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A B S T R A C T   

Revealing the tool wear mechanisms of machining Zr-based bulk metallic glasses (BMGs) is important for the 
processing of BMGs in engineering applications. The tool wear mechanisms of machining BMGs with PCBN tools 
under varying corner radii were investigated, and the results shown that the adhesive and oxidation wear were 
the main wear mechanisms. The low thermal conductivity of the BMG workpiece material increased the cutting 
temperature. The effect of corner radius on tool wear mechanism was characterized by the normal stress fields. It 
indicated that the extremely high maximum normal stress was the main reason for edge chipping. Finally, the 
influence of tool wear state on machined surface quality was related to the machined surface morphology. The 
findings have shown that the edge chipping and adhesive wear produced feed marks, material side flow and 
adhensions on the machined surface, leading to the increase of surface roughness.   

1. Introduction 

Different form traditional crystalline alloys, bulk metallic glasses 
(BMGs) show excellent physical and chemical properties due to the 
absence of crystal defects, such as grain boundaries and dislocations, 
having broad application prospects in aerospace, military and medical 
equipment fields. Achieving desirable machining process is essential in 
order to realize their engineering applications. BMGs have exhibited 
excellent machinability with good surface roughness [1]. However, the 
cutting temperature is relatively high during machining, which lead to 
the appearance of light emission, surface crystallization and serious tool 
wear [2,3]. 

For the machining of BMGs, serious tool wear often occurs due to the 
high hardness, high strength and low thermal conductivity, which has 
then attracted a great deal of research attention. For example, the wear 
behavior was different for different tool materials due to the varied 
strength, hardness, wear resistance, and chemical stability. The tool 
wear of the cemented carbide tool with chemical vapor deposition 
coatings (WC-CVD), polycrystalline cubic boron nitride (PCBN) and 
polycrystalline diamond (PCD) tools during the turning of BMGs was 
compared [4]. Serious chip welding occurred on the tool nose when 
machining using the WC-CVD tool. For PCBN and PCD tools, minor 

chipping at the cutting edge was observed, caused by the impact during 
cutting. The surface roughness, chip morphology and tool wear behavior 
during the machining of Fe-based BMG overlay using TiAlN coated in-
serts was also analyzed [5]. The results showed that the wear mecha-
nism of TiAlN coated insert was a comprehensive process, including 
abrasion, adhesion, fatigue and chipping. The ultra-precision cutting of 
BMGs can be achieved with the diamond tool and PCBN tool [6]. 
Different from the excellent chemical resistance of PCBN tool, the dia-
mond tool presented higher chemical affinity with Zr of the workpiece 
material during micro-machining. The adhesion wear and machined 
surface quality of PCBN tool were better than those using diamond tool. 
The wear mechanism of single-point diamond tools during the 
machining of the Pd40Ni10Cu30P20 BMG was then discussed [7]. The 
built-up edge was formed on the cutting edge, which was mainly due to 
the high elasticity and viscosity of workpiece material. Thereafter, the 
thermo-mechanical coupled wear behavior evolution of cemented car-
bide inserts was presented in the machining of Zr-based BMGs [8]. The 
chip adhesion covered the rake and flank surface, led to adhesive wear 
on the cutting edge, and changed the actual rake angle of the insert. 

On the other hand, the cutting parameters and processing methods 
also have significant influence on tool wear behavior of BMGs. A case in 
point, the influence of cutting parameters on tool wear in drilling BMG 
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was examined [9]. At high spindle speed, the temperature was high 
associated with light emission and severe tool wear. It was found that 
the tool wear was the main reason for the light emission phenomenon 
during the high-speed cutting of Zr-based BMG [10]. The front chamfer 
would generate the accumulation of chips, leading to the increase of 
adhesive wear and light emission. The better wear resistance and 
anti-adhesion ability of insert were beneficial for reducing the friction 
characteristics of tool-chip interface and suppressing the appearance of 
light emission. During the high-speed milling of Zr-based BMGs, adhe-
sion wear was the dominant mechanism of flank wear [11]. The intro-
duction of mist coolant can effectively suppress the appearance of light 
emission and reduce the tool wear about 70 %. The machinability of 
Zr-based BMG during micro milling can also be characterized with tool 
wear [12]. Compared with the machining of Al6061, the tool wear of 
Zr-based BMG was more stable after milling 300 mm, and only slight 
chipping and abrasive wear were found on the cutting edge. The ultra-
sonic vibration was also applied in the machining of Zr-based BMG [13]. 
The increase of ultrasonic amplitude can increase the cutting-in speed 
between the tool and workpiece, leading to severe abrupt fracture. The 
actual cutting distance was also increased and the flank wear of insert 
would be enhanced in terms of abrasion. 

