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Glass powder of composition 70Te0»-20W0O3-10La,03 (mol%) was sintered to high density within a hot-press
using a sacrificial powder as a pressure-transmitting medium. The potassium chloride (KCI) sacrificial power was
found to minimize sample friction and adhesion to the die during pressing, facilitated the extraction of the
densified sample from the die and was easily removable due to its water solubility. This fabrication process

maximizes pressure transference to the green-body and enables sintered parts with optical quality comparable to
those obtained by the melt-quench technique.

1. Introduction

Solid-state pressure-transmitting medium can be used to form
complex-shaped samples by hot-pressing, without the use of convoluted
die configurations [1-5]. This pressure-transmitting medium can be
chosen to facilitate demolding. When introduced in the powder form,
this pressure-transmitting medium maintains high flowability during
the initial stage of sintering and provides an isostatic state-of-stress
around the green-body. As densification proceeds, this condition can
evolve towards a non-uniform state-of-stress due to a decrease in the
transmitted pressure near the die walls, and yield concave-shaped sin-
tered bodies [5]. However, the magnitude of this deviatoric stress can
be reduced by using a highly plastic pressure-transmitting powder [1]
or by adjusting the die aspect and filling ratios. This fabrication method
can be applied to the sintering of glasses, glass-ceramics and in the
manufacture of glass composites. In addition, the pressure-transmitting
phase can also serve as a diffusion-barrier to prevent contamination
from the die and, for example, limit oxidation-reduction reactions be-
tween a graphite die and an oxide sample.

To illustrate the potential of this technique, we investigated the
sintering of tellurite 70Te0,-20W0O3-10La;03 (TWL) (mol%) glass
powders using potassium chloride (KCl) as the sacrificial pressure-
transmitting medium. Tellurium dioxide based glasses are highly so-
luble to rare-earth elements which makes them well suited as laser

sources, amplifiers and optical fibers [6-9]. TWL glasses have also been
shown to be highly stable to crystallization [10,11] which makes it an
ideal candidate for sintering . KCl was selected as the candidate of
choice due to its face-centered cubic structure and the many active slip
systems this crystalline structure provides. Compared to other iso-
structural salts, the high plasticity of KCl was found to be well-suited at
transferring applied pressure to the TWL glass powders.

2. Material and methods

Powders used in the effort were prepared from parent glasses made
by traditional melt/quench methods. The parent TWL glass was pre-
pared from the following constituent oxides: 99.9% TeO, from Todini,
99.8% WOs3 from Alfa Aesar and 99.99% La,O3 from Rhoéne-Poulenc.
These oxides were placed in a high purity platinum crucible where they
were melted at 850 °C for one hour in air and stirred four times to
remove trapped air bubbles and homogenize the melt constituents.
Melting times for tellurite glasses are typically short, as melt volatili-
zation can occur during extended melt times changing the composition
of the melt. The homogenized melt was then quenched between two
room temperature brass plates. The as-quenched ‘parent’ bulk glass was
ground into powders, sieved, and classified by grain size in batches of
coarse (100 to 250 um) and fine (smaller than 100 um) powders. A
microscope image of the TWL parent-bulk glass is shown in Fig. 1. A
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sample of the bulk parent glass (post-annealed) was used for compar-
isons of density, index of refraction and transmission. As hydroxyl
groups are a common impurity in TWL glass compositions [12], leading
to infrared absorption loss [6], batch raw materials, post-processed
parent glass and post-sized powders need to be stored in desiccators to
minimize adsorbed moisture.

3. Experimental

Differential scanning calorimetry (DSC) was used to determine the
glass transition temperature and first crystallization peak of the parent
glass powders and from this information a target sintering temperature
was selected. This target temperature was chosen to avoid crystal-
lization and yet be of high enough temperature to achieve rapid den-
sification.

Glass sintering experiments were carried out by cold-pressing 20 g
of coarse TWL glass powder under rough vacuum (> 10~ torr) within
a uniaxial steel die to form the initial green-body. ‘Coarse’ powder was
chosen for the sintering process as it was previously found that ‘fine’
particles poorly densified. The resulting green-body was surrounded by
KCl powder, which had previously been stored within a 100 °C oven
until use. The encapsulated preform was loaded into a separate steel die
placed in an airtight hot-press container [13]. This container, shown in
Fig. 2, allows for flushing of inert gas and drawing of rough vacuum
while being able to compress under a uniaxial load. Multiple vacuum-
compatible feedthroughs exist on the device for electrical connections
and thermocouples. A resistive coil heater and PID controller were used
for temperature control.

