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Abstract: Thin glass foils are nowadays considered good substrates for lightweight focusing
optics, especially for X-ray telescopes. The desired shape can be imparted to the foils by hot
slumping, a process that replicates the shape of a slumping mould. During thermal slumping,
when the glass and the mould come into contact, ripples in the glass surface appear spontaneously
if the thermal expansions are mismatched. In our hot slumping setup, pressure is applied to ease
the mould shape replication and to enhance the ripple relaxation. Starting from an existing model
developed to explain the ripple formation in hot-slumped glass foils without pressure, we have
developed a model that includes the pressure to support our experimental results.
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1. Introduction

Thermal forming of thin glass foils is a technique currently used to produce lightweight X-ray
mirrors with any curvature, by replication of a reference shape. Thermally-formed glass optics
for X-ray astronomical mirrors were firstly introduced for the small size hard X-ray optics of the
HEFT (High Energy Focusing Telescope) balloon-borne experiment [1], and more recently used
for the NuSTAR mission [2]. Based on these successful applications, the thermal slumping of
glass foils is considered a promising method to fabricate focusing mirrors at an affordable cost.
Concerning large X-ray optics, thermal slumping of segmented glass mirrors was first studied
for the Constellation-X project [3] and then for the IXO mission, both by NASA [4] and in
Europe [5, 6], and was thereby considered a viable alternative for the ATHENA mission [7], in
addition to the baseline solution based on Silicon Pore Optics (SPO). Finally, the application of
piezo-electric actuators to slumped thin glass foils, in order to reach sub-arcsecond resolution,
is studied in the context of the X-ray Surveyor mission, and it is developed by the SAO/CfA
in USA [8]. Clearly, aiming to reach higher angular resolution requirements, the quality of the
optics has to be improved in terms of profile errors and microroughness. Many laboratories
worldwide are at work to reach this goal, using different thermal slumping approaches. In our
laboratories we have produced several prototypes [9], working from 2009 until 2013 under
ESA contract. Since then, the process was improved to reduce low-, mid- and high-frequency
errors in the profile of the slumped glass foils [10]. The best results were obtained coupling
the Corning Eagle XG glass with the Schott Zerodur K20, owing their very similar Coefficient
of Thermal Expansion (CTEEagle = 3.17 ×10−6 /K, CTEK20 = 2.2×10−6 /K). Eagle glass foil,
0.4 mm thick, is slumped over a convex cylindrical mould in K20, and trimmed to the final size
of 200×200 mm2. We have adopted a direct slumping configuration, in which the optical surface
of the glass is the one in contact with the mould, in order to have the mirror profile unaffected
by the thickness variation in the glass foils. With respect to other groups, our innovation is in
the application of pressure to assist the mould replica (INAF patent WO2015/022643 [11]).
A pressure of 50 g/cm2 (about 4900 Pa) was experimentally demonstrated to be essential to
minimize the mid-frequency errors of the slumped foil [12]. In this paper we present a model to
support the importance of pressure in the hot slumping technology. This model extends, with the
application of pressure, an existing theoretical approach [15], originally developed to explain the
corrugations experimentally observed in the glass foils slumped during the HEFT glass substrates
fabrication at Columbia University.

2. Modelling ripple relaxation in glass

During thermal slumping, if the glass and the mould get into contact, ripples in the glass surface
are formed. Several mechanisms contribute to the formation and relaxation of ripples, and
their modelling is quite complex. For instance, we have observed the presence of air bubbles
entrapped between the mould and the glass when no pressure was applied, as well as an increase
in ripple height when using glass and mould materials with increased CTE mismatch. On the
other hand, we have observed a better relaxation of the ripples when using soaking and cooling
times sufficiently long. The friction between the two surfaces would also play a key role, as
a lower friction would reduce the ripples formation. To describe relaxation in glass thermal
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forming different approaches can be used. Finite Element Methods were used implementing for
instance the Tool-Narayanaswamy model [13] or the Stokes creeping-flow model [14]. We have
used an analytical model proposed in 2003 by Jiménez-Garate [15], which simply describes the
origin of the corrugations experimentally observed in our slumped glass foils, typically over
spatial frequencies of 1-2 cm. In this simplified model, only the gravity and the surface tension
are considered to relax the ripples, and the relaxation time is computed analytically. We have
subsequently modified the model to include the pressure.

2.1. The Jiménez-Garate model without pressure

We hereafter recapitulate the derivation of Jiménez-Garate’s results. The formation and relaxation
of ripples involves a high number of parameters, some of which are not included in the model
for simplicity reasons, such as mould figure errors, dust particles or air entrapped between the
mould and the glass surface, non uniform temperature within the mould and the glass.

