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Abstract

Alumina ceramics with high in-line transmittance at 0.5-1.0 mm-thickness were prepared with different doping additives by sintering at 1850 °C in
vacuum for 1-8 h. Depending on the additive contents and sintering variables bi-dimensionally large surface grains, caused by surface evaporation
of MgO, had grown parallel to the surface with ~100 pwm thickness and lateral sizes up to the millimeter range. The abnormal grain-growth process
also resulted in the formation of pores entrapped inside the large surface grains within a narrow zone at 10-20 wm distance from the surface. The
fraction of these pores is thickness-invariant. Scattering factors associated to the pores entrapped inside the bi-dimensionally large surface grains,
second-phase particles, grain-boundaries, and microstructural surface defects are derived from the results of in-line transmission (at 600 nm) and
are used together with microstructural characteristics to explain the light transmittance in these materials.
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1. Introduction

Translucent polycrystalline alumina (TPCA) has been used
as electric arc discharge envelops for high intensity discharge
(HID) lamps, windows for erasable programmable read-only
memories (EPROMs), dental brackets, and components for
chemical plants. High optical transmittance, corrosion resis-
tance, refractoriness, and good mechanical properties are some
characteristics of this ceramic. The key factor to produce TPCA
is the control of microstructure evolution during sintering, in
order to result in an almost single-phase, fully dense poly-
crystalline ceramic body. The starting powder characteristics
determine the sintering behavior and optical properties; there-
fore high-purity alumina powders with high sinterability have
been used. A small amount of MgO (~500 ppm or higher) as
grain-growth inhibitor, a gas soluble in alumina (usually hydro-
gen) or vacuum as sintering atmosphere, and a high sintering
temperature (~1800-1900 °C) have been used to guarantee the
elimination of most of the residual pores during the sintering.!-?

Light scattering by residual sintering pores strongly affects
the light transmission of TPCA, because of the significant dif-
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ference between the refractive index of alumina and vacuum.
Mie scattering model explains the pore size dependence and
predicts that the maximum scattering occurs when the pores
are almost as large as the wavelength of the incident light.>*
Scattering and absorption from residual second-phase particles,
like spinel (MgAl>O4), also affect light transmission. TPCA
presents high total transmittance (direct and diffuse transmitted
light), but low in-line transmittance (direct transmitted light),
because of the forward scattering caused by pores, second-
phases, and grain-boundaries (related to the birefringence of
alumina). Others factors that affect the light transmission are
reflectance at the TPCA surfaces and surface roughness (like
thermal grooves of grain-boundaries on the surface of as-sintered
products).*

The in-line transmittance, 71, of TPCA can be expressed by
Beer—Lambert-Budworth equation:’

Ti = (1 — R)*exp[—(a + Sp + Sp)1] (1)

where R is the reflectance; « is the intrinsic absorption coeffi-
cient; Sp, is the scattering coefficient related to the second-phase
particles, including pores; Sy, is the scattering coefficient related
to grain-boundaries; ¢ is the thickness. It has been demon-
strated that in-line transmittance of TPCAs with polished
surfaces follows this equation and the in-line loss coefficient
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(a+Sp+Sp) has been determined. In the visible region, high
values have been reported: 3.8 and 4.9 mm~! at wavelength
of 500 nm for hot-pressed and sintered alumina, respectively;’
and 1.06 and 0.87 mm™! at 700 nm for sintered alumina with
different additive systems (MgO—-CaO and MgO-Y,03—-CaO,
respectively).® Significantly lower values have been reported in
the infrared region: 0.30 mm ™! at 4.5 pum for sintered alumina;’
and 0.15mm™! at 4.5 um for hot-forged alumina.®

