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Zr-based bulk metallic glasses (BMGs) possess excellent unique properties, such as high mechanical
properties, good corrosion resistance, long-term antimicrobial ability, and were considered as an ideal
candidate for medical tools. In this study, self-made ZrCuAlAgSi BMG surgical blade and commercial
martensitic steel blade with and without metallic glass thin film (MGTF) were carefully examined for
their sharpness. The amorphous state of BMG and MGTF were ascertained by X-ray diffraction (XRD) and
differential scanning carlorimetry (DSC) analysis. A specially designed indentation-cutting rig was
established to evaluate the sharpness of each blade on cutting the soft rubber material. The sharpness
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Be}gl‘;osrsess metallic was evaluated by the blade sharpness index (BSI) which represents the ratio of external work done by
C. Casting' the load to the energy required to initiate a cut or crack inside given materials. Results of sharpness test
C. Thin films reveal that both BMG blade and the MGTF coated blade exhibits much lower surface roughness at their

F. Mechanical testing tip-edge and smaller BSI values (0.25 and 0.23, respectively) than the commercial blade (~0.34), which

G. Biomedical applications

corresponds to 26.5% and 32% improvement on the sharpness, respectively.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In the past few decades, Zr-based bulk metallic glasses
(BMGs) have attracted lots of attention owing to its good engi-
neering properties such as high glass forming ability (GFA), high
yield strength and elastic strain, good thermal stability and
great corrosion resistance [1—8]. In parallel, Zr-based BMGs
possess a wide range of super-cooled liquid phase about 100 K,
which allows them to be processed into complex-shaped
components by thermoplastic forming [9,10]. The combined
quality in their mechanical and chemical properties gives great
advantages for Zr-based BMGs to be an excellent choice for
medical implants, surgical tools and other biomedical related
components [11-17].

Of all materials for surgical tools, martensitic stainless steel is
the most common one, especially in surgical blades. The poly-
crystalline structures in martensitic stainless steels consist of
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large number of grains with their average sizes about 10
microns. This implies that the presence of numerous grain
boundaries can serve as centers for the initiation of cracks and
fracture when blades underwent grinding. The argument was
attested by the observation of irregular, wavy surfaces at the
magnified (1000x ) edge-tip of surgical blades in [3]. When such
a surgical blade is used to cut soft tissues, fragmental surfaces of
wound tissues by tearing and snatching were easily created and
hence more difficult to be sutured and recovered. This is one
issue that BMGs can be a substitution for conventional stain-
less steels by the advantages of their amorphous microstruc-
tures. Similar idea can be utilized if a metallic glass thin film
(MGTF) is coated on stainless steels instead of bulk BMGs. The
coating can be routinely fabricated by a DC magnetron sput-
tering. The MGTF usually has smaller surface roughness down to
5 nm or lower, which can help preventing bacterial attachment,
reducing the friction and improving the sharpness of blades
[12,16].

The sharpness of a blade at its edge-tip is important when
evaluating its efficiency in slicing, cutting and chopping. The
sharpness mainly depends on the geometry of the blades and
properties of working target as well [17]. High sharpness means
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Fig. 1. An idealization of the indentation type cutting process.

faster and cleaner cut, which leads to less pain, better
healing and less scaring of the wound [18,19]. The sharpness can
be evaluated in a way similar to the principle in fracture
mechanics that certain critical energy is required to initiate
a crack in materials with given geometry and mechanical
properties. Following this concept, the “blade sharpness index”
(BSI) was proposed to evaluate the sharpness of cutter as re-
ported by McCarthy [20,21]. This quantitative measure is
defined as

6
/ Fdx
_Jo
BSI = ot (1)

and illustrated in Fig. 1 where F is applied force, dx is increment of
blade displacement, ¢; is initial depth of blade indentation before
substrate fracture, h is length of cut surface, t is thickness of
substrate material, Jic is model I fracture toughness of the substrate
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Fig. 3. XRD results of ZrCuAlAgSi BMG blade and ZrCuAlAgSi MGTF coated blade.

or referred as the resistance to fracture. Physically, Eq. (1) is a ratio
of external work done by the load to the energy required to
initiate a cut or crack of area ¢t inside material with fracture
toughness Jic. It also implies that the blade sharpness is propor-
tional inversely to d;, the indentation depth to initiate a cut or crack
in the substrate. Typical BSI varies between 0.2 for sharp blade and
0.5 for blunt one.

In this study, three surgical blades including a commercial
one, a commercial one with ZrCuAlAgSi MGTF, and self-made
ZrCuAlAgSi BMG were prepared and investigated for their
microstructures, edge-tip surface morphologies, the cutting
process and sharpness evaluation following the work proposed
by McCarthy.