We consider a glass sheet with ripples, as displayed in Fig. 1, where λ is the wavelength of
the ripple, a its amplitude (with a � λ), R its radius of curvature, h = 2a is the peak-to-valley
value of the ripple. The ripple profile can be described by a sinusoidal function:

u(x) =
h
2

sin
(

2π
λ

x
)
. (1)

Fig. 1. A glass sheet with ripples on the surface in contact with the mould. Dimensions not
in scale.

Once generated by CTE mismatch between glass and mould, the ripples tend to relax under
the action of two forces:

1. Surface tension: from geometrical considerations, we have (λ/4)2 = (2R − a)a ∼ 2Ra,
and therefore the radius R of the ripple can be written as R ∼ λ2/32a. From surface tension
theory, there is an increase in pressure beneath the convex ripple equal to S/R, where S
is the surface tension of the air-glass interface, and a decrease in pressure beneath the
adjacent concave ripple. A differential pressure of magnitude 2S/R ∼ 64aS/λ2 therefore
acts to make the glass flow from the thicker to the thinner regions.

2. Gravity: between the thicker and the thinner locations of the glass there is a differential
hydrostatic pressure ρgh = 2ρga, where ρ is the glass density and g is the gravity
acceleration.

These two forces act to reduce the ripple height, with a force per unit area given by

F
A

=
64aS
λ2 + 2ρga. (2)
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By integration of Eq. (2) in da over the local height of the profile, we have the potential energy
per unit area:

U
A

(x) =

∫ u

0

(
64S
λ2 + 2ρg

)
ada =

(
64S
λ2 + 2ρg

)
u2(x)

2
, (3)

and the potential energy per unit area, averaged over a sinusoidal period, is〈
U
A

(x)
〉

=

(
8S
λ2 +

ρg

4

)
h2

〈
sin2

(
2π
λ

x
)〉

=

(
8S
λ2 +

ρg

4

)
h2

2
. (4)

The energy stored in the ripple is dissipated via viscosity forces. In most glass forming processes,
the glass can be considered a Newtonian fluid, which means that the viscous force is expressed
by the formula

Fyx

A
= η

dvy
dx

, (5)

where η is the the viscosity coefficient, Fyx is a force in the y direction exerted onto a surface
perpendicular to the x direction and vy is the velocity in the y direction (see the axes orientation
in Fig. 1). The dissipated energy per unit area in a time dt can be written as:

dU
A

=
Fyxdy

A
= η

dvy
dx

dy = η
dvy
dx

vydt =
d

dx

(
1
2
ηv2

y

)
dt . (6)

Since the relaxation process is extremely slow, we can replace the differentials with finite
differences: hence we set dt equal to the relaxation time τ, dx = λ, and dy = h, leading to

U
A

=
ηh2

2τλ
. (7)

Equating Eq. (7) and Eq. (4) therefore provides the relaxation time τ as a function of the viscosity
coefficient η, of the surface tension S and of the ripple spatial wavelength λ:

τ =
η

8S/λ + ρgλ/4
. (8)

We note that, in this case, τ does not depend on the ripple height h. This will be, however, no
longer true if the pressure is included.

2.2. Including the pressure in the model

We now include the pressure P in the model. This changes Eq. (2) into

F
A

=
64aS
λ2 + 2ρga + P, (9)

which, by integration, returns the potential energy stored in a ripple:

U
A

=
8Sh2

λ2 +
ρgh2 + 2Ph

4
. (10)

The ripple relaxation time of Eq. (8) thus changes to:

τ =
η

8S/λ + ρgλ/4 + Pλ/2h
, (11)

and we see that τ expression has now an additional term Pλ/2h in the denominator. The
relaxation time depends now on the ripple height h and the applied pressure P. As expected, the
application of pressure reduces the relaxation time.
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3. The application of the model, with and without pressure

Jiménez-Garate reports [15] rippling in AF45 and D263 glass types using steel, graphite and
quartz slumping moulds. Instead, in our case, we have shown the presence of ripples with Eagle
glass type using a K20 mould. In order to apply the model and compute the relaxation time τ, it
is essential to have reliable data for the surface tension S = S(T ) and the viscosity η = η(T ) of
the glass at the slumping temperatures.