In addition to the tool materials, cutting parameters and processing 
methods, the geometric parameters of insert such as corner radius also 
affect the tool wear behavior of BMGs [14–16]. Revealing the influence 
of corner radius on tool wear mechanism is beneficial for optimizing the 
machining process, and improving the tool life and surface quality. 
However, although some studies have paid attention to the tool wear 
behavior of machining BMGs, the internal mechanisms of how the tool 
wear behavior is affected by corner radius is not clear. And the way of 
tool wear state during the machining of BMGs, affecting the machined 
surface quality, also needs further investigations. In this work, an 
investigation on the tool wear mechanism of machining Zr-based BMGs 
was performed. The effect of corner radius on wear mechanism was 
analyzed carefully by considering the normal stress field distribution on 
the rake face. The influence of tool wear behavior on cutting perfor-
mance, including cutting force, surface roughness, and machined sur-
face morphology, was also investigated. 

2. Methodology 

Zr57Cu20Al10Ni8Ti5 (at.%) BMG was selected as workpiece material 
in this research. The BMG bars with the diameter of 5 mm and length of 
90 mm were prepared by arc melting method [17,18]. The microstruc-
ture was detected using X-ray diffraction (XRD) analysis to ensure the 
completely amorphous atomic structure [1]. In this work, the machined 
surfaces of BMGs would also be inspected by XRD. The physical and 
mechanical properties of the workpiece material are presented in 
Table 1. 

PCBN inserts are widely used in the processing of super-hard mate-
rial because of its high hardness, excellent wear resistance, high thermal 
stability, and excellent thermal conductivity. As previous research re-
ported [4,6], PCBN tools showed excellent machinability and surface 
roughness during the machining of BMGs. The PCBN tool was also 
selected in this research, and the tool material compositions and partial 
physical properties are presented in Table 2. 

Based on previous studies [1,17], the cutting depth ap=0.2 mm and 
feed rate f = 0.039 mm/r are beneficial to improving the machined 
surface roughness. The cutting speed vc=0.16 m/s was chosen because of 

the lathe speed limit and small diameter of the workpiece. In order to 
study the influence of corner radius on wear behavior, PCBN tools with 
different corner radii (0.4, 0.8, 1.2, and 1.6 mm) were prepared. The 
cutting parameters and tool geometric parameters are presented in 
Table 3. 

The cutting process was conducted on a CA6140 lathe equipped with 
the three-dimensional dynamometer Kistler 9257B and the frequency 
converter 3G3RV-A4075-ZV, as shown in Fig. 1. The dynamometer was 
used to measure and record the cutting forces, i.e., Fx, Fy, and Fz, during 
machining. The sensitivity of Fx, Fy, and Fz can reach 7.5 pC/N, 7.5 pC/ 
N, and 3.7 pC/N, respectively. 

As the workpiece is a slender bar with diameter of 5 mm, it was 
clamped on left and supported by the top on right, to improve the sta-
bility of the process system. The BMG bars were then machined to 
standard size with a diameter of 4.6 mm to remove the surface oxide 
layer, and to ensure the roundness of workpiece before the tool wear 
experiment. The machining time is 10 min for each tool. The tool wear 
state was checked with a tool microscope during machining. After 
machining, the machined surface morphology and the PCBN tool rake 
and flank face morphologies were analyzed using scanning electron 
microscopy (SEM) and energy dispersive spectroscopy (EDS). The 
machined surface roughness was examined with JH-340 roughness 
tester. 