2. Experimental procedure

The pre-alloyed ingots of ZrsgCuss 3AlgAgsSip7 (ZrCuAlAgSi)
were prepared by arc melting. All elements of pure Zr, Cu, Al, Ag,
and Si were carefully measured and melted by arc-melting
under a Ti-gettered argon atmosphere. The ingots were re-
melted four times in a furnace with purified argon atmosphere
to ensure their homogeneity. In the last melting, the liquid alloy
was suction cast into a water-cooling Cu mold to form plates

Fig. 2. (a) Three blades studied in this research: commercial blade, ZrCuAIAgSi MGTF coated blade, and ZrCuAlAgSi BMG blade (left to right). (b) Experimental rig used for

indentation-cutting test; insert is the whole set rig.
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with dimension of 30 mm W x 80 mm L x 2 mm Tand 3 mm T,
respectively. The BMG plates with 2 mm thickness were
machined into a shape of scalpel blade by wire elec-
trical discharge cutting (EDC) process. The blade was then
reduced in thickness, sharpened at its edge-tip and finally fine
polished. The edge-tip has angle of 30° identical to the
commercial blade. The other 3 mm thick BMG plates were
lathed and assembled into discs with 2-in diameter used as the
target for sputtering.

For the MGTF, a 200 nm-thick ZrCuAlAgSi film and 50 nm Ti thin
film buffer layer were coated onto commercial blades (No.11,
FEATHER Safety Razor Co.) by DC sputtering system (MDX1000).
The operating conditions of DC sputtering system were set as
follows: the base pressure of 6 x 10~° torr, working pressure at
4 mtorr, Ar flow of 5.4 sccm, sputtering time of 30 min and 30 W
sputtering powers.

Fig. 2(a) shows all three blades used in this study. The amor-
phous state of BMG plates and MGTF was ascertained by x-ray
diffraction analysis (XRD, Scintag X-400 X-ray diffractormeter for
BMG, Bruker D8 Discover Diffractometer-incident beam for MGTF)
with monochromatic Cu-Ke. radiation. The surface morphology of
blade edge-tip was examined by scanning electron microscopy
(SEM, Hitachi S4700 FESEM) with energy dispersive spectrum
capability (EDS). The adhesion was detected by the J&L Tech Scratch
Tester with a 200 um-sized diamond probe. The initial load is set to
0.2 N and the maximum load is 100 N under indent speed of
0.08 mm/s.

A specially designed rig is shown in Fig. 2(b) to measure the
blade sharpness during cutting. The rig was connected to
a 50 kN Hung-Da universal testing machine. The blade was fixes
into the upper holder with an angle of 45° then cuts though a
rubber (styrene-butadiene rubber, SBR) at a speed of 9 mm/min.

WD14 .9mm 10/0F

The dimension of rubber is 5 mm thick and 10 mm high. The
experiment was conducted in two turns. The first cut is to
register the load-indentation (displacement) curve. The second
pass is to move the blade down along the cut and record load
and indentation (displacement) another time. The second pass is
meant to measure the total friction force between the blade and
substrate.

3. Results and discussion

The as-cast ZrCuAlAgSi BMG plates were examined by XRD and
EDS to confirm their amorphous state and compositions. EDS
analysis reveals that the composition of ZrCuAlAgSi BMG plate and
the target are very close to each other with only 0.25 at%
difference.

Fig. 3 shows the XRD pattern of the final BMG blades where
a broad peak between 30 and 50° confirms the ZrCuAlAgSi retain
its amorphousness even after EDC and polishing. Fig. 3 also shows
the XRD pattern of MGTF coated blade where only one peak at
20 = 44.7° can be clearly identified corresponding to the phase of
crystalline iron. Note the MGTF is only 200 nm thick that
makes the incident beam XRD difficult to detect the film’s
microstructure.

The surface morphology of blade edge-tip was examined by
SEM at the location of blade edge where marked with dashed
circle as shown in Fig. 4(d). Fig. 4(a)—(c) shows the surface
morphology of edge-tip of commercial blade, BMG blade and
MGTF coated blade, respectively. Both the BMG and MGTF coated
blade have their finished surface very smooth except few sparse
scratches. This is a comparison to the commercial one which
surface has significant irregular grooves. The highly smooth
surface after finishing implies that less friction forces during

e
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Fig. 4. SEM images of blade edge-tip; (a) commercial blade; (b) ZrCuAlAgSi BMG blade, (c) ZrCuAlAgSi MGTF coated blade. (d) Mark of dashed circle on the blade edge indicates the

location of SEM observation.
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cutting. The surface profiles scanned by SEM in Fig. 5 further
confirm the observations in Fig. 4 that the roughness of
commercial blade is ~1.2 um on average and can be significantly
reduced to ~0.3 pm in the BMG blade and ~0.2 um in the MGTF
coated blade.

