This is the Pre-Published Version.

The following publication Zhou, T., Zhou, Q., Xie, J., Liu, X., Wang, X., & Ruan, H. (2017). Surface defect analysis on formed chalcogenide glass Ge 22
Se 58 As 20 lenses after the molding process. Applied Optics, 56(30), 8394-8402 is available at https://doi.org/10.1364/A0.56.008394

© 2017 Optical Society of America. One print or electronic copy may be made for personal use only. Systematic reproduction and distribution, duplication
of any material in this paper for a fee or for commercial purposes, or modifications of the content of this paper are prohibited.

Surface defect analysis on formed chalcogenide glass
Ge,,Ses53As,o lenses after the molding process

*
TIANFENG ZHOU,"" QIN ZHou,' JiaQING XIE,* XIAOHUA Liu," XIBIN WANG,*
HAIHUI RuAN %7

1Key Laboratory of Fundamental Science for Advanced Machining, Beijing Institute of Technology, Beijing 100081, China
2Depclrtment of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

*Corresponding author: zhoutf@bit.edu.cn
fCorresponding author: haihui.ruan@polyu.edu.hk

Chalcogenide glass (ChG) is increasingly used in infrared optical systems owing to its excellent infrared optical
properties and scalable production using precision glass molding (PGM). However, surface scratches affected by
the molding temperature and microdimples on the lens surface caused by gas release seriously impair the quality
of the formed lens. To reduce these surface defects when molding Gez:SessAszo ChG, the temperature effect must be
studied, and the gas generation must be minimized, while the gas escape must be maximized. In this work, we
studied the effect of temperature on the surface defects. Additionally, we studied the influences of the roughness
and curvature of the contact surfaces as well as the pressing force on the formation of the microdimples. It was
found that the molding temperature should be approximately 30°C higher than the softening temperature (7s) to
avoid surface scratches, the gas generation could be inhibited by increasing the pressing force and decreasing the
roughness of the mold surface, and increasing the curvature difference between the mold and glass preform
surfaces improved the gas escape.

OCIS codes: (160.2750) Glass and other amorphous materials; (220.4610) Optical fabrication; (240.5770) Roughness; (240.6700) Surfaces.

1. Introduction

Chalcogenide glass (ChG) has been extensively applied in infrared
optical systems, such as in thermal imaging and night vision(12] owing
to its wide transmission wave band from near to far infrared
wavelengths and its excellent athermalization and achromatism
propertiesBl. To date, ChG lenses have mainly been machined using
single-point diamond turning and ultraprecision grindingl4], by which
subwavelength form accuracy and nanoscale surface roughness can be
achieved. However, these methods are high cost with low efficiency.
Precision glass molding (PGM) is usually used to produce oxide glass
lenses in mass production to achieve high efficiency, which has been
extended to molding ChG lensesl>¢] by a few researchers. In contrast to
oxide glass, the optimum molding temperature of most ChGs is
uncertain, and most ChGs have a greater saturated vapor pressure,
which enables the release of trace gases during the molding process.
When these gases cannot escape, the lens shape and surface qualityl’]
are severely impaired. To obtain ultraprecision lenses, the optimum
molding temperature must be found. Also, the gas release and gas
escape must be controlled.

Molding experiments using ChG were first reported by Zhang et al
at the French company Umicore IR Glass S.Al4. They produced
spherical and diffractive lenses using Gez2As20Sess and GezoSbisSess.
The maximum shape errors of their molded spherical and diffractive

