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Abstract

The response of vitrified metallic arc foils under normal load is studied. Application of normal
load on an initial arc shaped vitrified metallic foil is followed by multiplication of the initial
arc. A sinusoidal mathematical expression can be used for the description of the produced
harmonic undulations. The number of the formed waves increases as the displacement increases.
Therefore, this undulatory behavior of the vitrified foils can be exploited as a flat spring with
multiple spring constants. For comparison crystalline foils were tested. The enormous elastic
region of vitrified alloys allows this undulatory response to occur extensively while plastic
deformation is unavoidable when crystalline foils are used. Exploiting the metallic glass
characteristics, the predefined extrema positions of the formed undulations and the mechanical

characteristics of the vitrified foils a new type of electromechanical switch is suggested.
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electromechanical switch

Introduction

Vitrified metallic alloys, as a relatively young class of material, are produced in bulk and foil
forms. Mechanical tests such as compression, tension and bending have been conducted to
characterize bulk vitrified alloys revealing their extremely high strength (2-5 GPa), large elastic
deformation (~2%), excellent superplastic formability in the supercooled liquid region [1,2]
and good wear and corrosion resistance [3]. A combination of such properties led this new class
of engineering materials to be applied in many technological fields such as MEMS (Micro-
Electro-Mechanical Systems) and NEMS (Nano-Electro-Mechanical Systems) [4-8]. Due to
their high elastic limit, nearly ten times higher than conventional crystalline materials (~0.2 %),
vitrified alloys have been reported as material for the production of springs with enhanced

properties [9].
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Metallic and semiconducting foils, thin films and membranes in wavy and buckled forms are
widely produced mainly using flexible substrates either after substrate stress release or by
lithography [10-15]. Important role for the production of the wavy patterns play the
thermomechanical properties of both buckled materials and substrate [16]. Recent research
work has shown the ability to use vitrified foils for thermomecanical wavy shaping without
thermal embrittlement [17].

In this work we report for the first time a dynamic reversible undulatory response of arc shaped
vitrified foils under normal load. Utilizing this reversible behavior, a novel flat spring with
multiple spring constants is proposed for the production of a new type of electromechanical

switches.

Experimental details

Vitrified Fego 6sB3.9Cr2.75Si27 (at%) foils with nominal thickness of 19 um and width of 25 mm
were purchased from Metglas (part number: 2605S3A). Crystalline titanium and stainless steel
foils were purchased from Alfa Aesar with nominal thickness of 12.7 um and 25 pm,
respectively. A 50 um thick commercial brass foil of was also used.

A flat plate was used for the fixation and the formation of the initial arc shape in the foils, fig.
la. Normal load was applied on the top of the arc surface using a Tinius Olsen H10kS
compression machine. Snapshots were taken using an Allied Vision Technologies Prosilica
GX6600 CCD camera, equipped with an EXSIGMA macro lens. Measured parameters were
the arc amplitude (hi, i=1,2,...,n) and the arc curvature radius (Ri, i=1,2,3,..,n) of each arc.
Indices i=1 and i=n refer to the initial arc form, when no load is applied, and to the maximum
number of the formed arcs produced during the application of normal load, respectively. The
state in which the less applied normal load was needed for the formation of different number
of waves was used for the measurements of the amplitude h; and the curvature radius Ri. The
horizontal boundaries distance (L) was defined as the distance between the fixation points of
the foil on the flat plate, fig. 1b.

Figurel: Initial arc shaped vitrified foil before application of normal load in a) 45° view and b) side view
and the measured parameters.
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Results and discussion

Normal load was applied on the top surface of an arc shaped vitrified foil, fig 1. As the load
was progressively increasing a sinusoidal undulatory response of the initial arc was observed

by increasing the number of the formed waves, fig. 2.

Unloading

Figure 2: Harmonic undulatory response of arc shaped vitrified foil. From top to bottom, formation of

the initial arc up to the formation of nine waves after normal load application.

Successive undulatory response could be obtained only when the hi/L ratio fulfill the inequality

hy _1
Az
T =3 1)

where h; is the initial amplitude of the arc and L the horizontal boundary conditions.

From the classic wave theory, it is well known that for a restricted wave, stationary oscillations
can be produced. Using simple formulations for standing waves [18], it was found that the

observed undulatory response of the vitrified foil under normal load can be well described by:

yz(x):Asinz{nz—”xJ (2)

fundamental



where A is a constant which equals to the arc amplitude h;, n is the harmonic number of the
formed waves and Asndamentar 1S the fundamental wavelength. Fig. 3 shows a representative

mathematical description of the formed waves.
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Figure 3: Experimental and calculated (red open cycles) undulatory response of vitrified foil under

normal load.

