall with
he fills. However, sub�m-grained PCA was reportedly used in
g–Tl–Na–In–I lamps with graded cermet and frit seals oper-

ting to 8000 h22 with an unspecified wall temperature. Fills
ased on Dy–Tl–Na–Br–I were used in sub�m-grained PCA
amps showing 78% maintenance at 1500 h.23 The above cases
uggested that the wall temperature of sub�m-grained PCA tube
ould need to be carefully controlled in order to avoid degra-
ation in transmittance and microstructure during service. An
lternate strategy24 was to maintain stability of the microstruc-
ure and in-line transmittance by increasing the grain size to
�m with a sacrificial, broader angular dependence of scattering
hich might still be adequate for certain lamps.

.3. AlON (aluminum oxynitride)

AlON (Al23O27N5) ceramic with cubic symmetry has been
abricated into excellent transparency in the visible.11 The
echanical strength and thermal expansion of AlON are close

o those of PCA,11 so that AlON should be able to survive the
tresses in ceramic metal halide lamps, and the end enclosure
tructure of PCA metal halide burners3 can be utilized. In-line
ransmittance values in the visible as good as that of sapphire
as been achieved in polished AlON ceramic.11 However, ther-
odynamic calculations indicated that AlON was stable in a

mall range of N2 partial pressures at temperatures <1640 ◦C.25

nother issue for use in projection lamps was the active oxida-
ion behavior of AlON at temperatures ≥1200 ◦C in air.26

.4. YAG (yttrium aluminate garnet)

Transparent YAG ceramic (yttrium aluminate garnet,
3Al5O12) is of interest from the optical and mechanical prop-

rties standpoints.10 It has cubic symmetry with an isotropic
hermal expansion and no birefringence effect at the grain
oundaries. Excellent transparency in the visible was achieved
n YAG ceramic.10 In addition to applications as host rods in
olid-state lasers such as Nd-YAG,10(b),10(c) transparent YAG
eramics have been used as envelopes in lamps.15 Because ther-
al expansion of YAG is very close to PCA, the feedthrough

cheme3 developed for PCA lamps can be used for construction
f YAG lamps. The microstructure of sintered YAG27 derived
rom high-purity, finely divided YAG powder is shown in Fig. 10.
races of residual phases such as Y2O3 tend to give rise to exag-



242 G.C. Wei / Journal of the European Ceramic Society 29 (2009) 237–244

F
1

g
Y
w
a
a

Y

Y
d
c
w
o

2

a
o
f
s
c
c
a
o
(
s
c
i
g
l
o
i
t
t
s
T
D
a

(
o

H
t
alters the lamp color. The lamps properties were: 2500 K color
temperature, 90 CRI and 84 lm/W. The performance was sta-
ble to at least 100 h. The hot spot was 1143 ◦C. Dy2O3 body
absorbs the UV and blue radiation from Hg and rare earth emis-
ig. 11. Image of 2-piece YAG bulgy burner in operation (left figure), and after
000 h showing “stains” or fill attack (right figure).

erated grain growth. As predicted, the corrosion resistance of
AG to rare earth halide fills was less than that of PCA; the wall
as attacked by the rare earth halide fills (ReI3) such as TmI3

fter 1000 h, shown by the “stains” in the burner (Fig. 11) in
ccordance with the following reaction:

3Al5O12 + ReI3 → Re3Al5O1 + YI3 (1)

ttrium emission lines were detected, color shifted, and voltage
ropped in the YAG/ReI3 lamps (Fig. 11). Therefore, new, less
orrosive fills are required for YAG lamps. There was no problem
ith thermal shock, as the YAG burners withstood many on-and-
ff lamp cycles.