A thermocouple was inserted into the body of the sleeve near the
sample location and the die was sealed within the vessel. The container
was brought to rough vacuum and then flushed with argon gas three
times and then held at rough vacuum for the remainder of the sintering
experiment. The vessel was heated and held at the soak temperature,
which was selected to be above the glass transition but far below
crystallization, while being pressed down upon by a die press for a
period of approximately 15 min. Then the pressure was released, and
the die was cooled. The TWL, encapsulated in KCl, was extracted from
the die and placed in water to dissolve the KCl. The sintered glass
sample was then polished before transmission and index of refraction
measurements.

The density of the resulting sintered glass specimen and the parent
bulk melt/quench glass were determined by the Archimedes’ method

Fig. 2. Vacuum-compatible compressible container used in the sintering ex-
periments. Feedthroughs for a vacuum and gas line along with thermocouple
are shown connected to the base. A die press is shown pressing on the vessel
which in turn applies pressure on a steel die located inside.

using an Adam Equipment PW 254 analytical balance with an added
density kit. The samples were suspended in deionized water at 21 °C
and the density is the average of five measurements with error calcu-
lated from the standard deviation of these measurements. Differential
scanning calorimetry (DSC) measurements were performed on sample
powders of approximately 20 mg mass using a DSC204 F1 Phoenix
device with aluminum pans at a heating rate of 5 °C/min. The glass
transition temperature was calculated by finding the peak of the first
derivative of the heat flow signal and the onset of crystallization via the
intercept method and the error was estimated to be = 2°C. These
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measurements were used to compare crystallization behavior as an
indicator of possible ceramization. X-ray diffraction (XRD) analyses
were carried on bulk and sintered glass samples using a Malvern
PANalytical Empryrean device with a copper X-ray tube. The raw data
was processed using Highscore software where background was re-
moved, and the diffraction peaks due to the presence of the K, line of
Cu stripped from the data. Electron dispersive X-ray spectroscopy (EDS)
was used to determine if potassium or chlorine were present within the
sintered samples, either on the surface or in the bulk. EDS measure-
ments were performed using a Zeiss ULTRA-55 FEG scanning electron
microscope (SEM) equipped with Noran System 7 EDS. A reference
spectrum was collected by taking the average of five normalized spectra
obtained from the top of a polished melt/quench sample. This reference
spectrum was subtracted from an average of eleven spectra obtained
from the top surface of the sintered sample (closest to the steel top
plunger). The limited thickness of the sintered sample made the con-
tribution from the conductive silver paste and aluminum sample holder
unavoidable.

The optical quality of the sintered samples was evaluated by com-
paring their transmission spectrum and index of refraction to that of a
melt/quench bulk glass of same composition. The index of refraction
was measured at multiple wavelengths using a Metricon 2010 M system
modified for use in the infrared as described in [14]. The index of re-
fraction measured at five wavelengths was fitted using a Sellmeier
equation. The transmission measurements were performed using a
Thermo Scientific Nicolet iS5 Fourier transform infrared spectrometer.

4. Results

To interpret the results of the TWL glass sintering process and role of
the sacrificial KCl powder on the resulting post-sintered material's
physical properties, the characteristics of the parent, bulk, TWL glass
was compared to that of the post-sintered glass sample (TWL sample
20).

4.1. Sintered sample physical appearance

Extraction of intact samples from the die following pressing was a
challenge throughout the study. However, improvements that led to
parts over a centimeter in size were realized with the use of KCl powder
where samples could be more readily demolded from the die without
fracture. Prior to its use, glass samples would adhere to the body of the
steel die or flow between the die parts causing die seizing. With KCl, the
part could be extracted intact, with limited fractures in its bulk re-
sulting from either thermal and/or mechanical stresses arising through
the press schedule (Fig. 3a).

