Open Access

Recent Progress in
Materials

Research Article

Enhancement of String Tension Using Thin-Film Metallic Glass Coatings
Yi-Chia Liao 1, ‡, Chun-Hway Hsueh 1, Wen-Shin Lee 2, *
1. Department of Materials Science and Engineering, National Taiwan University, No. 1, Sec. 4,
Roosevelt Rd., Taipei 10617, Taiwan; E-Mails: yichia.liao09@gmail.com; hsuehc@ntu.edu.tw
2. Department of Athletics, National Taiwan University, No. 1, Sec. 4, Roosevelt Rd., Taipei 10617,
Taiwan; E-Mail: applee@ntu.edu.tw
‡ Current Affiliation: Integrated Service Technology lnc., Hsinchu City 30078, Taiwan
* Correspondence: Wen-Shin Lee; E-Mail: applee@ntu.edu.tw
Academic Editor: Waseem Haider
Special Issue: Recent Advances in Metallic Glass
Recent Progress in Materials
2020, volume 2, issue 2
doi:10.21926/rpm.2002014

Received: May 16, 2020
Accepted: June 8, 2020
Published: June 15, 2020

Abstract
Inspired by the application of metallic glass sheet as face material for improving the
performance of golf clubs, the present work was aimed to explore the application of thinfilm metallic glass (TFMG) coatings for enhancing the performance of strings. In order to
achieve this aim, badminton strings were coated with TFMG coatings of different
thicknesses. The compositions of these TFMG coatings were analyzed using an electron
probe micro-analyzer. The amorphous structure of the film was verified using X-ray
diffraction. In order to simulate the strung tension of the string in the racquet, the coated
string was subjected to different pounds of tensile loading and was subsequently impacted
by a steel ball to study both energy loss and the coefficient of restitution (COR). It was
observed that while the TFMG coatings could reduce the energy loss and increase the COR
at impact, they exerted negligible effects on the tensile strength of the string. In addition,
there existed an optimum coating thickness, beyond which cracking of the coating would
occur, degrading the beneficial effects of the coating.
© 2020 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Badminton is one of the popular sports. It can be played as a leisure activity or for a
professional competition, and is reported to have the fastest ball speed among the racquet sports
[1]. This high ball speed is attributed to the network weaving and tension of the badminton strings.
Previously, badminton strings were prepared from the sheep guts. With developments in the
manufacturing technology for the strings, natural guts were replaced by artificial braid fibers,
which had low prices, good functional playability, and adequate durability. The constituents of the
braided strings are nylon, polyester, and synthetic [2]. A novel type of badminton string with
titanium thin-film coating was manufactured by YONEX Co. Ltd. [3]. This string exhibits high
tension and provides the players with a feeling of sharpness and comfort, along with a short
control time and strong offensiveness. These strings are suitable for tournament players with an
emphasis on control.
Metallic glass, a novel amorphous alloy with excellent mechanical properties such as high
hardness, high elastic strain limit, good wear and corrosion resistance, high strength, and good
fatigue properties, was first reported by Klement et al. in 1960 [4]. Since then, it has been
explored and developed rigorously [5-9]. Owing to its excellent mechanical properties, metallic
glass has found application in sports equipment, such as the golf club, tennis rackets, baseball bats,
skis, snowboards, and scuba gear [9-11]. For instance, Zr-based metallic glass with a thickness of
approximately 4-5 mm, used as the face material in the golf clubs, exhibits high energy transfer of
99% from the club head to the ball, much higher than those exhibited by stainless steel (60%) and
Ti alloy (70%). The maximum flying distance of the golf ball was 225 m when hit using a metallic
glass face, while it was only 213 m when hit using the Ti-alloy face [5, 6]. Metallic glasses, in the
form of thin films, i.e., thin film metallic glasses (TFMGs), have also been developed [12-14]. In
recent times, TFMGs have been applied to micro-electro-mechanical system devices, medical tools,
diffusion barriers, and biosensors, etc. [15-25].
The main objective of the present study was to explore the application of TFMG coatings to
improve the performance of badminton strings. In order to achieve this objective, badminton
strings were coated with either Zr-based or Ti-based TFMG coatings of different thicknesses using
sputtering. The compositions of the TFMG coatings were analyzed using an electron probe microanalyzer (EPMA). The amorphous structure of the coatings was verified using X-ray diffraction,
while the morphologies of the TFMG coatings were observed under a microscope. In order to
simulate the strung tension of the string in the racquet, the coated string was subjected to
different pounds of tensile loading (in the range of 18-26 lb) and was subsequently impacted by a
steel ball to study both energy loss and the coefficient of restitution (COR) at impact. A video
camera was employed to record the positions of the steel ball during the impact and the rebound
processes. The effects of the TFMG coatings on the tensile strength of the badminton string were
also examined.
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2. Materials and Methods
2.1 Thin-Film Metallic Glasses and Sputtering
A direct current (DC) magnetron sputter was used for film deposition. In order to achieve
uniform coating thickness on a flat substrate, the substrate holder was rotated with respect to the
revolution axis, as illustrated schematically in Figure 1. However, in order to deposit a uniform
coating on the rounded surface of the string, a home-made string holder was attached to the
substrate holder to rotate the string with respect to the rotation axis (Figure 1); this was in
addition to the rotation of the substrate holder with respect to the revolution axis. In order to
prepare the TFMG coatings with different thicknesses, Zr-based and Ti-based TFMGs were coated
on the BG65 (YONEX Co. Ltd) strings through the process of sputtering at the power of 100 W for 5
min, 30 min, 60 min, and 120 min. The base pressure of the chamber was maintained below 5 ×
10-7 torr, while the working pressure was 5 × 10-3 torr. Strings with a diameter of 0.7 mm and a
length of 15 cm were cleaned sequentially with alcohol and de-ionized water in an ultrasonic
cleaner for at least twenty minutes each, followed by being fixed on the designed fixture. The
coated portion of each string was 5 cm in length. Silicon (Si) wafers were also placed on the
substrate holder together with the string holder, and the films deposited on the Si wafers were
used to analyze compositions and structures.