The low in-line transmittance limits the use of TPCA for
products that do not need image definition of an object posted
at some distance behind them. The development of TPCA with
higher in-line transmittance is desirable, for example for the
improvement of aesthetic quality of dental brackets. There are
some additive systems proposed to improve light transmittance
of TPCA, but all have MgO as main component, as first pro-
posed by Coble,' like MgO-Y,03,° MgO-Y,03-Lay 03,011
MgO—ZrO»/Hf0,,'> and MgO-ZrO,—CaO systems.'> Co-
doping with Y,O3 seems to increase the densification rate of
alumina® and the co-doping with ZrO, and/or HfO, seems to
increase the solubility of MgO, lowering the evaporation of
MgO from the surface.'> During the sintering, MgO evapo-
rates from the surface of alumina body, causing the occurrence
of abnormal grain growth (AGG). As a consequence, a higher
amount of MgO in starting powder is used to assure that the
MgO content in the depleted MgO layer do not lower bellow
a critical level (~60 ppm), at which AGG starts to occur.!*!3
This procedure results in a fraction of spinel particles, which
scatter the light. When low MgO content is used, very large
grains (2-10 mm in size) are formed on the surfaces, with thick-
ness relatively small and constant (~10—40 pm).'® Based on
the evaporation of MgO at high temperature and the occur-
rence of AGG, a solid-state conversion method of TPCA to
a single-crystal alumina body was proposed.'”'® The AGG
can be induced by a localized SiO, co-doping, resulting in the
conversion of surface regions to single-crystal sapphire layers
(thickness ranging from ~100 to 200 wm) with a polycrystalline
core; such material presented a high value of in-line transmit-
tance (35%), nearly four times that of unconverted TPCA and
approaching that of melt-grown sapphire (50%).!° Recently,
it has been demonstrated that alumina with submicrometer
grain size and very high in-line transmittance in the visible
region can be prepared by hot isostatic pressing (HIPing).2%-?!
The scattering mechanism changes in submicrometer grain size
range and a Rayleigh—Gans—Debye light-scattering theory has
been applied to explain the light transmittance of this new
material

In this work, the optical transmittance of vacuum sintered
TPCA with bi-dimensionally large surface (BLS) grains are
investigated. The aim of this work was to develop a TPCA
with BLS grains with high transparency and to understand
its optical behavior. TPCA with high in-line transmittance in
the visible region could be prepared using MgO-CaO and
MgO-Y,03—Ca0 additive systems. Based on in-line transmit-
tance measurement and microstructure analysis, an additional
scattering factor to Beer—Lambert—Budworth equation was pro-
posed. The scattering coefficients were evaluated and the effects
of each optical inhomogeneity could be determined.

2. Experimental

A high-purity alumina powder (Showa Denko, UA-
5105, 0.6um, 9m?/g), reagent grade magnesium nitrate
(Mg(NO3),-6H,0, Merck), yttrium nitrate (Y(NO3)3-6H;0,
Merck), and calcium chloride (CaCl,-2H, O, Mallinckrodt), and
2% polyvinyl alcohol and 0.5% polyethylene glycol, as binders,
were wet mixed for 6 h using distilled and demineralized water.
The salt contents were adjusted to prepare three samples with
different additive systems:

(i) sample M: 300 ppm MgO;
(i) sample MC: 300 ppm MgO +150 ppm CaO;
(iii) sample MYC: 300 ppm MgO +100 ppm Y03 +50 ppm
CaO.

After drying, the powder was granulated using a 35-mesh
nylon screen, in order to avoid contamination from metal screen.
The granules were uniaxially pressed at 200 MPa in a tung-
sten carbide die to form disc-shaped green bodies with diameter
of 15mm and thickness adjusted to result in sintered bodies
with thickness of ~0.5, 0.7 and 1.0 mm. All powder-processing
stages were conducted in a clean room class 105, in order to
minimize powder contamination, such as SiO; impurity. The
green bodies were pre-sintered in air at 1100 °C for 1h after
a debinding step at 300 °C for 2 h. Calcined bodies were sin-
tered in a tungsten heated furnace (NM-15, Nems), inside a
molybdenum crucible, at 1850 °C for 1, 3, 5 and 8 h under vac-
uum (~1073 Pa); the heating and cooling rates were 15 and
60 °C/min, respectively. Five specimens were prepared for each
investigated condition.

