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Abstract—We developed a non-contact method for the in-situ 

monitoring of the thermal forming of glass and Si foils to optimize 
the manufacture of mirrors for high-resolution space x-ray 
telescopes. Their construction requires precise and light-weight 
segmented optics with angular resolution better than 5 arcsec. We 
used 75x25 mm Desag D263 glass foils 0.75 mm thick and 0.6 mm 
thick Si foils. The glass foils were shaped by free slumping on a 
frame at viscosities in the range of 109.3-1012 dPa·s, the Si foils by 
forced slumping above 1000°C. Using a Nikon D80 digital camera, 
we took snapshots of a foil’s shape every 5 min during its isothermal 
heat treatment. The obtained results we can use for computer 
simulations. By comparing the measured and simulated data, we can 
more precisely define material properties of the foils and optimize 
the forming technology. 
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I. INTRODUCTION 
EW astronomical projects on space x-ray telescopes with 
higher resolutions require novel substrates and cost-

effective technologies for the construction of their x-ray 
reflecting mirrors. The mirror is the most crucial part of the 
International X-Ray Observatory IXO developed by ESA, 
NASA, and JAXA. The mirrors must be light and precisely 
shaped to allow multiple nesting with angular resolution better 
than 5 arcsec. Promising materials for the mirrors are thin 
glass sheets [1, 2] or Si wafers [3-7]. They can be precisely 
shaped by thermal forming to fit the mostly used Wolter type-
I geometry [8] while keeping their surface micro-roughness 
sufficiently low [9]. To achieve these demanding parameters, 
the forming technology requires further development and 
optimization. Therefore, we need very detailed information 
about material properties and their temperature dependence as 
well as about the dynamics of the thermal forming process. 
Such information can be collected by the in-situ monitoring of 
the forming process. The obtained data we can use for 
computer simulations and further optimization of the forming. 
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II.  EXPERIMENTAL 

A. Glass Thermal Forming 
To monitor free slumping of glass, we used borosilicate 

glass Desag D263 that is produced by Schott company. The 
micro-roughness of this glass is only few 0.1 nm, density is 
2.51 g·cm-1, and the glass exhibits very good chemical 
durability. We monitored the slumping of glass foils with 
rectangular shape 75x25 mm that were 0.75 mm thick. Each 
foil was placed on two parallel corundum rods supporting it at 
edges. During the experiment, the foils were heated in an 
electric furnace from the room temperature up to soaking 
temperatures slightly above the glass transition temperature. 
The corresponding viscosities η were from 1012.0 to 109.3 
dPa·s. Figure 1 shows a glass foil placed in the oven and its 
shape development during heat treatment at η = 109.9 dPa·s 
after 20, 40, and 60 min. 

 

 
Fig. 1 Slumping of a glass foil at η = 109.9 dPa·s by heat treatment  

for 20, 40, and 60 min 

B. Silicon Thermal Forming 
For silicon thermal forming, we chose 0.6 mm thick Si 

monocrystal wafers doped with B. Their orientation was 
<100> and the micro-roughness of their surface was below 0.2 
nm. The wafers were cut to 75x25 mm samples. In our 
experiments, we thermally shaped these Si foils by forced hot 
plastic deformation [10]. For achieving plastic deformations, 
we put our samples into an electric furnace and heated them 
up to temperatures above 1000°C. Simultaneously, we applied 
additional vertical force in the range from 1 to 5 N. The 
forming process was relatively slow, and to achieve sufficient 
bending in the range of 0.4-3 mm, it was necessary to keep the 
samples at constant heat-treatment temperatures from 60 to 
120 min. These experiments will be continued with the aim of 
studying the thermal forming of Si monocrystals in detail, and 
to measure and verify all relevant material constants at high 
temperatures. 
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C. In-Situ Monitoring 
For in-situ monitoring the changing shape of foils during 