3. Results and discussion 

3.1. Tool wear morphology 

Due to the excellent mechanical properties of BMGs, the tool wear 
has always been an important problem during its machining. Here, the 
wear behavior of BMGs with PCBN tools was investigated in detail. As 
shown in Fig. 2(a) and (b), edge chipping and adhesion were observed 
on the tool rake and flank faces at the corner radius of 0.4 mm. Due to the 
relatively-small corner radius, the tool-chip contact area was also small. 
The stress field on rake face was more concentrated at the cutting edge, 
which facilitated the appearance of edge chipping. Beside, with the low 
thermal conductivity (7.1 W/m⋅K) of the Zr-based BMG [1,8,17], large 
amount of cutting heat generated during machining is hard to dissipate, 
resulting in high temperature of tool-chip interface. Under the combined 
action of serious friction at the tool-chip interface and high temperature, 
the chip bottom material is continuously bonded to the tool rake face, 
forming adhesion. At the same time, due to the edge chipping, a newly 
flank face was exposed which decreased the tool clearance angle and 
destroyed the regular shape of cutting edge. The friction and extrusion 
between the tool-workpiece contact area were then increased, also 

Table 1 
Physical and mechanical properties of the workpiece material.  

Material Yield 
strength 
(MPa) 

Elastic 
modulus 
(GPa) 

Thermal 
conductivity 
(W/m⋅K) 

Hardness 
(HV0.5) 

Zr57Cu20Al10Ni8Ti5 1635 82.0 7.1 537.3  

Table 2 
Tool material compositions and physical properties of PCBN tool.  

Type CBN 
content 
(vol%) 

Binder Thermal 
conductivity 
(W/m⋅K) 

Hardness 
(HV) 

Fracture 
toughness 
(MPa⋅m0.5) 

BN100 85 TiN/ 
Co 

217 3700–4000 0.8  

Table 3 
The cutting parameters and tool geometric parameters.  

Cutting parameters Geometric parameters 

Cutting speed 
vc 

0.16 m/s Rake angle γo 0◦

cutting depth 
ap 

0.2 mm Major cutting edge angle 
κr 

90◦

feed rate f 0.039 mm/ 
r 

Clearance angle αo 7◦

Corner radius rε 0.4, 0.8, 1.2, 1.6 
mm  
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leading to the appearance of adhesion on the flank face. 
Different from the tool wear state at corner radius of 0.4 mm, when 

the PCBN tool corner radius increased to 0.8 and 1.2 mm, the edge 
chipping phenomenon disappeared, adhesion and built-up edge 
occurred on the rake face. The tool-chip contact area increased with 
corner radius increasing from 0.4 to 0.8 and 1.2 mm. The degree of stress 

concentration decreased and the curvature of the tool tip became 
smaller. Thus, the strength of tool nose was relatively high and the edge 
chipping disappeared here. The adhesion on the rake face and flank face 
still existed, because of the inevitable friction between the cutting tool 
and chip or workpiece and the less adhesion on the flank face at the 
corner radius of 0.8 and 1.2 mm. It was mainly due to the integrity of 

Fig. 1. (a) The experimental setup for machining, and (b) the installation of workpiece and cutting tool.  

Fig. 2. (a) Rake face morphologies, (b) flank face morphologies, and (c) the EDS spectrum corresponding points (rε = 0.4 mm).  
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cutting edge, as shown in Figs. 3(a)–(d) and 4(a), (b), which can ensure 
good friction state at the tool-workpiece interface. Additionally, a lot of 
chip adhesives were observed on the main cutting edge. It indicated that 
the chip materials tended to stick to the cutting edge and form the built- 
up edge (BUE) because of the particular temperature and stress during 
machining. The appearance of built-up edge can protect the cutting edge 
partially from abrasion of hard particles. On the other hand, it will also 
fall off and reappear periodically, causing the variation of rake angle and 
cutting force. 