Chemical analysis of granulated powders and sintered sam-
ples was conducted in an inductively coupled plasma (ICP)
spectrometer (SPS 1700R, Seiko) in order to quantify the addi-
tive loss during sintering. In-line transmittance of as-sintered
specimens (without surface polishing) was measured in a
spectrophotometer (U-3000, Hitachi) with a slit of 0.2nm at
wavelength of 600 nm. Microstructural analysis was performed
in an optical microscope (OM, Zeiss). For the direct analy-
sis of internal microstructure, the specimen was immersed in
CHzI, liquid, which refractive index of 1.74 is close to the
alumina (1.76), to facilitate the observation of light scatter-
ing centers inside the material using the OM with transmitted
light.>? The cross-section microstructures of the samples were
analyzed after cutting the specimen near the center, polishing
the transverse surface, and thermal etching the polished surface
to reveal the grain-boundaries. Grain size of internal polycrys-
talline region was determined by planimetric method (ASTM E
112—Standard test methods for determining average grain size).
The average grain size, G, was calculated as mean lineal inter-
cept, as has been suggested for the analysis of grain-boundary
scattering coefficient.>>3 The thickness of the bi-dimensionally
large surface grains was measured on polished and etched cross-
section using a graduated scale attached to the OM, operating
with reflected light.
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3. Results
3.1. Microstructure

Huge grains, with lateral sizes from ~0.5 to 5 mm, were
observed on the surfaces of the three samples (M, MC and MYC)
sintered at 1850 °C for 1-8 h (Fig. 1a and b). Regions of resid-
ual small grains enclosed among huge grains were occasionally
observed (Fig. 1c). The sample MYC sometimes presented,
instead of huge grains (b), smaller grains on the surface (d); these
grains, however, were larger than the grains of internal region
of the sintered body (Fig. 2c). The huge grains were flat, with
thickness of ~100 pm and almost constant throughout the spec-
imen (Fig. 2). The microstructure looked like as a translucent
polycrystalline alumina with a layer of alumina single-crystal
platelets bonded on the surface. Based on this association, the
microstructure, hereinafter, is described as an internal polycrys-
talline region covered by bi-dimensionally large surface (BLS)
grains. The formation of BLS grains in the samples M, MC and
MYC is in accordance to the results observed before that these
grains form suddenly above ~1800 °C in alumina doped with
MgO content bellow ~600 ppm.>*

The thickness of BLS grains and the grain size of inter-
nal polycrystalline region were not significantly affected by
the thickness of the sample. They were, however, influenced
by sintering time and additive composition (Fig. 3). The grain
growth in internal polycrystalline region close followed the
cubic law, as has been observed for high-purity alumina doped
with Mg0,%’ but the thickness of BLS grains increased at
slower rates. The grain size of sample M varied between 13
and 25 wm, when sintered between 1 and 8h and was slight
smaller than the samples MC and MYC, which achieved a
grain size of ~30 um after sintering for 8 h. In the case of
thickness of BLS grains, the sample MYC presented higher val-
ues (~90-130 wm, when sintered between 1 and 8 h) than the
samples M and MC, which maximum thickness was ~110 um
(Fig. 3).

The light scattering centers inside the samples could be
directly observed using the transmission optical microscope with
the specimens immersed in liquid CHI,. Changing the focus
inside the material, a thin layer of pores could be observed
inside the BLS grains (Fig. 4). The maximum fraction of pores
was observed at a distance of ~10-20 pm from the surface. The
remaining thickness of BLS grains was free of pores and second-
phases. The fraction of pores entrapped inside BLS grains varied
strongly among the three samples. Sample M presented the high-
est fraction of pores (Fig. 4a), followed by the sample MC (b),
while sample MYC presented very low fraction of pores (c). The
layer of pores entrapped inside BLS grains was parallel to the
surface and the fraction of pores was almost constant through-
out the sample. In the regions around the grain-boundaries,
smaller amounts of pores were observed. This result indicated
that diffusion of vacancies through the grain-boundaries and
free surface eliminated some pores entrapped inside BLS grains.
It was not observed, however, significant variation of the frac-
tion of these pores among samples sintered at different times
(1-8h).