lenses were approximately 0.3 pm and 2 pm, respectively. They
proposed that the molding temperature should be higher than the
softening temperature (7s) to achieve sufficient fluidity for filling the
volume between the molds. In the same year, Zhang et al, at the
University of Rennes 116], reported a similar result that the shape error
of the molded Gez2As20Sess spherical lens was approximately 0.4 um
and proposed that the molding temperature should be above Ts. They
compared the transmission between a molded and a mechanically
polished disc of ChG and corroborated that the molding process would
not deteriorate the excellent transmission of ChG. Cha et al8! studied
the effect of temperature on the molding process of Ge1oAs4oSeso, and
they suggested that the ChG should be heated to a temperature less
than the glass transition point (Tg) in the initial heating stage and
molded at a temperature higher than Ts to prevent breakage. They also
evaluated the quality of molded lenses based on the replication quality
of the surface of the mold using IR transmittance and X-ray diffraction
patterns and concluded that molding temperatures above the Ts would
not deteriorate the optical properties of ChG. Liu et all®l conducted
PGM numerical simulations for GessAsi2Sess to investigate the
variations in its thermomechanical properties. Li et al10] developed a
localized rapid heating process utilizing a fused silica wafer coated with
a thin graphene layer which was heated by a power source to heat only
the surface of the ChG. They concluded that localized rapid heating
process by using graphene coated fused silica wafer was characterized



and can be readily implemented in replication of micro scale ChGs.
Zhou et al11] evaluated the stress relaxation behavior of AszS3 above
its glass transition temperature and calculated its refractive index
change during cooling. Finally, they provided reliable references for
viscoelastic characterization of As:S3 glass, and confirmed that the
refractive index drop is strictly dependent on the cooling rate
logarithmically by using Tool-Narayanaswamy-Moynihan model and
that the slower the cooling rate is, the less the refractive index drop will
be.

In our earlier studies, the Maxwell and Burgers models for creep
and stress relaxation behavior have been used in finite element
simulations of the glass molding process(12.13], and the deformation
behavior of oxide glass at temperatures near the Ts has been
modeled(14l. Based on these theoretical works, aspheric lenses [15.16],
microgroove arrays and micropyramid arrays [17.18]1 have been
successfully molded. To improve the flowability and reduce adhesion
at high temperatures, ultrasonic-vibration-assisted molding has been
used, which achieves better forming accuracy and surface quality(19.20],
especially when fabricating microfeatures. However, the knowledge
established on molding oxide glass cannot be directly applied to ChG
because the uncertain molding temperatures and gas release during
ChG molding, which can result in surface scratches and surface dimples
as well as shape deviations, have not been considered. To achieve a
clear understanding and to better control the molding quality, this
work focuses on experimentally determining the effects of several
processing parameters, such as the temperature, pressure, surface
roughness and curvature difference, on the surface defects.

2. Glass molding experiments and surface defects

A. Cylindrical molding experiment using ChG

In A PGM process has four stages: heating, pressing, annealing and
cooling, as schematically shown in Fig. 1. The cylindrical molding
experiments were carried out by using an ultraprecision glass molding
machine PFLF7 (SYS Co, Ltd, Japan) with seven stations, which are
driven by seven cylinders. The cylindrical glass preforms were
compressed between a pair of tungsten carbide molds with an inner
sleeve to guide the motion of the upper mold and an outer sleeve to
locate the lower mold. First, the heating stage is carried out at the
stations 1, 2 and 3. Then the pressing is implemented at the station 4,
where the force is fully applied to the upper mold until it is in place and
then the force is shared by the outer sleeve. And annealing stages is
implemented at the stations 4, 5 and 6 with reduced order constant
force after the upper mold is in place. Finally, the cooling stage is
applied at the station 7. The temperature, force and upper mold’s
travel during a PGM process are shown in Fig. 2. Nitrogen gas was
purged into the molding chamber to exhaust the air, and the oxygen
concentration in the forming chamber was below 10 ppm. The molds
and the glasses were heated to the molding temperature using
resistance rods that were inserted into the mold holders. The
temperature of each mold holder was monitored and controlled with
an accuracy of +1°C. The lower mold remained stationary, while the
upper mold was pressed by a pneumatic system, in which the pressure
of the pneumatic actuator was regulated by an air compressor with an

accuracy of +0.01 MPa. The pressing force could be calculated knowing
that the piston diameter was 76 mm.
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Fig. 2. The changes of temperature, force and upper mold’s travel
during a PGM process.