With the tool corner radius increasing to 1.6 mm, the edge chipping 
and adhesion appeared again and the built-up edge disappeared, as 
shown in Fig. 5(a)–(d). Although the strength of tool nose increased with 
the increase of corner radius, the cutting force, especially the radial 
force, also increased at the same time. It enlarged the extrusion between 
the PCBN tool and workpiece material, and strengthened the impact of 
shock and vibration on the tool nose during machining. Although the 
PCBN tool has a series of characteristics, such as high hardness, high 
wear resistance and good thermal stability, its toughness and bending 

Fig. 3. (a) Rake face morphologies, (b) flank face morphologies, (c)-(d) detail enlarged view in rectangle region of (a) and (b) respectively, and (e) the EDS spectrum 
corresponding points (rε = 0.8 mm). 
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strength is poor, which is extremely sensitive to shock and vibration 
during cutting. As the most vulnerable part of the tool, the tool nose was 
subjected to the most complex thermal and mechanical shock. As a 
result, micro-chipping occurred on the main cutting edge. Therefore, the 
micro-chipped cutting edge without intact rake face was not conducive 
to chip bonding leading to the disappearance of built-up edge. 

In general, the tool wear state of BMGs was stable and built-up edge 
appeared at the corner radius of 0.8 and 1.2 mm. A smaller corner radius 
would cause stress concentration, while a larger corner radius would 
strengthen the impact of shock and vibration during machining, both 
leading to the chipping of cutting edge. The adhesion on tool rake and 
flank faces always existed with the increase of corner radius, which was 
mainly influenced by the temperature. As the tool corner radius 
increased, the length of the cutting edge involved in cutting was also 
continuously growing, and the friction at the tool-workpiece interface 
continued to intensify, resulting in heat accumulation and cutting tem-
perature increase. Therefore, the variation of corner radius may also be 
one of the reasons for the adhesion. But when the tool corner radius was 
0.4 and 1.6 mm, the appearance of edge chipping would also reduce the 
adhesion. 

3.2. Tool wear mechanism 

The tool wear morphologies indicated that adhesion, built-up edge 
and edge chipping were the main wear behavior during the machining of 
the Zr-based BMG using PCBN tools. In order to analyze the wear 

mechanism, element distributions in the tool worn areas were detected 
using EDS. As presented in Fig. 6, a large amount of Zr element was 
found on the tool rake face, which was concentrated near to the tool 
nose. Beside, the concentration of Zr element was obvious at the corner 
radius of 0.4 mm, which would gradually decrease with the corner 
radius increasing to 1.6 mm. Here, since Zr was the main element of 
workpiece material, the appearance of Zr element indicated the exis-
tence of adhesive wear on the rake face. During machining, the tool-chip 
contact area will generate high temperature and pressure because of the 
friction and extrusion. The chip material will then be softened and stick 
to the rake face under particular temperature and pressure. As the 
temperature and pressure were relatively high near the tool nose, the 
adhesive wear also became more serious here. 

Further analysis of the elements at the built-up edge was also con-
ducted with the corner radii of 0.8 and 1.2 mm, as presented in Fig. 3(e), 
spectrum B1 and Fig. 4(c), spectrum C1. The appearance of large amount 
of Zr element confirmed that chip materials tended to stick and accu-
mulate on the intact cutting edge. With the machining progressing, the 
built-up edge will appear and fall off periodically, leading to adhesive 
wear. Here, the concentration of Zr was mainly caused by the adhesion 
and built-up edge. When the corner radius increased to 1.6 mm, 
although large amount of Zr element was detected on the rake face, the 
concentration of Zr element was relatively small near to the tool nose. It 
may be caused by the micro-chipping of the cutting edge. 

The adhesion existed not only on the rake face, but also on the flank 
face. Figs. 2–5 showed the element distribution of adhensions at 

Fig. 4. (a) Rake face morphologies, (b) flank face morphologies, and (c) the EDS spectrum corresponding points (rε = 1.2 mm).  
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different corner radii, respectively. In spite of Zr, Cu, Al, Ni, and Ti el-
ements which are the main element of workpiece material, large amount 
of B and small amount of O and Co element are also observed in the 
adhensions. B element is the main element of PCBN tool material and Co 
element comes from the binder of CBN particles. The N element, which 
is also the main element of PCBN tool material, almost disappeared in 
the adhesion area. The appearance of O element indicated the existence 
of oxidation reaction. As the low thermal conductivity of Zr-based 
BMGs, cutting heat was concentrated on the tool-chip contact area, 
leading to the local high temperature. The CBN particles in the tool and 
the Co element in the binder were easy to oxidize with O2 in the air, 
forming B2O3, CoO and Co3O4. The chemical reaction can be expressed 
by [19,20]: 