In the internal polycrystalline region, sample MC presented
a dispersion of second-phase particles with size of ~1 pwm
(Fig. 5a). The contrast between particles and alumina matrix was
slightly higher than that observed between alumina and spinel
(refractive index of 1.72),20 because of the presence of CaO in
this sample. No significant difference related to the second-phase
particles could be observed among the specimens sintered at
different temperatures and with different thickness, even though
a slight particle coarsening was observed with the increase of
sintering time in this sample (MC). Sample MYC presented a
small fraction of second-phase particles (~1 m) after sintering
for 1h (Fig. 5b). The volume fraction and the size of parti-
cles in this sample increased with the increase of sintering time
and some particles with sizes of up to ~5 wm were observed in
the specimens sintered for 8 h (c). The second-phase particles
in the sample MYC were darker than those observed in sam-
ple MC. A previous study of transmission electron microscopy
and energy dispersive spectroscopy in a similar sample (alu-
mina doped with 300 ppm MgO, 100 ppm Y>0O3 and 150 ppm
CaO) showed that the second-phase particles were an aluminum,
yttrium oxide, possibly YAG (Y3Al50;2).2* This oxide has a
high refraction index (1.84),26 which seems to justify the darker
particles observed in the sample MYC (Fig. 5¢). The analysis of
internal polycrystalline region of the sample M was difficult to
be conducted, because of the significant light scattering caused
by the pores entrapped inside BLS grains (Fig. 4a). The analysis,
however, indicated that the sample M was almost free of spinel
particles. All three samples almost did not present residual pores
in the internal polycrystalline region (Fig. 5).

The results of chemical analysis of the sample before and
after the sintering are shown in Table 1. All three samples pre-
sented a reduction of the MgO content during the sintering, but
the reduction varied among the samples: 27, 47 and 81% for
samples M, MC and MYC, respectively. These results showed
that the addition of CaO and Y, O3 increased the evaporation rate
of MgO. CaO content of the samples MC and MY C was also sig-
nificantly reduced (61 and >91%, respectively). Y203 content
in sample MYC, however, almost did not vary during the sinter-
ing. The results of chemical analysis were in accordance to the
microstructure characteristics observed in the internal polycrys-
talline region (Fig. 5). The solubility limit of MgO in alumina
is ~150 ppm at 1850 °C."> Since MgO content above this limit
in sample M was ~80 ppm, the expected volume fraction of
spinel (MgAl>Oy) is very low (~0.03 vol.%), as was anticipated
by microstructural analysis. This result is in accordance to that
reported by Apetz and Van Bruggen* which observed no sig-
nificant effect of MgO on the optical properties of TPCA up to
a MgO content of 300 ppm. Sample MC presented 158 ppm of
MgO and 62 ppm of CaO after sintering (Table 1). The pos-
sible intermediate phase in the system Al,O3-CaO-MgO is
CazMgAl4019,%” which seems to have slight higher refractive
index than spinel, as mentioned before (Fig. 5a). Sample MYC
presented after sintering 58 ppm of MgO, 95 ppm of Y03, and
almost zero of CaO (Table 1). This result reinforces that the dark
second-phase particles in this sample (Fig. 5¢) were YAG phase.
This phase was also observed in TPCA prepared with 500 ppm
MgO and 350 ppm Y,03.'
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Fig. 1. OM images (reflected light) of the as-sintered surface of: (a) sample M sintered for 8 h; (b) sample MYC sintered for 3 h; (c) sample MC sintered for 3 h; (d)
sample MYC sintered for 8 h.

Fig. 2. OM images (reflected light) of the cross-section of: (a) sample M (thickness of 1 mm) sintered for 1h; (b) sample M (0.7 mm) sintered for 8 h; (c) sample
MC (0.5 mm) sintered for 3 h; (d) sample MYC (0.5 mm) sintered for 3 h. The dark regions are grain pullouts or border scratching which occurred during the sample
preparation.
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Fig. 3. Grain size (G) of internal polycrystalline region and thickness of BLS
grains (h) as a function of sintering time (1850 °C).

3.2. Light transmission

Sample MYC (300 MgO-150 Y,03-50 CaO, in ppm) pre-
sented significantly higher in-line transmittance; the highest
value measured was 43.4% at 0.5 mm thickness (Fig. 6a). Sam-
ple M (300 ppm MgO) presented the lowest transmittance, with
values almost half of the sample MYC (Fig. 6b). The in-line
transmittance increased logarithmically with the increase of sin-
tering time and, for each sample, the angular coefficient of these
fits did not vary significantly among the specimens with differ-
ent thickness (a). The transmittance of sample MYC increased
at an average rate almost two times of those observed in samples
M and MC (b).