Once the sample was extracted from the die, the KCl encapsulant
surrounding the sintered TWL part was removed by dissolving it in
water. While the KCI could be completely dissolved with this process,
some artifacts from the powder were seen on the as-pressed part prior
to polishing. Surfaces of the TWL sintered samples were found to ex-
hibit a roughened surface with texture due to the ‘imprint’ pattern from
deformed and densified KCI in intimate contact with the sintered part
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during pressing as shown in (Fig. 3b/c). Upon polishing this roughness
was removed. All as-pressed samples exhibited a slight haziness and
dispersed dark brown inclusions (Fig. 3a) which is evident when com-
pared to a melt/quench TWL bulk glass (Fig. 3d). The dark brown spots
scattered in the majority of the sintered samples are similar to those
seen in SPS samples induced by carbon contamination [15]. Never-
theless, our efforts to determine the origin of these spots have not yet
been conclusive as many efforts were made to reduce carbon con-
tamination from trapped CO, and CO gases within the process without
noticeable impact on the occurrence of the inclusions. Therefore, the
possibility that these dark brown inclusions may also be color-centers or
localized tungsten reduction has not been ruled out.

4.2. Thermal, microstructural and optical properties of sintered twl glass

The density of the TWL sintered sample glass was measured and
found to be 6.09 * 0.01 g/cm® compared to that of the parent TWL
bulk glass of 6.07 + 0.02g/ cm®. Full densification was achieved but
the difference in thermal history between bulk and sintered specimens,
makes a direct comparison difficult. The density of the sintered glass
slightly exceeds that of the unannealed starting powder from which the
part derives. The density of the TWL bulk glass and TWL sintered
sample glass are within the margin of error of the measurement tech-
nique and thus any difference between them, is likely attributable to
this difference in thermal history from the anneal and sintering pro-
cesses. The results indicate that well-densified samples can be obtained
through a sacrificial powder approach using KCl.

To determine whether the sintering process has modified the extent
of crystallization in the post-processed part, DSC was carried out on the
sintered sample and compared to the starting (coarse) powder, as
shown in Fig. 4. As can be seen, the sintered sample has a fully resolved
crystallization peak near 510 °C which has been shown to be associated
with surface forming La,;TegO;5 crystalline phase in research with same
composition glasses by Dohlen [16]. Fujimoto et al. also observed this
crystalline phase in a similar composition tellurite glass [17]. This
larger exotherm in the sintered samples is likely due to traces of the
original grain boundaries. However, it may also be the case that some
additional level of crystallization occurred during the reheating of the
glass powder in the sintering process. The temperatures associated with
the various DSC results for each sample, has been compiled in Table 1.

In order to further assess whether crystallization has occurred
during sintering, XRD was performed on the TWL sintered glass and the
parent coarse glass powder. Specimens were both ground and sieved to
select for particle size smaller than 75 um in order to avoid size-de-
pendent differences in XRD results. The results of this powder diffrac-
tion measurement are shown in Fig. 5 where blue drop lines have been
added to denote the crystalline La;TegO15 phase. As noted above, this
crystal phase, while not readily apparent in the parent or sintered part,
is believed to be associated with the lower temperature crystallization
peak observed in DSC near 510 °C. It appears that either crystallization
did not occur, or it is below the level of detection of XRD owing to being
too small in size and volume fraction.

EDS shows that potassium and chlorine from the sacrificial powder

Fig. 3. (a) Example of a sintered TWL glass
pellet obtained by hot-pressing with KCl sa-
crificial powder. The sample is shown after
polishing and is 1 mm thick. (b) Sintered TWL
fragments illustrating the surface roughness of
the unpolished glass. The upper right piece
pictured here (circled) has been partially po-
lished to show the difference in surface texture.
(c) SEM image of the rough surface before
polishing. (d) the bulk melt/quenched TWL

parent glass showing the difference in coloration when compared to (a). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 4. DSC of TWL parent coarse powders and post-sintered TWL sample
powder measured at heating rates of 5 °C/min.

do not appear to be present within the sintered sample. In Fig. 6, the
regions where the potassium and chlorine peaks would be, if present,
have been highlighted and no detectable contribution from either is
seen. Therefore, contamination from the sacrificial powder can be ruled
out as a contributing factor for both the increased density and any
changes to the index of refraction or absorption spectrum.

The index of refraction of both the bulk glass and sintered TWL
sample were obtained at multiple wavelengths within the glass’ mid-
wave infrared transmission region and fitted with a Sellmeier equation
as shown in Fig. 7a. The coefficients obtained for the Sellmeier equation
for these two fits are provided in Eq. (1).