4BN + 3O2→2N2↑ + 2B2O3 (1)  

2Co + O2→2CoO (2)  

3Co + 2O2→Co3O4 (3) 

Finally, the product of the reaction will be mixed with the softened 
chip material, forming adhesion on the rake and flank faces. Therefore, a 
large amount of B element was detected in the adhensions, while the 
content of N element was very little since the N element escaped in the 
form of nitrogen. This process is presented in Fig. 7. Beside, the 

temperature near to the tool nose was relatively high, and the oxidation 
reaction was more serious here. This resulted in lower content of N 
element and higher O content, as presented in Fig. 2(c) (spectrum A1, A2 
and A3). Along with the oxidation reaction, the composition of the tool 
surface layer was changed, and its physical performance would also be 
destroyed. The tool wear behavior would be aggravated due to the 
presence of oxidation wear. 

In conclusion, the adhesive wear and oxidation wear are the main 
wear mechanisms during machining Zr-based BMGs with PCBN tools. 
The high temperature and pressure caused by the friction and extrusion 
at the tool-chip and tool-workpiece interface are the main reason for 
adhesive wear. In addition, the high temperature also causes the CBN 
particles in the tool material and the Co element in the binder to react 
with oxygen in the air, leading to oxidation wear. 

3.3. Effect of normal stress field distribution on tool wear behavior 

As mentioned above, the tool wear was mainly caused by the high 
temperature and pressure at the tool-chip and tool-workpiece interface. 
Tool breakage, such as edge chipping, also occurred at the corner radii of 
0.4 and 1.6 mm during the machining of Zr-based BMGs with PCBN 
tools. Here, the stress field distribution on the rake face has a direct 
influence on tool breakage. When the maximum normal stress at the tool 
nose is high enough, the edge chipping will be easy to occur. In order to 

Fig. 5. (a) Rake face morphologies, (b) flank face morphologies, (c)-(d) detail enlarged view in rectangle region of (a) and (b) respectively, and (e) the EDS spectrum 
corresponding points (rε = 1.6 mm). 
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investigate the effect of normal stress field distribution on tool wear, the 
variations of maximum normal stress during machining with different 
corner radii were calculated. 

With an orthogonal cutting mathematical model, the friction angle β 
and average friction coefficient μ at the tool-chip interface can be 
expressed by the cutting forces: 

β = arctan
(

Fy

Fz

)

+ γoe (4)  

μ = tanβ (5)  

where Fy is the radial force, Fz is the main cutting force and γoe is the 
rake angle. The cutting forces, measured during machining, were pre-
sented in Fig. 8. It can be seen that the cutting forces increased obviously 
with the increase of corner radius. The increase of corner radius 
enhanced the length of cutting edge engaged in cutting, and decreased 
the actual cutting edge angle, which can enlarge the main cutting force 
Fz and radial force Fy, respectively. Based on the calculated results of the 
friction angle, the shear angle can be calculated by the equation: 

ϕ =
π
4
+

γoe

2
−

β
2
. (6) 

The change law of shear angle and friction angle during machining 
Zr-based BMG with different corner radii was presented in Fig. 9. The 
shear angle decreased with the increase of corner radius, which meant 
the enlargement of the chip deformation degree. The decrease of shear 
angle was mainly caused by the increase of friction angle, as shown in 
Eq. (6). Based on Eq. (4), the friction angle was determined by the ratio 
of Fy to Fz. When the tool corner radius increased from 0.4 to 1.6 mm, 
the radial force Fy increased more significantly than the main cutting 
force Fz. In addition, the thickness of the cutting layer decreased with 
the increase of corner radius, which made the chip deformation easier, 
leading to a smaller shear angle. 

Since the cutting depth ap was smaller than the corner radius rε, the 
actual cutting edge angle κrewas influenced by the corner radius, as 
shown in Fig. 10.According to the geometric relationship, the actual 
cutting edge angle κre can be calculated by: 

Fig. 6. The concentration of Zr element on the rake face.  