In this work, ChG Gez2SessAszo preforms (NHG Co,, Ltd,, China) with
a height of 2.8 mm and a diameter of 7.8 mm were used. Their thermal
and mechanical properties are listed in Table 1, which were provided
by the glass maker NHG Co,, Ltd. The data shown in Table 1 are nearly
identical to Le Bourhis's[21] and Zhang's[4l results.

Table 1. Thermomechanical properties of GhG Gez2SessAszo

Property Value
Density p (g/cm3) 441
Young's modulus E (GPa) 18.2
Poisson’s ratio (v) 0.28
Transition temperature Tg (°C) 282
Softening temperature Ts (°C) 352
Specific heat (J/(g-K)) 0.36
Thermal expansion coefficient (10-6/K) 17

B. Surface defects on the formed chalcogenide glass lens

The cylindrical molding experiments were conducted using molding
temperatures ranging from 352°C to 392°C under a pressing force of
1362 N to find the suitable molding temperature. The ChG pillars
formed at different molding temperatures are shown in Fig. 3 with the
thickness of 2 mm. The glass broke when the molding temperature
reached 352°C, and the surfaces became scratched at 362°C and 372°C.
At the temperatures of 382°C and 392°C, fractures and scratches were
not observed but many microdimples were, as shown in Fig. 4. The
same observations were made using confocal laser scanning
microscopy (CLSM). The scratch-like surface defects were actually
caused be coalesced dimples. The maximum peak-to-valley height
difference was 1.562 pm, which is within the infrared transmission
waveband of GezzSessAszo0 and reduced the infrared transmittance. To
guarantee infrared transmittance, microdimples must be suppressed.
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Fig. 3. The pillars formed at the molding temperatures between 352°C and 392°C under a pressing force of 1362 N.
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Fig. 4. The surface morphology and contour of a formed pillar at the molding temperature of 382°C.

As Zhang et al at the French company Umicore IR Glass S.A.l4

indicated “defects in the glass such as bubbles” in their description of 70 —=— Ge

the glass production procedure and Niciu et all5 stated that higher —o— As

temperature could lead to the evaporation of some sulphur in a violent 601 . Se A V——a— A ——1———
way, microdimples were found on the surface of the formed pillar, o 504

which were presumably caused by the evaporation of selenide gas at f’gﬂ

high temperatures, which forms bubbles with various sizes. In addition, 5 40

the chalcogen elements of ChG are easily affected by impurities during 5

the preparation process and react with ions such as C+, H*, OH-and 0> o 301
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the change in the composition along the depth of the pillar before and b ¢ ¢ ¢
after forming at 382°C using energy dispersive spectrometry (EDS), as 10

shown in Fig. 5(a) and (b), respectively. For the preform, the atomic 0
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composition. After molding, the atomic composition of Se was
significantly reduced near the surface, indicating that Se was the
dominant reactant for generating selenide gases. @
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Fig. 5. Atomic percentage changes within the (a) glass preform and (b)
formed pillar.

3. Analysis of the surface defects

A. Temperature effect on the surface defects

To study the temperature effect on the surface defects and to
analyze the stress/strain distribution inside the glass, finite element
method (FEM) simulations were performed using a commercial
nonlinear FEM software, ABAQUS/Explicit. This software can be used
to visualize the glass molding process and record the strain/stress
distributions, internal temperature variations, and so on. A quarter
model was established in order to reduce the computation time, and
the assembly diagram is shown in Fig. 6. The thermomechanical
properties of the ChG material are listed in Table 1, and the molds are
described using the thermomechanical properties of tungsten carbide.
Four analysis steps were used with the lower mold fixed: step-1 is to
heat the molds and ChG to the molding temperature from the initial
field temperature of 25°C, step-2 is to press the glass with a constant
pressing force applied on the upper mold, step-3 is to set the
temperature-displacement field coupling to hold the upper mold
without a pressing force to simulate the stress relaxation process, and
step-4 is to set the temperature-displacement field coupling to
simulate annealing and cooling with the same conditions as those of
the molding experiment. The contact between the mold and glass
preform is set to surface-to-surface contact. The grid properties are set
as an 8-node thermally coupled brick, while trilinear displacement and
temperature, reduced integration and hourglass control are selected.

