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H I G H L I G H T S

• Bulkmetallic glass was difficult to attain
mirror surface by ultra-precision cutting
due to viscous flow.

• Generation and movement of shear
bands gave bulk metallic glass a good
machinability.

• Nanocrystallization of the metallic glass
and work softening occurred after the
micro-machining.
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Mirco-machinability of Zr55Cu30Al10Ni5 bulk metallic glass including surface integrity, cutting force, chip mor-
phology, and tool wear was investigated bymeans of ultra-precision cuttingwith a diamond tool and a boron ni-
tride tool. The results showed that the metallic glass only attained the lowest surface roughness of about Ra
100 nm and was difficult to cut to achieve a mirror surface due to its viscous flow even using a depth of cut of
0.6 μm. An empirical metal micro-cutting force model was applicable for the bulk metallic glass only under the
condition that the undeformed chip thickness was larger than the tool edge radius. The diamond tool showed
a better wear resistance but a worse machined surface quality as compared to the PCBN tool. TEM observation
andnanoindentation analysis indicated that nanocrystallization of themetallic glass andwork softeningwere de-
tected after themicro-machining. Besides, the generation of shear bands and its effect on themachinability of the
bulk metallic glass were disscussed.
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1. Introduction

Metallic glasses are also called amorphous alloys because of the lack
of long-ordered atomic structure, which results in the absence of crys-
tallites, grain boundaries and dislocations [1–3]. The disordered struc-
ture and metastable state provide unusual properties including
superior strength, hardness and elastic strain limit, excellent corrosion
and wear resistance as well as unique physical properties, like thermal,

magnetic, and electrical properties [4,5], which stimulates a great inter-
est in structural or functional applications [6,7].

Metallic glasses represent a relatively young class of materials,
which was first reported in 1960 when Klement et al. [8] performed
their classic rapid quenching experiments on Au–Si alloys. So, early me-
tallic glasses were typically made by rapid quenching of the melt of al-
loys, with critical cooling rates of 105–106 K/s [9]. However, the very
high critical cooling rates severely limit sample thickness and restrict
the application of metallic glasses. In 1982, Turnbull and coworkers suc-
cessfully prepared thewell-knownPd-Ni-P bulkmetallic glasses (BMGs,
characteristic specimen sizes in excess of 1 mm), which has very low
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critical cooling rates of ~10 K/s and canmake glassy sampleswith a bulk
size of ~10 mm in thickness [10]. Unfortunately, these novel works on
the development of BMGs did not make a big impact in the materials
science community. One reason is that, although the noble metals of
palladium are good for improving glass-forming ability, they are too ex-
pensive to be used for awide range of applications. In the late 1980s, the
breakthrough in BMG research camewith the discovery ofmulticompo-
nent glass formers by Inoue and co-workers [11]. These new bulk glassy
alloys exhibit excellent glass-forming ability and very low critical
cooling rates for bulk glass formation, similar to those of the noble
metal-based metallic glasses, and the fully bulk metallic glass sample
has a diameter of ~30mmprepared bymould casting [11]. Significantly,
noblemetals were no longer the essential constituent elements in these
new alloys, containing only transition metals, such as the system of Zr-
Al-Ni-Cu. To date, these alloys are still one of the best glass formers in
zirconium-based BMGs [9]. The bulk sizes hold great promise ofmetallic
glasses for a wide range of structural and functional applications.