thermal forming, we developed a non-contact method. During 
the heat treatment, we took snapshots of a foil inside the oven 
every 5 min. We used a Nikon D80 digital camera with an 
aspherical objective Tamron XR Di II AF 18-200mm. To 
detect and measure shape changes, we developed new 
software and automatically or semi-automatically processed 
the series of images with a computer including precise 
calibration. The final shape of the samples was measured with 
the Taylor Hobson PGI PLUS contact profilometer at a room 
temperature in order to obtain accurate data for fitting the 
shape and calibration. For each sample, we measured three 
parallel lines of orthogonal directions; in the center and close 
to the edges. Recorded data were processed with Taylor 
Hobson and Matlab software. 

III. RESULTS 
Taking snapshots of the foils during their isothermal 

forming enabled us to detailed monitoring the of their shape 
development. This non-contact optical method gave us 
possibility to study in-situ the dynamics of the thermal 
forming process. The obtained shapes were fitted by parabola, 
polynoms, or circle, and the differences between the 
theoretical and real shapes were calculated. After the forming, 
the final shape was measured by the profilometer. In Figure 2, 
the output from the profilometer shows the differences 
 

Fig. 2 Glass shape deviation from circle with radius 2033 mm 
 

 
Fig. 3 Average sagging velocity as a function of glass viscosity 

 

Fig. 4 Deflection as a function of viscosity and heat-treatment time 
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Fig. 5 Map of deflection as a function of viscosity and time 
 

between the sample shape and the fitting circle of radius 
2033 mm with peak-to-valley value PV = 27 µm. 

For calculating the glass viscosity from temperature [11], 
we used (1): 
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where η is the viscosity in dPa·s and t is the temperature in 
°C. We characterized the sagging process by using the value 
of deflection d in the middle part of the sample and the 
average sagging velocity va for the time interval 0-180 min. In 
Figure 3, the plot of va versus log η indicates a strong effect of 
the viscosity on sagging. To illustrate both the effect of η and 
heat-treatment time τ on d, we calculated a 3-D plot and a map 
shown in Figures 4 and 5. The map contains isolines of a 
constant d and where values 0.35, 0.70, and 2.83 represent 
deflections for radius 2, 1 and 0.25 m, respectively. 
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Fig. 6 Silicon foil shaped with a pressing mold of radius 10 mm 

 
Fig. 7 Silicon foil shaped with a pressing mold of radius 75 mm 

 
Successful shaping of silicon foils by hot plastic 

deformation confirmed again the feasibility of this process. To 
enable the deformation, our selected thin Si foils contained 
sufficient concentration of suitable dislocations. At 
temperatures above 1000°C the mobility of dislocations 
significantly increased and the application of vertical force 
facilitated plastic deformation of the samples. In Figures 6 and 
7 you can compare two examples of silicon foils shaped with 
a pressing mold of radius 10 or 75 mm. 

IV. DISCUSSION 
 By using the developed method for in-situ observations, we 
were able to study the dynamics of thermal forming processes. 
The free slumping of borosilicate glass foils Desag D263 was 
possible in the viscosity range from 109.3 to 1012.0dPa·s. The 
shapes of glass foils were parabolic but it was also possible to 
fit them with circles with peak peak-to-valley values typically 
between 25 to 35 µm. We still continue in our effort to 
decrease these values to the micron region by optimizing the 
forming process. The plastic deformation of the glass foils 
was strongly dependent on viscosity, which is evident from 
the dependence of the average sagging velocity. When the 
viscosity decreased from 1012.0 to 109.3 dPa·s, the velocity 
increased about 10 times, and this increase was exponential 
for the viscosities from 1011.0 to 109.3 dPa·s. For the viscosities 
below 109.9 dPa·s the velocity increase became less steep, 
which could be caused by a higher friction and sticking of 
glass to the supporting corundum rods. The effects of both 
viscosity and heat-treatment time on glass sagging is clearly 
illustrated in the 3-D plot, where you can see that the 
deflection increased exponentially with increasing viscosity 
and linearly with increasing time. For η < 1011.0 dPa·s, the 
relatively flat region steeply increases. This trend is also 
clearly illustrated in the map with the isolines of constant 
deflections. Using this map, we can easily determine the 
parameters of the heat-treatment to manufacture samples with 
required deflections. For example, to prepare samples of 
radius 0.25, 1, or 2 m, we need to achieve the deflections 