The in-line transmittance of the three samples decreased
exponentially with the increase of thickness (Fig. 7), as pre-
dicted by Eq. (1). Considering the reflectance, R, of alumina
single-crystal (0.074), the predicted light transmission loss by
reflection at both surfaces is 14.3%.° Therefore, for a TPCA
with homogeneous distribution of scattering centers throughout
the volume, the transmittance should converge to the value of
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85.7% at zero thickness. Only the results of sample MYC could
be fitted to this condition (Fig. 7c). The exponential fits of the
results of samples M and MC indicated lower values of trans-
mittance at zero thickness (a and b). These deviations are not
predicted by Beer—Lambert—-Budworth equation (Eq. (1)).>

Budworth’s> proposed that the coefficient of grain-boundary
scattering, Sp, is given by Sy, =x/G, where x is the factor of grain-
boundary scattering and G is the grain size.’ The factor x can be
evaluated by the angular coefficient of the exponential decay of
the transmittance with /G, where t is thickness of the samplf:.23
This approach is valid for homogeneous materials, where #/G is
the number of grain-boundary intercepts along the cross-section.
In the case of materials with BLS grains, the thickness of these
grains (~100 wm) affects this number, especially in specimens
with 0.5 mm thickness. The average number of grain-boundary
intercepts, N, is generically expressed as

_t— fh
TG

where ¢ is the thickness of sample, G is the grain size, & is the
thickness of BLS grains, and f is the frequency of occurrence
of BLS grains (f=2 for the formation of BLS grains on both
sides of the sample).”* The results of in-line transmittance as a
function of number of grain-boundary intercepts, N, are shown in
Fig. 8. All three samples presented similar exponential decay of
transmittance with the increase of N, and the determined values
of grain-boundary scattering factor, x, were ~0.3.

N

+f @)

4. Discussion

Burke et al.'® also observed the formation of entrapped pores
in the first 10 wm from the surface inside the BLS grains in alu-
mina doped with 500-1000 ppm MgO sintered in dry hydrogen
atmosphere. They argued that the evaporation of MgO from the
surface region to a content bellow its solubility limit caused
the occurrence of abnormal grain-growth process and formation
of BLS grains with initial thickness of ~10 pum. At this stage,
the samples were not fully dense and residual pores remained
trapped inside the BLS grains. The grains grew laterally with
a very rapid rate because of the low MgO content in the sur-

oY

AP R L
ks, Gaps

‘. .L (C)“ "} ‘e

50 um

Fig. 4. OM images (transmitted light) showing pores entrapped inside BLS grains in sample M (a); MC (b); MYC (c), sintered for 8 h.
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Fig. 5. OM images (transmitted light) showing second-phase particles in internal polycrystalline region of: (a) sample MC sintered for 8 h; (b) sample MYC sintered

for 1h; (c) sample MYC sintered for 8 h.

face region, but the grain-boundary mobility in the direction of
thickness was restrained by MgO content above solubility limit
at a distance of ~10 wm from the surface. When the remaining
volume of sample achieved theoretical density, the BLS grains
grew in the thickness direction, leaving a pore free layer inside
the BLS grains.'® This rationale explains the formation of BLS
grains (Fig. 1) with a thin layer of entrapped pores near the sur-
face (Fig. 4). Since the fraction of pores entrapped inside BLS
grains indicates the densification degree of sample at the moment
in which abnormal grain growth occurred,'® it can be inferred
that the addition of CaO and Y;Oj3 in the samples MC and MYC
enhanced the densification rate in relation to the sample M. The
very low amounts of pores entrapped inside BLS grains in sam-
ple MYC (Fig. 4c) indicated that this sample was almost fully
dense, when the BLS grains suddenly formed.