Outer sleeve
Inner sleeve
Upper mold
Chalcogenide glass

Lower mold

Fig. 6. Assembly diagram of the FEM simulation model.

The comparison between the experimental and simulated time-
displacement curves is shown in Fig. 7. Overall, the simulated results
agree well with experimental results, which verifies the credibility of

the simulation. The temperature transferred from the mold to the glass
with a temperature gradient, as shown in Fig. 8, achieving a layered
distribution of temperatures along the axial direction. The surface of
the glass reached molding temperature earlier than the middle of the
glass. Fig. 9 shows the temperature increase curve of the ChG glass. The
temperature began to increase quickly and then became level when
approaching the target temperature value.
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Fig. 7. Plots of the time-displacement curves of the experimental and
simulated results under a pressing force of 1362 N at the molding
temperature of 382°C.
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Fig. 8. Simulated results of the temperature conduction from the mold
to the glass.
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Fig. 9. Temperature increase curve over time for the ChG glass.




To study the ChG glass deformation at different molding
temperatures, four kinds of axial temperature distributions were
selected for compression and simulation, as shown in Fig 10.
Comparisons of the stress and strain distributions from the
simulations of the four cases with the same downward displacement
0.63 mm are shown in Fig. 11(a) and (b). It can be seen that the axial
stress distribution trends exhibit nearly the same parabola in all four
cases, in which the stress in the middle is the largest. The axial strain
distribution trend is also parabolic when the temperature is uniform
and above Ts. However, the axial strain distribution trends change
when the temperature is uneven. As shown in Fig. 11(b), the strain
increases with the increase in the temperature, but strain is not
present when the temperature is below 314°C. Therefore, breakage
occurred due to the uneven strain when the temperature was Tg~Ts.
Fig. 12(a) shows the simulated result of the strain distribution at
uneven temperatures above Ts under a pressing force of 1362 N, and
the deformation near the bottom is larger than in other places, which is
consistent with the experimental result shown in Fig. 12(b). The
simulations results indicate that the maximum diameter moved
downward because of the larger strain near bottom.
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Fig. 10. Four kinds of axial temperature distributions.
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Fig. 11. Axial stress and strain distributions in the four cases with the

same downward displacement of 0.63 mm under a pressing force of
1362 N.
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Fig. 12. Simulated and experimental results at uneven temperatures
above Ts with the same downward displacement under a pressing
force of 1362 N: (a) equivalent creep strain (CEEQ) distribution and (b)
aformed pillar.

To analyze the formation of surface scratches, the stress and strain
distributions on the top surface at different temperatures with the
same downward displacement were studied under a pressing force of
1362 N. As shown in Fig. 13(a), the radial stress distribution trends are
nearly the same at the four temperatures, in which the maximum
stress is located near the edge. Meanwhile, the maximum strain is also
located near the edge, as shown in Fig. 13(b), but the strain difference
at the temperature of 362°C is much less than that at the temperature
of 382°C, which explains that the cause of the surface scratches was
insufficient strain near the edge of the glass pillar, as shown in Fig. 3.
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Fig. 13. Radial stress and strain distributions at the four temperatures
with the same downward displacement under the pressing force of
1362 N.

surface of a formed pillar. And one spot locates at the center. The
average area ratio is obtained these five surface micrographs. More
surface micrograph can be used in calculating the average area ratio,
but the results are almost identical. In order to make the results more
vivid, the surface micrographs at the center are shown in Fig. 14 and
15, which have indicated the great difference. The area ratio of the
latter is also measured by this method. The area ratios of the
microdimple areas increased almost logarithmically with the molding
temperature, as shown in Fig. 14. By extrapolating the trend line in Fig.
14, we could estimate that the temperature for preventing
microdimple was approximately 379.8°C. However, this temperature
is too low and could lead to surface scratching. In our experiment,
surface scratches remained even after molding at 380°C. Therefore, it
was inferred that the optimum temperature would be between 380
and 382°C. In the subsequent study, we fixed the molding temperature
to be 382°C and focused on other parameters that could minimize the
effects of gas release when gas release was inevitable.
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Fig. 14. Area ratios of the microdimples at different molding
temperatures under a pressing force of 1362 N.