Metallic glasses are macroscopically homogeneous and isotropic,
and possess superplastic deformation ability (viscous flow) in
supercooled liquid region (between their glass transition temperature
Tg and the onset crystallization temperature Tx) [12]. Based on this char-
acteristic, metallic glasses are suitable for making precise micro-parts
and geometries by high-throughput and inexpensive hot embossing
on micrometer and nanometer scale moulds where conventional crys-
tallinemetals cannot be used due to their relatively high stress of plastic
deformation and crystalline size limitation [13].Wert et al. [14] fabricat-
ed microcomponents from two BMGs Mg60Cu30Y10 and Zr44Cu40Ag8Al8
by forward extrusion, closed-die forging and backward extrusion pro-
cesses at the supercooled state. Saotome et al. [15] demonstrated that
Pt-based metallic glass showed a Newtonian viscous flow at the
supercooled liquid state and an excellent geometrical transferability
by replicating micro/nano-pyramid arrays from silicon mould which
was fabricated by electron beam lithography and anisotropic etching.
Pan et al. [16] prepared Mg-Cu-Y metallic glass micro-lens array by
hot embossing on a Ni-Co mould which fabricated by LIGA process
(LIGA, the German acronym for lithography, electroplating, andmould-
ing), and they suggested that applying a Mg-Cu-Y metallic glass micro-
lens array as a secondary mould to hot emboss PMMA (polymethyl
methacrylate) sheets can be more cost-effective and time-saving than
the traditional MEMS (microelectromechanical systems) process does.
Shores et al. [13,17,18] prepared micro-parts/patterns/arrays and high
aspect ratio nanorods from microscale to nanoscale by using a Zr-
based BMG as the mould and a Pt-based BMG as the imprinting mate-
rials through hot embossing technique, and they suggested that the
micro/nano-moulding process can extend the application of metallic

glasses into microelectronics, MEMS, semiconductor fabrication, bio-
medical devices and implants, microrobotics, and micromanipulators.

But it is worth pointing out that the micro/nano-forming method
based onmoulding is not able tomake complex-shaped geometries. Be-
sides, metallic glasses cannot fill the whole mould chambers when en-
countering some deep-cavity shapes due to the effect of capillary
forces [13]. Moreover, demoulding also is a problem in some cases. On
the other hand, as a fundamental micro-processing technology, me-
chanical micro-machining can complement the micro-moulding tech-
nique due to its capability of arbitrary shape forming, high accuracy
and easy reproducibility [19–25]. Micro-machining also possesses the
capability of producing super smooth surfaces, which can promote the
application of BMGs in optical and optoelectronic field [26].

To our knowledge, there are only a few of papers about the machin-
ing of BMGs. Bakkal et al. [27–31] investigated themacro-machinability
of a Zr52.5Ti5Cu17.9Ni14.6Al10 metallic glass by turning and drilling and
found that light emission occurred in the machining processes, and
the evaluated cutting temperature reached about 2500 K, which caused
the oxidation and crystallization of chips, the formation of burrs, and
sever tool wear. These abovementioned experiment phenomenon indi-
cated the characteristic of difficult-to-machine for the BMG due to its
high strength and elastic limit as well as low thermal conductivity.
Kuriakose et al. [32] investigated the machinability of Zr60Cu30Ti10 me-
tallic glass by drilling micro holes using micro-ultrasonic machining.
They found no light generated and amorphous structure and original
properties of the metallic glass are retained. In addition, Zhu et al. [33]
studied the nanoscale cutting mechanism of Zr50Cu50 metallic glass
using molecular dynamic (MD) simulation and indicated that the re-
moval of the metallic glass pieces was mainly based on extrusion in-
stead of shearing at the nanoscale.

Fig. 1. Experiment set up and cutting tools.

Table 1
Cutting conditions.

Factor Description/factor level

Workpiece materials Zr55Cu30Al10Ni5 BMG
Tool material Diamond/PCBN
Tool nose radius (R) 0.50 mm
Tool rake angle (α) 0°
Tool clearance angle (β) 10°
Tool edge radius (r) 0.336 μm/2.175 μm
Spindle speed (v) 2500–4000 rpm
Feed rate (f) 0.5–10 μm/r
Depth of cut (d) 0.6–20 μm
Undeformed chip thickness (t) 0.219–1.377 μm (when d = 0.6–20 μm, f = 5 μm/r)
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