Figure 1 Schematic drawing illustrating the rotation of the substrate holder with
respect to the revolution axis and depicting the home-made string holder for rotating
the string with respect to the rotation axis.
2.2 Characterizations
The compositions of the as-deposited films on the Si wafers were examined using an electron
probe micro-analyzer (EPMA, JXA-8200F, JEOL, Japan). The structures were verified using X-ray
diffraction (XRD, Rigaku TTRAX 3) with the incidence grazing angle of 2°. The thickness of the film
was examined using a scanning electron microscope (SEM, NOVA 450, FEI, USA), while the
morphologies of the TFMGs coated on the strings were observed under an optical microscope
(OM, AXIO A1, ZEISS, Germany).
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2.3 Modified Ball-Drop Test and Strength Measurements
The ball-drop test [26-28] was originally developed to characterize the restitution of a collision
between the ball and the target, i.e., how much of the kinetic energy remains for the ball to
rebound from the target versus how much of the energy is lost as heat or as the work done to
deform the objects. In the normal ball-drop test, the ball is dropped vertically to impact a flat
target, and the rebound height of the ball is recorded using a video camera [26, 27]. However, in
the present study, the impact between a ball and a single string was to be considered, which
would not render it feasible to adopt the normal ball-drop test. Therefore, the test was modified
to suit our purpose.

Figure 2 (a) Setup of the modified ball-drop test, (b) the initial height, h1, of the steel
ball prior to release, and (c) the captured image depicting the rebound height, h2, of
the steel ball.
In the present study, in order to simulate different strung tensions in the string of the
badminton racquet, the coated badminton string was fixed on a mechanical testing system (MTS,
Criterion 42.503 model, USA) with constant tensile loading forces of 18, 20, 22, 24, and 26 pounds.
The setup of the modified ball-drop test is depicted in Figure 2(a). The coated badminton string
was loaded in tension. A steel ball was suspended using a string on the side of the coated string.
The coated string under tensile loading and the string used for suspending the steel ball were
carefully aligned to be coplanar. While conducting the test, the steel ball was raised to a height of
h1 with respect to a reference point at which the steel ball would impact the coated string upon
release [Figure 2(b)]. After impacting the coated string, the steel ball would rebound to a height of
h2 [Figure 2(c)]. The whole process was recorded using a video camera in order to record the
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height h2 reached upon rebound. The tensile strength of the coated badminton string was also
measured using the same mechanical testing system and a loading rate of 1 mm/s.
3. Results and Discussion
3.1 Composition and Structure of TFMG Coatings
Using EPMA, the compositions of Zr-based and Ti-based TFMGs were determined to be
Zr58 ±0.2Cu22 ±0.2Al8 ±0.1Ni10 ±0.1 and Ti49 ±0.5Zr23 ±0.2Ni28 ±0.5, respectively. The X-ray diffraction patterns
of the Zr-based and Ti-based TFMGs scanned in the range of 20°–80° are shown in Figure 3. Both
the spectra presented a broad hump at ~40° with no obvious diffraction peaks, which verified the
amorphous nature of the films. The SEM micrographs of the cross-sections of the Zr-based and Tibased TFMGs deposited on Si wafers for 120 min are shown in Figure 4(a) and 4(b), respectively.
The thicknesses of the Zr-based and Ti-based TFMGs were 600 nm and 560 nm, respectively, and
both the films were dense with no observable porosities. The corresponding SEM micrographs of
the cross-sections of the Zr-based and Ti-based TFMGs deposited on strings for 120 min are shown
in Figure 4(c) and Figure 4(d), respectively. The multifilament structure of the core of the string
could be observed. The thicknesses of the Zr-based and Ti-based TFMGs were 340 nm and 292 nm,
respectively. In consideration of the rotation of the string during the sputtering process, the string
surface exposed to film deposition was approximately half of the deposition time. Therefore, for
the same deposition time, the coating thickness on the string was approximately half of that on
the flat Si wafer.