Scratch tests were also carried out for testing the bonding
strength between MGTF and substrate. A diamond tip was applied
on the surface of MGTF blade with increased loading till the film
was ruptured. The detached load was found to be around 60 N as
shown in Fig. 6. This indicates the adhesion between MGTF and
martensitic steel substrate is comparable to the level of industrial
requirement.
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Fig. 5. Images of SEM scanning surface profile of blade edge; (a) commercial blade, (b)
ZrCuAlAgSi BMG blade, and (c) ZrCuAIAgSi MGTF coated blade.
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Fig. 6. Profile of friction force as a function of applied loading during scratch test for
ZrCuAlAgSi MGTF coated blade.

Fig. 7(a) shows the load—displacement curves under first cut
for all three blades by indentation-cutting experiment. Similar
behaviors were found. All have linear relation between the
loading and displacement at first until around 2 mm, repre-
senting the process of indentation. Then nonlinear curves
started to develop with lower slope as the cutting through
the substrate. The slope of curves in Fig. 7(a) gives the
stiffness—displacement relation in Fig. 7(b). The maximum of
this curve defines the value of ¢; — the initial indentation right
before fracture. The commercial blade has the highest ¢; among
all, which indicates a larger resistance from the substrate during
cutting.

The second pass (free pass) was carried out after the first
cutting pass. This gives another load—displacement curve as
shown in Fig. 8(a) for the MGTF coated blade. A linear curve (P)
represents the proportional relation between load and displace-
ment which comes from the frictional force between blade and
substrate.

In view of Eq. (1), there are other quantities required to give the
numerical values of BSI. First, the area underneath the

load—displacement curve ( fg‘ Fdx) represents the work done by
external load before substrate fractured. The initiation fracture
toughness Jic can be obtained as follow:

Jie = X8 2)

where X is the force acting on the blade, P is the total friction
force acting between the blade and substrate, u is the blade
displacement, and dA is an increment of newly created surface
area due to cutting which is equal to 2ht as illustrated in Fig. 1.
The interaction strength (X — P) between blade and substrate
were recorded in each step during test. Fig. 8(b) demonstrates
a constant toughness Jic as cutting moves into the substrate,
which in principle is considered a generic property of the

-5;
substrate. Now with the determined values of ¢;, Jic and / Fdx,
Jo

the BSI can be calculated accordingly for substrate with given
geometry. Table 1 lists the details of each terms involved in the
calculation of BSI from experimental data. Obviously, the value of
BMG blade and MGTF coated blade (0.25 and 0.23, respectively)
is smaller than that of commercial one (0.34), which equivalently
being interpreted as 26.5% and 32% improvement on the
sharpness.
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Fig. 7. (a) Load—displacement and (b) Stiffness—displacement curves of the first cutting pass for all three blades evaluated by indentation-cutting test.
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Fig. 8. Typical (a) Load—displacement curves of the 1st (X, cutting pass) and 2nd (P, free pass), at the same cutting position of substrate for the ZrCuAlAgSi MGTF coated blade; (b)

(X — P)u term as a function of cut area dA.

Table 1
Indicators of blade sharpness index (BSI) calculation.
0; E; Jic BSI
Commercial blade 0.54 1.121 1.24 0.34
ZrCuAlAgSi MG blade 0.195 0.304 1.24 0.25
ZrCuAlAgSi MGTF blade 0.216 0.309 1.24 0.23

4. Conclusion

An amorphous ZrCuAINiSi BMG blade was successfully fabri-
cated from a ZrCuAlAgSi BMG plate by EDC and fine polish process.
Both ZrCuAlAgSi BMG blade and ZrCuAlAgSi MGTF coated blade
exhibits smoother surface and lower roughness than the
commercial one. A customized sharpness test further reveals that
the BSI value of BMG blade and MGTF coated blade (0.25 and 0.23,
respectively) is smaller than that of the commercial blade (0.34).
This provides a good quantitative confirmation on that both the
BMG and MGTF coated blades have a better cutting ability than the
commercial one. Both ZrCuAlAgSi BMG and MGTF coated blades are
believed to be new options for cutting tools and can be used in
medical applications.
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