The deviations of the values of in-line transmittance at zero
thickness observed in samples M and MC (Fig. 7a and b) can
be explained if an additional pre-exponential term in Eq. (1)
is considered. The scattering phenomenon related to this term
should be thickness-invariant. An effect related to the process-
ing of sample, like surface roughness, seems not to explain the
deviations of the value of in-line transmittance at zero thick-
ness observed in samples M and MC, since all three samples
were prepared following the same processing route. Usually,
the scattering caused by residual pores in TPCA is considered
thickness-dependent, since they are dispersed homogeneously
throughout the section of the material, and their effects in light
transmission are included in the scattering coefficient related to
the second-phase particles, Sp,, an exponential term in Eq. (1).
Microstructural analysis, however, showed that the fraction of
pores entrapped inside BLS grains is not dependent on the thick-

Table 1

Results of chemical analysis of the samples before/after sintering (1850 °C, 3 h)
Sample (ppm) M MC MYC
MgO 316/232 297/158 302/58
CaO 6/<5 158/62 54/<5
Y,03 <5/<5 <5/<5 96/95

ness of specimen (Fig. 4). The relative fraction of these pores
in samples M and MC (Fig. 4a and b) correlated to the devia-
tions from the expected value of transmittance for zero thickness
(Fig. 7a and b). The matching of the results of sample MYC
to Beer—Lambert—Budworth model (Fig. 7c) indicated that the
pores entrapped inside BLS grains did not affect significantly the
light transmission of this sample, in accordance to the results of
optical microscopy (Fig. 4c).

The effects of residual pores entrapped inside BLS grains
can be explained by an introduction of a factor of sur-
face scattering related to the microstructure, Ss, in the
Beer—-Lambert—Budworth equation (Eq. (1)), as follows:

Ti = (1 = R*(1 — Ss)” exp[—(a + Sp + Sp)1]. 3)

where R, o, Sp, Sp and ¢ have the same meanings as presented for
Eq. (1). The fitting of this equation to the experimental results
(Fig. 7) made possible the evaluation of factor Ss and in-line
loss coefficient (o +Sp, + Sp) of the samples sintered at different
times (Fig. 9). The factor Ss of samples M and MC lowered
at slow rates (a), in accordance to the microstructural analysis
which showed that fraction of pores entrapped inside BLS grains
did not change significantly with the increase of sintering time
(Fig. 4). The values of Sg of sample M were around two times
those of sample MC. The in-line loss coefficient (a + Sp +Sp) of
the samples M and MYC decreased strongly with the increase of
sintering time and the values of o« + S, + S}, of the sample MYC
were around two times those of the sample M (Fig. 9b). Sample
MC presented slow decrease of in-line loss coefficient with the
increase of sintering time and the values of o+ S5, + Sy, ranged
between the results of samples M and MYC.

Similar to the Budworth’s approach,’ the coefficient of grain-
boundary scattering coefficient, S, can be calculated by the
following relation:
Sp = w “

t
where x is the factor of grain-boundary scattering, N is the num-
ber of grain-boundary intercepts, and ¢ is the thickness of sample.
The values of Sy, were evaluated for each sintering time (Fig. 10a)
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Fig. 6. In-line transmittance at 600 nm as a function of sintering time of: (a)
sample MYC with different thickness and (b) samples M, MC and MYC with
0.5 mm thickness.

using the determined value of factor of grain-boundary scatter-
ing, x (Fig. 8). The values of Sy, of the three samples lowered
significantly and similarly with the increase of sintering time, but
the scaling value varied among the samples (Fig. 10a). Sample
MC presented lower values of Sy, than sample M, mainly because
of larger grain size and thickness of BLS grains (Fig. 3). Sample
MYC, however, presented slightly higher values of Sy, than sam-
ple M, despite its larger grain size and thickness of BLS grains
(Fig. 3). It has been suggested that additives or impurities seg-
regated to grain-boundaries can affect the light transmission in
TPCA.?82% In fact, it has been observed that yttrium segregates
to grain-boundaries and pore surfaces in an ultra-high-purity
alumina doped with Y203.30 Therefore, the results suggest that
the segregation of Y,O3 additive altered the optical properties
of alumina grain-boundaries, increasing the light scattering.
The scattering coefficient of second-phase particles, Sp, was
evaluated from the difference of the results of in-line transmit-
tance loss coefficient, a +Sp + Sy, (Fig. 8b), and grain-boundary
scattering coefficient, Sy, (Fig. 10a), since the intrinsic absorp-
tion coefficient, , of single-crystal alumina is low (0.01 cm™1)
and negligible compared to the others scattering coefficients.
From Mie scattering theory, the light scattering achieves a max-
imum when the particle size is around the same value of the
wavelength of visible light.>* The Sp values of sample MYC
decreased rapidly with the increase of sintering time (Fig. 10b),