For the Eagle glass, the S value was supplied by Corning (S = 0.328 J/m2 at T =1400◦C,
private communication). Owing to the weak dependence of S on T , we have used this value
in the computation of the relaxation time: using lower values, our result was not substantially
changed. On the other hand, the viscosity dependence on T is very pronounced. The η(T )
function can be computed by fitting the tabulated values reported in the data sheet (Table 1), with
the Vogel-Fulcher-Tammann (VFT) formula [16]:

log10 η = −A +
B

T − T0
, (12)

where A, B, T0 are constants characteristic of the glass species. In our work, Eagle glass foils are
slumped at 750 ◦C, which corresponds to a viscosity value η = 1010.95 Pa·s, maintained for a 4 h
time.

Table 1. Some key parameters of the Eagle glass used in our work.

Density Softening Point Annealing Point Strain Point Surface Tension
Eagle 2.38 g/cm2 971 ◦C 722 ◦C 669 ◦C 0.328 J/m2

Figure 2 shows the relaxation time, τ, as a function of the ripple wavelength, λ, computed for
the Eagle glass using Eq. (11). The trends of τ without (black lines) and with pressure (coloured
lines) are displayed at two temperatures: the soaking (750 ◦C) and the annealing (722 ◦C)
temperatures, that are maintained for a few hours throughout our slumping cycle.

Fig. 2. Predicted relaxation time of surface ripples versus ripple wavelength, for Eagle glass:
ripple heights of 200 nm are considered. The black line corresponds to the prediction without
pressure. The red, orange and green lines correspond to the predictions for P = 20, 50, and
80 g/cm2, respectively. Left: η = 1011 Pa·s (Tsoak = 750 ◦C), the blue line corresponds to a
4 h time. Right: η = 1012 Pa·s (Tann = 722 ◦C), the blue line marks a 2 h time.

Figure 2-left (750 ◦C) shows that only the ripples in the λ range below the blue line are
effectively smoothed out. Hence, ripples in the centimetre range of λ are not relaxed without
pressure application in both situations. In contrast, in the model with pressure, ripples created in
the centimetre spatial wavelength range are relaxed only at the higher temperature (i.e., lower
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viscosity) and within a 4 h timescale. This explains why a long time in needed to allow the
ripples to smooth down: based on this result, we have adopted a slow cooling time around the
annealing temperature (722 ◦C), improving in this way the optical surface of our glass foils.

4. Comparison with experiments

Three different pressure values were used to form three Eagle glass foils: E11 was slumped
with P = 20 g/cm2, E5 with P = 50 g/cm2, and E17 with P = 80 g/cm2. After forming, profile
measurements of these foils were taken with the Long Trace Profilometer (LTP) and analyzed
in terms of Power Spectral Density (PSD). The PSD values computed are consistent with the
prediction of the models (see Fig. 3), showing decreasing amplitude of profile defects as the
pressure is increased: the application of pressure diminishes the time needed for the ripples to
smooth down.

Fig. 3. Left: PSD from LTP data for Eagle glass foils slumped at different pressure values.
The experimental result is consistent with the prediction of the models (see Fig. 2), show-
ing decreasing PSD values as the pressure is increased. Right: PSD from the central
100×100 mm2 LTP data for Eagle glass foils slumped with the same pressure (and there-
fore constant τ), but different cooling rates around the annealing temperature. The gradual
relaxation of the PSD in time is apparent especially in the centimetre range.

Fig. 2-right shows that the relaxation of ripples in the cm range becomes critical, even with
pressure, as the temperature decreases. To compare this result with experiments, Eagle glass foils
were slumped at a constant pressure value of 50 g/cm2, but different cooling rates to monitor
the progressive relaxation of the ripples formed around the annealing temperature. The rate was
decreased from 9.4 to 2.5 ◦C/h, and (Fig. 3-right) the PSD improvement with decreasing cooling
rate is clearly seen. This shows that the ripple smoothing is a gradual phenomenon over time,
which can be abridged by pressure application on the glass foil.

5. Conclusion

Hot slumping of thin glass foils is a replication technique developed in several laboratories
worldwide, to produce lightweight and high angular resolution substrates for X-ray telescopes.
The innovation introduced in INAF/OAB laboratories is the use of pressure to assist the replica of
the mould figure. The use of pressure was experimentally observed to be essential to reduce mid-
frequency errors in the profile of slumped glass foils, which crucially degrade the performances
of the optics. In this paper we have supported our experimental results with a theoretical approach:
starting from an existing formalism developed to explain the ripples formation in slumped glass
foils [15] we have accounted for the pressure in the model, showing the pressure to be essential
to relax the observed ripples, and giving us the indication to reduce the cooling rate around the
annealing temperature, where the relaxation is slower owing to larger viscosity values.
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