Bulk: n? = 4.50035 + (M)

22 -19.8026%

2% 72
TWL Sintered Sample: n? = 4.5421 + ( 27846671 % )

22 —21.100782

(€Y

Eq. (1). Sellmeier equations for TWL bulk and sintered glasses.

As illustrated in Fig. 7a there is a measurable change in refractive
index realized upon sintering as compared to the parent bulk TWL glass.
This difference is 0.71% at 4 um. This difference cannot be due to na-
nocrystallization since the increased density of the crystalline phase
would cause an increase in refractive index which is not observed here.
Change in composition is also unlikely due to the sintering temperature
being well below the melt temperature and the observation that loss-on-
ignition (due to TeO, departure) being negligible below the melting
point of tellurites [18]. Hence, with the previous evidence of negligible
density change and lack of observed crystalline phase formation via
XRD, it is inferred that the very minor index variation is due to either a
difference in thermal history, residual porosity or both.

Fig. 7b illustrates the infrared transmission variation of the parent
bulk glass to that of the sintered TWL material. Samples were measured
at the same time, taking care to ensure that the sample chamber was dry
and purged with N,. The sintered TWL has a greater loss in the near-IR
than that of same parent glass composition indicating that absorption
and scatter may be higher in the sintered part. No UV-VIS spectro-
photometry was made on these samples. These data indicate moisture
contribution to the processed part, and the possibility of scattering
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Fig. 5. Powder X-ray diffraction on sintered and parent TWL glasses with
particle sizes < 75um. Drop lines have been added to show the pattern of
La,TegO;5 crystalline phase based upon JCPDS 00-043-0551.
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Fig. 6. EDS spectra acquired from the top surface of a sintered TWL sample
with the melt/quench spectra subtracted. The regions where Cl and K con-
tamination would appear, if present, have been highlighted. The Al and Ag
peaks are experimental artifacts from the sample holder and conductive paste,
respectively.

centers from microcrystals or residual porosity. Hence, atmospheric
moisture and CO, were minimized. Despite these efforts a new ab-
sorption band near 4.3 pm is observed in the sintered part, suggesting
that even with multiple flushing cycles with Ar during the vacuum
sintering process, some atmospheric contamination to the sintered part
may be occurring. This feature has been well documented in other
tellurite compositions where atmospheric moisture content in the bulk
material, can be eliminated in doped glasses where re-absorption of

Table 1

Tabulated results of the DSC measurements shown in Fig. 4. Temperature values are given within = 2 °C.
Sample Type Heating Rate ( °C/min) Mass (mg) Ty (°C) Tp1 (°0) Tp2 (°C)
TWL Sintered Sample 5 20.7 442 510 573
Parent-Coarse 5 24.7 441 Unresolved 575
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Fig. 7. (a) Index of refraction measurements obtained through use of a prism coupler method. These measurements are fitted with a Sellmeier equation. Errors in the
refractive index measurements are less than 0.0006 (b) Transmission spectra of sintered and parent bulk glasses.

luminescence is problematic [19]. No significant change in the long-
wave (multiphonon) absorption edge was noted suggesting that the
processing protocol used to realize the sintered glass part, does not
adversely impact the spectral window beyond those issues noted.

5. Conclusion

TWL glass powders can be densified to high density using potassium
chloride as an encapsulant within a uniaxial hot-press. The high plas-
ticity and water solubility of KCl simplifies the demolding of the glass
sample from the die and simplifies the removal of the salt from the glass
after processing. The low melting temperature of KCl precludes its use
with the sintering of many glasses but is well suited to the sintering of
many IR transparent optical glasses and glass ceramics. A TWL glass
sample sintered via this process may have a small amount of nuclei as
indicated by thermal analysis, though not clearly evident via XRD. The
experimental process adopted prevents the contamination of the TWL
sintered samples by the KCI sacrificial powder. This sintering process
has a measurable impact on the index of refraction when compared to
glass processed by a traditional melt/quench process due to differences
in thermal history and the possible presence of residual porosity.
Further process optimization on this glass is necessary to further reduce
optical loss.

This method of using KCl, or other highly plastic salts with similar
or higher melting points, as a sacrificial powder may be valuable in SPS
in creating complex shapes and the co-sintering of glass and crystalline
powders to create near net shape glass-ceramics or in the reduction of
carbon contamination in SPS.
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