which seems to be related to the coarsening of second-phase
particles (Fig. 5b and c). The S;, values of sample MC increased
slightly with the increase of sintering time (Fig. 10b). The slight
increase of second-phase particle size observed by microstruc-
tural analysis indicated that coarsening in this case adjusted the
particle size distribution toward the maximum scattering. The
smaller particle size observed in sample MC compared to sam-
ple MYC (Fig. 5a and c) supports this rationale. The evaluated
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Fig. 7. In-line transmittance as a function of specimen thickness of: (a) sample
M; (b) sample MC; (c) sample MYC.
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Fig. 8. In-line transmittance, 77, as a function of number of grain-boundary
intercepts, N.

Sp values of sample M were very close to zero for all sintering
times, in accordance to the microstructure analysis, indicating
that the internal polycrystalline region of this sample was almost
devoid of second-phase particles.

Using the scattering coefficients evaluated (Figs. 9 and 10),
the effects of each scattering center in the reduction of direct
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Fig. 9. Factor of surface scattering related to the microstructure, Ss (a), and
in-line loss coefficient, a +Sp +Sp (b), as a function of sintering time.

(a) 0.4 5
0.3 3 O M
<& MC
I 0 MYC
5
s

Sintering Time (h)

(b) 013
0083 -

0.06 4

O

0.02 S MC

o Myc

Sintering time (h)

Fig. 10. Scattering coefficient of grain-boundary, Sy (a), and of second-phase
particles, S;, (b), as a function of sintering time.

light transmission were estimated (Fig. 11). For sample M, the
reduction of in-line transmittance, 71, was caused mainly by the
residual pores entrapped inside BLS grains (field Ss in Fig. 11a),
and the rate of decrease of 71 with thickness was defined by
grain-boundary scattering (field Sy in a). For sample MC, this
rate was defined by both scattering centers: grain-boundaries
and second-phase particles (fields Sy, and S, in b), with slightly
larger influence of scattering by grain-boundaries. For sample
MYC, the reduction of in-line transmittance, 71, with thickness
was defined mostly by grain-boundary scattering (field Sy in c),
with smaller effect of scattering by second-phase particles (field
Spinc).

The effects of scattering by optical heterogeneities that
determined the positive logarithmic dependence of in-line trans-
mittance with sintering time (Fig. 6) were also evaluated
(Fig. 12). For sample M, the slow increase of in-line trans-
mittance, 71, with sintering time was controlled by the slow
rate of pore elimination in BLS grains (Fig. 4a), since the
lowering of grain-boundary scattering caused by grain growth
(Fig. 10a) was small compared to the scattering by pores
entrapped inside BLS grains (Fig. 12a). For sample MC, the
slow increase of 77 with sintering time was also controlled by
the slow rate of pore elimination in BLS grains, since the low-
ering of grain-boundary scattering caused by grain growth was
mostly counterbalanced by the increase of scattering by second-
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Fig. 11. Optical properties—thickness diagrams of the samples sintered for 8 h.
The field indicated with letter 77 is direct light transmission, R is transmission
loss by surface reflection, Ss is transmission loss by light scattering centers
related to the surface (pores entrapped inside BLS grains), Sy is transmission
loss by grain-boundary scattering, and S, is transmission loss by second-phase
particles. The ratio I/l represents the fraction of transmitted or scattered light
intensity in relation to the intensity of incident light beam.

phase particles (Fig. 12b). The scattering by pores entrapped
inside BLS grains had the most significant influence on loss
of light transmission of sample MC, followed by scattering by
grain-boundaries and scattering by second-phase particles (b).
For sample MYC, the rapid increase of 71 with sintering time
was caused by the rapid decrease of both scatterings: grain-
boundaries and second-phase particles (c).