Figure 3 X-ray diffraction patterns of Zr-based and Ti-based TFMGs.
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Figure 4 SEM micrographs showing the cross-sections of (a) Zr-based and (b) Ti-based
TFMGs deposited on Si wafer and of (c) Zr-based and (d) Ti-based TFMGs deposited on
the rotated string for 120 min, with the inset displaying the coating thickness.
3.2 Morphology of TFMG Coating on a String
Surface morphologies of the strings coated with Zr-based and Ti-based TFMGs for different
deposition time were observed under an optical microscope and are shown in Figure 5. In Figure
5(a), fiber braiding of the string without a TFMG coating could be observed. All the coated strings
exhibited metallic luster. Although the surfaces of the coated strings were smooth for the coating
time of 5 min and 30 min, cracks appeared on the string surfaces for the coating time of 60 min
and 120 min, for both Zr-based and Ti-based TFMG coatings. This cracking could be attributed to
the residual stresses developed upon film deposition and cooling down from the deposition
temperature.

Page 6/12

Recent Progress in Materials 2020; 2(2), doi:10.21926/rpm.2002014

Figure 5 The optical microscope images of the strings coated with Zr-based and Tibased TFMGs for different deposition time: (a) Pristine BG65 string without a TFMG
coating, (b)-(e) Strings coated with Zr-based TFMGs for 5 min, 30 min, 60 min, and 120
min, respectively, (f)-(i) Strings coated with Ti-based TFMGs for 5 min, 30 min, 60 min,
and 120 min, respectively.
3.3 Modified Ball-Drop Test
In order to study the energy loss and determine the COR, a steel ball with a diameter of 2.2 cm
and weight 45.35 g was released to impact the tightened string from the side (Figure 2), while the
process was recorded using a video camera (D800, Nikon). The recorded video of this modified
ball-drop test is available for viewing at Video S1.mp4 in the Supplementary Materials. In order to
ensure a coplanar head-on impact between the steel ball and the coated string, the data for the
first rebound were considered only when the steel ball could rebound from the string at least
three times. In this case, the relative potential energies of the initial ball position prior to releasing
and after the first rebound were mgh1 and mgh2, respectively, where m denoted the mass of the
ball and g is the gravitational acceleration. Therefore, the energy loss due to the rebound, E, is
represented by the following equation:
∆𝐸 = 𝑚𝑔(ℎ1 − ℎ2 )

(1)

The COR is a measure of the restitution of a collision between the ball and the string. When the
steel ball was released from its initial position to impact the string, the potential energy of the ball,
mgh1, was converted into kinetic energy, mv12/2, where v1 denotes the incident velocity of the ball
upon impacting the string. As a consequence of the energy loss of the steel ball at impact, the ball
would rebound with a velocity v2. The kinetic energy of the rebounded ball, mv22/2, would convert
into potential energy, mgh2, when the ball would reach the maximum rebound height h2. The
coefficient of restitution (COR) is defined as the ratio between the rebound velocity and the
incident velocity, and is expressed as follows [26-31]:

COR =

v2
h
= 2
v1
h1

(2)