B. Reduction mechanism of the microdimples

1. Temperature and pressure effects on the gas generation

To reduce the microdimples, gas generation should be reduced, and
gas escape should be improved. For gas generation, the solubility of gas
has been studied, and it can be expressed using A. Sieverts’ square root
lawi24];

S = k[ Pe R, (1)

where S is the dissolved concentration, k is a constant, P is the gas
partial pressure, AH is the dissolution heat, R is the gas constant and T
is temperature. The movements of the molecules become more intense
as the temperature increases, leading to more reactions, smaller gas
solubility and more gas generation. Pressure is another contributor
that affects the gas solubility, besides the temperature. The gas density
is greater with the increasing pressure, so the free molecular motion
decreases, and the gas increasingly dissolves, as expressed by Eq. (1).
According to Dalton’s law of partial pressure, the total pressure is equal
to the sum of the partial pressures of the mixed gas [251. Meanwhile,
based on Newton'’s third lawf2¢], the total pressure increases with the
increase in the pressing force. This law indicates that the gas solubility
increases with the increase in the pressing force.

To quantify the effect of the temperature, the area ratios of the
microdimples were evaluated. Five measuring spots, each of 63 x 44
Um, are equidistantly chosen in the direction of diameter on the upper

Meanwhile, the area ratios of the microdimples with different
pressing forces were also evaluated. As shown in Fig. 15, the area ratios
of the microdimples decrease with the increase in the pressing force at
amolding temperature of 382°C. They decrease slowly from 1362 N to
2723 N and then decrease rapidly from 2723 N to 4085 N. Therefore, it
can be assumed that if the contact pressure is larger than the saturated
vapor pressure of the ChG, the gas will no longer be generated.
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Fig. 15. Area ratios of the microdimples of the formed pillars under
different pressing forces at the molding temperature of 382°C.

2. Contact surface roughness effect on the microdimples

To decrease the occurrence of microdimples on the glass surface,
the effect of the contact surface roughness was studied. Due to the
surface microstructures of the mold and glass, the enclosed spaces
resulted in a lower local pressure, as shown in Fig. 16. The pressure of
the enclosed spaces was lower than the saturated vapor pressure of



ChG, which intensified the evaporation of selenide gases and led to the
morphology that exhibited incomplete reproduction and
microdimples. However, the pressure of the joined surfaces was much
higher than the saturated vapor pressure of ChG, and hence, these
surfaces were reproduced in full. When the contact surfaces were
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smoother, the number of enclosed spaces was lower, and the gas
generation decreased. In contrast, the enclosed spaces resulted in
enclosed gas, which impeded gas escape. When the contact surfaces
were smoother, the gas escaped more completely, as shown in Fig. 17,
which also led to a better surface quality.
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Fig. 16. Schematic diagram of the microdimple formation in during the glass molding process.
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Fig. 17. Schematic diagram of the microdimple formation during the glass molding process with a high precision mold.