The observed undulatory behavior which originates from the generation of new arcs as the load
increases is a reversible procedure. After load release the vitrified foil returns to its initial arc
shape gradually by minimizing the number of arcs in the formed waves. For that to be achieved,
the maximum strain in the vitrified foil must not exceed the elastic limit, which for metallic

glasses is reached at about 2% of deformation [19]. The strain in the foil takes maximum values
(locally) around the arcs. According to Aljerf et al [17] the maximum strain € around the arcs

can be approximated by: e=d/2R where d is the thickness of the foil and R is the radius of
curvature. Thus, for a vitrified foil with maximum elastic strain gejastic max Of about 2%, the radius
of curvature should remain higher than a critical value Rmin in order to avoid local plastic

deformation in the foil :

R>R,, = _ 4 osd @)
2¢

elastic max

where d is the thickness of the foil.

For constant horizontal boundary distance and the same number of waves, the curvature radius
decreases as the initial amplitude h; increases. It is also noted that, as the initial amplitude
decreases the maximum number of harmonic undulations in the formed waves decreases. Fig.
4 presents the strain that develops in the wavy foils as a function of the number of harmonic
undulations. The local strain was estimated using the equation €=d/2R; [17], where d is the
thickness of the foil and R; the arc curvature radius (R;, i=1,2,3,..,n). Data are shown for foils
with L= 20 mm and different initial arc amplitudes. It can be observed that for all the examined

cases the strain remains below the elastic limit of 2%.
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Figure 4: Strain that develops in the wavy foils versus the number of the waves for different initial
amplitudes. L=20 mm and foil thickness = 19 um.

Using a compression testing device the arc shaped foils were loaded and unloaded in the elastic
region in order to obtain a quantitative load-displacement analysis of the undulatory response
of vitrified foils. Fig. 5a shows the evolution of the load versus displacement during loading
and unloading for an initial arc shaped vitrified foil with L =20 mm and h; =5 mm. Different
paths were observed during compression and decompression (unloading) solicitation, fig. 5a.
During loading, the vitrified foil is subjected to compressive stresses that force the foil to buckle
and form an additional arc at specific values of load (or displacement) thus leading to the
observed undulatory behavior. During unloading the crosshead of the compression device
progressively returns to its initial position and the foil elastically recovers its initial shape. As
the applied load increases, segments of the load-displacement curve with constant slopes can
be observed between two successive events of arc formation. A small but sharp decrease of
load occurs at the moment a new arc is forming. As the number of the formed waves increases,
for the formation of the n+1 wave higher load values are needed, while the displacement
decreases. For each individual formed wave the load-displacement curve is linear until the
transition to n+1 wave. The proportional coefficient can be attributed to a spring constant (k)
according to the Hooke’s law. Different slopes correspond to different spring constants.
Therefore, each formed wave with n maxima can be treated as an individual spring with its own
physical characteristics. Snapshots and the calculated spring constants from the dynamic
undulatory response of the vitrified foil during the compression tests are shown as insets in fig.
5a.

This undulatory behavior can be exploited as a spring with multiple spring constants. In such a

multi-k flat spring the k values are strongly correlated with the initial horizontal boundary



conditions and the initial amplitude h;. Fig. 5b shows the calculated spring constants from the
compression tests versus the number of waves for four different horizontal boundary lengths
(L). In all cases the initial amplitude was h;=L/4, for L= 20, 30, 40, 50 mm. Same spring
constants values were calculated during loading and unloading for each individual horizontal
boundary condition. The calculated spring constants vary within the range from 0.7 N/mm to
450 N/mm depending on the number of the formed waves, the initial amplitude h; and the
horizontal boundary conditions L. Fig. 5¢ shows the maximum applied normal load on a wavy
foil with n; sinusoidal undulations (just before the formation of the ni+ 1 undulation) versus the
number of undulations. Results are presented for foils with different horizontal boundary
lengths L= 20, 30, 40, 50 mm while the initial arc amplitude obeys the ratio h;=L/4. The load
is seen to increase exponentially with the number of undulations in the wavy patterns. This
increase is more rapid for foils with smaller horizontal boundary lengths L. The working load
range of a wavy vitrified foil can increase with increasing the thickness and/or the width of the
foil.