As h1 and h2 were recorded during the modified ball-drop test, these could be used to calculate
the energy loss E and COR from the equations (1) and (2), respectively. In the present study, the
success rate of the modified ball-drop tests was approximately 20%, and the results presented
here were based on at least four successful tests for each case. The normalized energy loss,
Page 7/12

Recent Progress in Materials 2020; 2(2), doi:10.21926/rpm.2002014

E/mgh1, as a function of tensile loading on the string, for the strings coated for different coating
time with Zr-based TFMGs and Ti-based TFMGs is presented in Figure 6(a) and Figure 6(b),
respectively. Figure 6 demonstrates that energy loss decreased with increasing tensile loading on
the string. However, for both Zr-based and Ti-based TFMG coatings, the energy loss initially
decreased with the coating time and then increased when the coating time reached 60 min; the
deposition time of 30 min presented the lowest energy loss observed in the present study. The
above-stated results could be interpreted using the micrographs shown in Figure 5. While the
TFMG coating could reduce the energy loss at impact, cracking of TFMG would degrade its
functionality. The COR corresponding to the normalized energy loss shown in Figure 6 is presented
in Figure 7. Lower energy loss would result in a higher COR. The best COR, presented in Figure 7(b),
was 0.985, obtained for the Ti-based coating for deposition time of 30 min and the string tension
of 26 lb. It is noteworthy that the surface morphologies of the coated strings shown in Figure 5 did
not reveal observable changes after the modified ball-drop tests for the coating time of 5 min and
30 min. However, a few more cracks could be observed after the tests for the coating time of 60
min and beyond. In addition, while the normalized energy loss demonstrated a slightly increasing
trend and the COR demonstrated a slightly decreasing trend with the increasing number of tests
for the films with the coating time of 60 min and beyond, no trend could be concluded for the
films with the coating time of 0 min, 5 min, and 30 min.

Figure 6 The normalized energy loss, E/mgh1, as a function of tensile loading for (a)
Zr-based and (b) Ti-based TFMG coated strings with different coating time.

Figure 7 The COR as a function of tensile loading for (a) Zr-based and (b) Ti-based
TFMG coated strings with different coating time.
3.4 Tensile Strength of the Coated String
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Stress analyses of tensile loading on a coated fiber have been performed previously [32]. Failure
of the coated fiber could result from the segmentation of the coating, debonding at the
fiber/coating interface, or fracture of the fiber, depending on the material properties and the
coating thickness. The tensile load-displacement curves for the Zr-based and Ti-based TFMG
coated strings are presented in Figure 8(a) and Figure 8(b), respectively, for different coating time.
The fracture strengths of the strings were in the range of 45–57 lb. In consideration of statistical
errors, no trend could be observed for the effects of coating thickness on the tensile strength of
the string. Theoretically, the strength of the string should increase with a high-strength coating.
However, compared to the string diameter of 0.7 mm, the coating thickness of less than 350 nm is
too thin to exert any noticeable effects on the tensile strength of the string according to the ruleof-mixtures.

Figure 8 Tensile load-displacement curves for (a) Zr-based and (b) Ti-based TFMG
coated strings with different coating time.
4. Conclusions
In the present work, Zr-based and Ti-based TFMGs were successfully coated on BG65
badminton strings using sputtering. The compositions of the as-deposited Zr-based TFMG and Tibased TFMG were Zr58Cu22Al8Ni10 and Ti49Zr23Ni28, respectively. However, cracking of the deposited
films occurred at the deposition time of 60 min and beyond. The amorphous structure of the film
was verified using X-ray diffraction. In order to simulate the strung tension of the string in the
racquet, the coated string was subjected to different pounds of tensile loading and was
subsequently impacted using a steel ball in a modified ball-drop test (Figure 2) to study both
energy loss and the coefficient of restitution (COR). It was observed that while the TFMG coating
could reduce the energy loss and increase the COR, it exerted negligible effects on the tensile
strength of the badminton string. In addition, there existed an optimum TFMG coating thickness,
beyond which cracking of the coating would occur and degrade the beneficial effects of the
coating. The present work demonstrated the potential of using TFMG coatings to reduce energy
loss and increase the COR of the strings in sports equipment at impact. While the present study
evaluated the impact between a ball and a coated string for the application of strings in racquet
sports, it would be interesting to study the application of these coated strings in musical
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instruments; in the latter case, strings subjected to frictional loading should be considered, and an
experimental setup based on fretting fatigue testing of strings [33] could be designed.
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