To verify the contact surface roughness effect, three groups of molds
were prepared with surface roughness (Ra) values of 7 nm, 62 nm and
835 nm, respectively. The surface roughness (Ra) of the glass preform
was 10 nm. The glass molding experiments were carried out under the
pressing force of 4085 N at the molding temperature of 382°C. Fig. 18
shows the area ratios of the microdimples under different mold
surface roughness values. It can be concluded that smoother mold
surfaces led to fewer microdimples, which verified the notion of the
effect of the contact surface roughness, as shown in Figs. 16 and 17.
When the mold surface roughness (Ra) was 7 nm, the area ratio of the
microdimples reached its minimum value. Moreover, 7 nm meets the
precision requirement of infrared optical applications, so it was chosen
for the next study.
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Fig. 18. Area ratios of the microdimples of the formed pillars with
different mold surface roughness values under the pressure force of
4085 N at the molding temperature of 382°C.

radius of the glass surface brings about the smaller contact area and
the larger contact pressure, which can reduce microdimples. In
addition, when the glass surface is more curved, the gas escape
becomes easier as shown in Fig. 19. This latter effect is different from
the effect of pressure and is the main point of our discussion in this
section. It can be seen from Fig. 20 that the area ratios of the
microdimples of the formed pillars decreased, or were even
completely eliminated, with the decrease in the glass curvature radius.
The surface roughness (Ra) of a formed pillar without microdimple
canreach 20 nm.
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Fig. 19 Gas escape mode during the spherical glass molding process.

3. Contact surface curvature effects on the microdimples

The effect of the surface curvature of the glass preforms was also
studied. The mold surfaces were planar with a roughness (Ra) of 7 nm.
The glass preforms had spherical surfaces with different curvature
radii. It is impracticable to control a uniform pressure between contact
surfaces. Therefore, in our experimental study of the effect of surface
curvature, we can only guarantee external force to be the same. The
effect of curvature is mixed with the pressure effect since the smaller
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Fig. 20 Area ratios of the microdimples of the formed lenses with
different glass surface curvature radii under 4085 N with a molding
temperature of 382°C.




Another experimental scheme to study the contact surface
curvature effect included reducing the curvature radius of the mold
surface, as shown in Fig. 21 (a). The glass surface was plain with a
roughness (Ra) of 10 nm. The upper mold had a spherical surface with
a curvature radius of 2.5 mm. After the experiment, the formed pillar
had a convex surface, a flat surface and a concave surface as shown in
Fig. 21 (d), (e) and (f), respectively. Moreover, microdimples were not
present on these surfaces, which means that the microdimples could
be eliminated by reducing the curvature radius of the mold. It was also
concluded that the gas generation and escape could be improved by
enlarging the curvature difference between the glass surface and the
mold surface, either by reducing the curvature radius of the glass or the
molds.

Fig. 21. Glass molding experiments with spherical molds: (a)
experimental scheme, (b) the lower surface of a formed pillar, (c) the
upper surface of a formed pillar, (d) the micromorphology of the
convex surface, (e) the micromorphology of the flat surface and (f) the
micromorphology of the concave surface.

4. Conclusions

To analyze the surface defects on chalcogenide glass (ChG) during
the molding process, cylindrical molding experiments were carried out,
and various molding temperatures were tested. The causes of the
microdimples were analyzed, and the temperature effects on the stress
and strain distribution were studied. To reduce the occurrence of
microdimples, the processing parameters, including the temperature,
pressure, surface roughness and curvature difference, were studied to
decrease the gas generation and increase the gas escape. The main
findings are summarized as follows:

(1) The molding temperature should be approximately 30°C higher
than the softening temperature (75), and strain was not observed when
the temperature was below 314°C. Brittle cracks and surface scratches
may occur if the molding temperature is below 380°C. When the
temperature is over 382°C, microdimples may occur due to gas
generation and the inability of the gas to escape. The maximum
diameter of the formed pillar moved from the middle layer during the
application of uneven temperature.

(2) To decrease the gas generation, the pressing force should be
sufficiently high to make the internal stress of ChG greater than the
saturated vapor pressure. The contact surface between ChG and the
molds should be sufficiently smooth to decrease the number of
enclosed spaces and prevent lowering the local pressure.

(3) To increase the gas escape, the contact surface between the ChG
and molds should be sufficiently smooth to decrease the number of
enclosed spaces and reduce the volume of sealed gas. The difference in
the curvature radius between the glass and the mold should be
sufficiently large to facilitate gas escape.
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