.5. Rare earth oxide (Re2O3)

Polycrystalline rare earth oxides such as dysprosium oxide
re candidate tube materials for advanced beamers because
f high transparency, low thermodynamic driving potentials
or reactions with metal halide fills, satisfactory mechanical
trength, and resistance to thermal shock.14 Transparent poly-
rystalline Dy2O3 ceramic parts were made by sintering of
ompacts of high-purity, finely-divided powders.28 Dy2O3 has
slight yellowish coloration due to intrinsic transitions. In spite
f the slight yellowish coloration, the total transmittance is high
∼93%). The average grain size was ∼3 �m (Fig. 12). Such
mall grain size is important as it imparts a high mechani-
al strength, because fracture strength of ceramics typically
ncreases with decreasing flaw size, which in turn is controlled by
rain size. The infrared cutoff wavelength (∼9 �m) of Dy2O3 is
onger than that (∼6 �m) of PCA due to the large atomic mass
f Dy3+, similar to the case (∼8.5 �m) of Y2O3.11 The long
nfrared cutoff suggested a lower emissivity and higher efficacy
han PCA lamps. Fig. 13 shows room-temperature spectropho-
ometer in-line transmittance of Dy2O3 disks. The Dy2O3 has

everal intrinsic absorption bands in the range of 275–450 nm.
he free energy of formation (−1514 kJ/mol) at 1200 K for
y2O3 is favorable, compared to those of Al2O3 (−1295 kJ/mol)

nd DyI3 (−380 kJ/mol), and is nearly the same as that of Tm2O3

F
t
fi

Fig. 12. Scanning electron micrograph of etched surface of Dy2O3.

−1526 kJ/mol),29 suggesting stability of Dy2O3 in the presence
f the molten salts.

Fig. 14 shows one of the Dy2O3 lamps containing ReI3 and
g fills, in operation. The strong blue and UV absorption of

he Dy2O3 tube body filters some of the plasma radiation and
ig. 13. Spectrophotometer in-line transmittance of polished Dy2O3 (0.6mm
hick) vs. wavelength: visible range (upper figure) and infrared range (lower
gure).
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Fig. 14. Photographs of Dy2O3 lamp in operation.

ion. This extra radiation, turned into heat, during run-up, gave
ise to a rapid warm-up behavior.14 In spite of calculated low
hermodynamic driving force for reactions, some etching and
orrosion occurred in lamps. Although the economic viability of
he use of Dy2O3 ceramic in improved lamps remains open, the
bove demonstrates that new transparent ceramic envelope mate-
ials can bring about opportunities for advanced high-intensity
ischarge projection systems.

. Conclusions and summary

PCA envelopes have been essential to the construction of
ontemporary HPS and ceramic metal halide lamps in place
f quartz. Studies have been conducted searching improved
ocused-beam light-sources using new transparent ceramic
nvelopes for higher wall temperatures, and better energy effi-
iency, color properties, and life. Many studies of producing
ew optical ceramics, involved sintering of ceramic materi-
ls to transparency for applications at lower temperatures or
nder less severe environments such as armor, window, infrared
ome, and laser rod applications. Technological advancements
n ceramic powder synthesis, forming, sintering and HIPing (hot
sostatic pressing), have made possible a wide range of compo-
itions (e.g. sub�m-grained Al2O3, YAG, AlON, and Dy2O3),
nd shapes (cylindrical, bulgy, spherical, and elliptical), pre-
enting significant flexibility to the designing of lamps and fill
hemistry. It is important to understand both the advantages
nd limitations of each transparent ceramic, which need to be
actored into consideration during lamp construction. The sig-
ificant accomplishment in the optical properties of transparent
eramics resulted from improved understanding of powder-
rocessing–microstructure-property inter-relationships. These
ransparent ceramics have in-line transmittance as high as quartz
nd higher than regular, translucent PCA. The challenges beyond
he optical transparency are to achieve (1) strong bonding
etween the transparent ceramic and electrode system to com-
lete the discharge enclosure, (2) satisfactory characteristics
ncluding thermo-mechanical properties in order to withstand

he rapid heating and cooling cycles encountered in both the dis-
harge tube and seal, (3) durability to resist the attack from lamp
hemicals at high temperatures, and (4) stability to maintain
he optical quality throughout the life. Performance, efficiency,

1

amic Society 29 (2009) 237–244 243

nvironmental sustainability, and economics are driving the
evelopment of ceramic envelopes in lighting products. Trans-
arent ceramics offer opportunities to push the limits of envelope
aterials for improved lamps. The paradigm used during the

ourse of transparent ceramics research exemplifies advance-
ent of new and improved materials.
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