The main factor that defined the differences of in-line trans-
mittance, 71, among the samples was the scattering by residual
pores entrapped inside BLS grains. Sample MC presented higher
values of 77 than sample M mainly because of lower fraction of
these pores, which resulted in lower factor of surface scattering

related to the microstructure, Ss (Fig. 8a). The effect of scat-
tering by grain-boundaries was stronger in sample MYC than
in samples M and MC, but the negligible scattering by pores
entrapped inside BLS grains resulted in the highest values of in-
line transmittance. Therefore, the main benefic effect of addition
of CaO and Y,Os3 to the increase of in-line transmittance was
the lowering of fraction of pores entrapped inside BLS grains
(Fig. 4). The addition of these oxides enhanced the densification
rate in the last stage of sintering and resulted in a denser alu-
mina body when the BLS grains formed. The addition of CaO
and Y,03, however, had other effects: (i) the addition of CaO
lowered the coefficient of grain-boundary scattering, Sy, of the
sample MC and the addition of Y03 increased the Sy values
of the sample MYC, in relation to the sample M (Fig. 10a) and
(i) the addition of CaO and Y,Oj3 affected negatively the light
transmission by enhancing the coefficients of second-phase par-
ticle scattering, Sp, of the samples MC and MYC, in relation to
the sample M (Fig. 10b).
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Fig. 12. Optical properties—sintering time diagrams (samples with 0.5 mm
thickness). The fields 71, R, Ss, Sp, Sp and ratio I/l have the same meanings as
presented in Fig. 11.
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An important characteristic of TPCA for discharge lamps
is corrosion resistance against the aggressive hot atmosphere
in discharge envelopes. In high-pressure sodium (HPS) lamps,
corrosive sodium plasma arc limits lamp performance, since
sodium reacts with Al,Oj3 to form sodium aluminate (3-Al,O3)
and metallic aluminum during lamp operation. It has been
shown that the grain-boundaries are rapid pathways for diffu-
sion of reactant (sodium) and reaction products (aluminum).'*
Some impurities or additives, like CaO and MgO, segregated
at grain-boundaries decrease the resistance against sodium
corrosion.?! Second-phase particles, usually located at alumina
grain-boundaries, can also affect corrosion rate. Spinel parti-
cles seem to promote the formation of 3-Al,O3 and accelerate
sodium attack, while YAG particles are resistant to this attack. 14
Since grain-boundaries usually enhance the corrosion rate in
TPCA, it is expected that the elimination of grain-boundaries
near the surface, by the formation of BLS grains, can signifi-
cantly increases the corrosion resistance against the aggressive
atmospheres. A corrosion study, however, is necessary in order
to confirm the hypothesis that the alumina ceramics with bi-
dimensionally large surface grains have an increased corrosive
stability compared with more fine-grained surface microstruc-
tures.

5. Conclusions

Alumina ceramics with bi-dimensionally large surface (BLS)
grains and high in-line transmittance (up to ~40% at 0.5 mm-
thickness) were prepared. These grains were flat, parallel to the
surface with ~100 wm-thickness and lateral sizes up to the mil-
limeter range. The key factor that limited the light transmission
in these materials was the formation of a thin layer of pores
entrapped inside the large surface grains within a narrow zone
at 10-20 wm distance from the surface. The fraction of these
pores is thickness-invariant. The introduction of a surface scat-
tering factor related to the microstructure, Ss (Eq. (3)), made
possible the quantification of the effects of different scattering
centers. The addition of CaO and Y,O3, together with MgO,
lowered significantly the factor Ss (that is, lowered the frac-
tion of pores entrapped inside the BLS grains) and also affected
the scattering coefficients of grain-boundaries, Sy, and second-
phase particles, Sp. The in-line transmittance of samples M
(300 ppm MgO) and MC (300 ppm MgO and 150 ppm CaO)
increased slowly with the increase of sintering time, because
of the slow rates of pore elimination in BLS grains. The rapid
increase of in-line transmittance of sample MYC (300 ppm
MgO, 100 ppm Y,03 and 50 ppm CaO) was caused by the rapid
decrease of coefficients Sy and Sp with the increase of sintering
time.
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