In order to evaluate the extent to which crystalline metals can exhibit undulatory behavior,
similar tests were performed using crystalline foils with higher, similar and lower thickness
than that of the vitrified foil (19 um). More specifically, a 50 pm thick brass, a 25 um thick
stainless steel and a 12.7 pum titanium foil were used. For all crystalline foils, plastic
deformation was observed in earlier stages, due to their lower elastic strain limit of about 0.2%.
Among the crystalline materials, the thinner titanium foil (12.7 um thickness) was observed to
exhibit the best undulatory response due to the lower levels of local strain that are developed
for the same radius of curvature (or displacement) as suggested by Eq. (3). Plastic deformation
occurred in the thinner titanium foil after the formation of two sinusoidal undulations whereas
for the thicker foils (stainless steel and brass) plastic deformation occurred without any
multiplication of the initial arc, fig. 5c, indicating that the undulatory behaviour of crystalline

foils is quite limited.
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Figure 5: Mechanical undulatory behavior of vitrified and crystalline foils: a) Load vs displacement
during loading and unloading for a vitrified foil with L=20, h,;=5 and width w=25 mm. Snapshots of the
undulatory behavior and the calculated spring constants are shown in the inset. b) Calculated spring
constants in compression and decompression (unloading) for different horizontal boundary lengths and
initial amplitudes versus the number of waves. ¢) Maximum applied normal load on a wavy foil with n;
sinusoidal undulations (just before the formation of the n;+1 undulation) versus the number of
undulations n;, d) Limitations of the undulatory behavior of brass, titanium and stainless steel crystalline

foils in comparison with a vitrified metallic foil.



The results confirm the superior elastic performance of vitrified foils which leads to the
observed undulatory behavior. As the number of harmonic undulations in the formed waves
increases, springs with higher k values are formed. Therefore, the proposed novel flat spring
can be used twofold. In the simplest configuration, a spring with specific constant k can be
chosen. In a more sophisticated configuration, the multi-k spring behavior can be exploited.

As shown in fig. 3 and Eq. (2), the extrema positions of the undulatory response occur in
predefined positions which are independent from the initial amplitude hi. A non-conductive
plate can be used for the foil fixation on which electrical contacts are engraved at the extrema
positions. Thus, electrical circuits can be integrated and electric current can flow through the
vitrified metallic foil. For simplicity, the minima positions were used. Fig. 6a, 6¢ and 6e show
a schematic top view of three different and individual electrical circuits that close successively
as the applied normal load increases and the n+1 wave forms. Bright and dark areas on the foil
surface correspond to maxima and minima positions, respectively. Using a simple 4.5 Volt
battery as electric current source, a different combination of LEDs is lighting on once another
wave is formed, connecting the foil to a different closed circuit as seen in the side view pictures
of figures 6b, 6d, 6f. A simple example of the operation of such a device can be seen in the

supplementary video 1.
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Figure 6: Integrated electrical circuits due to the undulatory behavior of vitrified metallic foil. a), c), €)

Schematic top view and b), d), f) side view snapshots.



Another device design was constructed in which the vitrified foil was used as an
electromechanical switch due to its undulatory response under normal load. The vitrified foil
and the integration circuits are the same as previously described. A “free to roll” plate was used
to apply the normal load to the vitrified foil using a linear actuator. The linear actuator and the
“free to roll” plate were not attached to each other. As the above described electrical circuits
were integrated, electrical signal was sent to an electronic platform (Adruino board) used for
the control of the movement of the linear actuator. The electromechanical switch was able to
operate between 2 and 5 waves as shown in the sketch of fig. 7. When 5 waves were formed,
an electrical signal was giving the command to the linear actuator to stop applying the load and
to pull back. The vitrified foil, acting as a spring, was pushing back the “free to roll” plate and
simultaneously was decreasing its number of waves. Thereafter, when two waves were formed,
a different electric circuit was connected and a new signal was send to the linear actuator to
start applying load again. Supplementary video 2 shows a simple application of this concept.
In this repeatable process, any sequence of numbers of waves can be selected, giving the

opportunity to the user to choose from a wide range of load-displacement and spring constant

values.
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Figure 7: The concept of an electromechanical switch utilizing the undulatory behavior of the vitrified
foils: a) At the initial stage the wavy foil connects to an electric circuit a specific position and the
electronic platform (Arduino board) sends a signal to the linear actuator to move forward and apply load
to the foil thus increasing the number of undulations; b) When the undulations increase to a predefined
number, the foil connects to a different electric circuit and the electronic platform sends a signal to the

actuator to retract allowing the foil to elastically recover to the initial stage.



Conclusions

The undulatory behavior of an arc shaped vitrified metallic foil under normal load was studied.
It was found that as the load increases the response of the initially arc shaped vitrified metallic
foil is to deform elastically creating harmonic wavy patterns. The produced wavy patterns can
be described by a sinusoidal mathematic expression according to the classical wave theory. Due
to the high elastic region of vitrified metallic foils this reversible undulatory behavior can be
obtained for a high number of new formed waves contrary to the case of crystalline foils. The
combination of the elastic properties and the undulatory response of the vitrified alloys makes
them strong candidates for the use as flat springs with multiple spring constants. The number
of the formed waves and the range of the obtained spring constants depend on the geometrical
parameters of the initial arc. Furthermore, exploiting the metallic character and the mechanical
properties of the vitrified metallic foils a novel electromechanical switch is proposed.
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