d = 0.35, d=0.7, or d = 2.83, respectively. These isolines can 
be represented by equations. For example, by using (2), we 
can calculate the time required to form samples of radius 1m 
as a function of viscosity: 

20583log3.6411log53.664log927.22 23
1 −+−= ηηητ    (2) 

 
where τ1 represents the heat-treatment time in minutes needed 
to form a glass foil with radius 1 m. To effectively control and 
speed up the forming process, we consider the optimal heat-
treatment time to be between 10 and 30 min. Hence, to form 
samples of radius from 0.25 to 2 m, the optimal viscosity must 
be between 109.3 and 1011.0 dPa·s. 

Our experiments demonstrated that thin silicon foils can be 
thermally formed when we reach the region of plastic 
deformation. It was much more difficult to achieve this type of 
deformation in silicon than in glass. Since the hot plastic 
deformation is controlled by dislocations, we need to use foils 
with sufficient concentrations of properly oriented 
dislocations. The dislocations move through the silicon foils 
in a viscous manner; therefore, we need to operate at 
sufficiently high temperatures to facilitate their transport 
through the substrate that is under additional vertical pressure. 
In our experiments, we had to heat the foils above 1000°C for 
more than 60 min. The radius of pressing mold significantly 
influenced the shape of silicon foil. The mold with bigger 
radius formed more circular shapes. Precise forming of silicon 
foils at such conditions turned to be a highly demanding 
process that was even more complicated, when we bent the 
foils not only in one direction but in two perpendicular 
directions. 

A large number of data collected during our experiments 
was processed and has been used for the development of a 
numerical model to simulate the thermal forming process. The 
model has been developed in Comsol Multiphysics software 
with CFD module [12]. Comparing the measured and 
simulated data has helped us to more precisely determine 
material properties of the foils and their temperature 
dependence. This deeper insight has helped us to improve and 
optimize the forming; for example, by adding more 
thermocouples, by adjusting the geometry of the supporting 
frame, and by modifying heat-treatment conditions. Thus, we 
have been able to develop a more realistic numeric model for 
the computer simulation of the thermal forming process. 

V. CONCLUSION 
The developed non-contact optical method was suitable for 

in-situ monitoring of the thermal forming process. By using 
this method, we were able to study the process dynamics. The 
shaping of the glass and silicon foils was possible in the 
region of hot plastic deformation. Free slumping of the glass 
foils was strongly influenced by viscosity, and its shape could 
be fitted by parabola or circle with peak-to-valley values from 
25 to 35 µm. We still work on improvements to make this 
thermal shaping of free-standing foils competitive to mandrel 
based thermal shaping. We calculated and plotted the relations 
between glass shape, viscosity, and heat-treatment time. To 
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form shapes with radius from 0.25 to 2 m, we consider the 
optimal heat-treatment time to be between 10 to 30 min, than 
the corresponding viscosity should be in the range of 109.3 - 
1011.0 dPa·s. Forced thermal slumping can be used for the 
shaping of thin silicon foils. The foils must contain sufficient 
concentration of properly oriented dislocations to undergo hot 
plastic deformation at temperatures above 1000°C. The 
experimental data obtained from the in-situ monitoring has 
been used for developing a numerical model that has been 
applied in the simulation of the slumping process. The 
monitoring of slumping gave us detailed information about the 
material properties of the foils helping us to better understand 
and control the thermal forming process. 
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