Fig. 7. The chemical reaction process occurred on the rake and flank faces.  

Fig. 8. The cutting force variation with the increase of corner radius.  

J. Zhang et al.                                                                                                                                                                                                                                   



Journal of Non-Crystalline Solids 624 (2024) 122722

8

κre = arctan

⎛

⎜
⎝

ap
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2aprε − a2

p

√

⎞

⎟
⎠. (7) 

It was obvious that the actual cutting edge angle decreased with the 
increase of corner radius. The torque of the tool rake face to the chip 
was: 

MTC =

∫ lf

0
σ(x)⋅aw⋅x dx. (8) 

Here, lf is the tool-chip contact length, σ(x) is the normal stress, aw is 
the cutting width and x is the distance from the tool nose. In addition, 
the torque of the workpiece material to the chip was: 

MWC = Fs⋅tan(ϕ+ β − γoe)⋅at / 2sinϕ. (9)  

where Fs is the shear force at the main shear plane, and at is the cutting 
layer thickness. The torques applied to the chip should be balanced as: 

MTC = MWC. (10) 

Based on Zorev’s assumption, the normal stress on the rake face has 
the maximum value at the tool nose and decreases gradually along the 
direction of chip flow. It can be expressed with: 

σ(x) = σm

(

1 −
x
lf

)η

. (11)  

where σm is the maximum normal stress at the tool nose, and η is the 
normal stress decreasing constant. Combining Eqs. (8) and (11), the 

torque of the tool rake face to the chip can be expressed as: 

MTC = Fs⋅
lf

η + 2
⋅

cosβ
cos(ϕ + β − γoe)

. (12) 

Finally, combining Eqs. (9), (10) and (12), the tool-chip contact 
length can be calculated as [21,22]: 

lf = at⋅
η + 2

2
⋅
sin(ϕ + β − γoe)

sinϕ⋅cosβ
. (13) 

Here, the cutting layer thickness at is: 

at = f ⋅sinκre. (14) 

According to Eqs. (7), (13) and (14), the theoretical tool-chip contact 
length lf can be furtherly expressed with: 

lf = f ⋅sin

⎡

⎢
⎣arctan

⎛

⎜
⎝

ap
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2aprε − a2

p

√

⎞

⎟
⎠

⎤

⎥
⎦⋅

η + 2
2

⋅
sin(ϕ + β − γoe)

sinϕ⋅cosβ
. (15) 

The cutting width aw can be expressed with: 

aw =
ap

sinκre
. (16) 

The normal force Fn on the rake face can be calculated with the 
normal stress integration: 

Fn =

∫ lf

0
aw⋅σ(x) dx. (17) 

It can also be calculated with cutting forces and friction angle: 

Fn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

F2
y + F2

z

√

⋅cosβ (18) 

Based on the calculated results of normal force Fn, cutting width aw 
and tool-chip contact length lf, the maximum normal stress σm can be 
obtained by: 

σm =
Fn⋅(η + 1)

aw⋅lf
. (19) 

The calculated results of maximum normal stress with different 
corner radii are shown in Fig. 11. The maximum normal stress firstly 
decreased with the corner radius increasing from 0.4 to 1.2 mm, and 
then increased when the corner radius reached 1.6 mm. The maximum 
normal stress reached the highest value of 3303 MPa when the corner 
radius was 0.4 mm. It then decreased to 2868 and 2763 MPa with the 
corner radius increasing to 0.8 to 1.2 mm, and then increased to 3037 

Fig. 9. The variation of shear angle and friction angle with the increase of 
corner radius. 

Fig. 10. The actual cutting edge angle calculated with the corner radius.  

Fig. 11. The calculated results of maximum normal stress at different 
corner radii. 
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MPa at the corner radius of 1.6 mm. 
Here, the maximum normal stress was mainly influenced by the 

normal force Fn, the normal stress decreasing constant η and the theo-
retical tool-chip contact area S can be calculated as: 

S = aw⋅lf (20) 

With the increasing of tool corner radius, the normal force Fn 
increased from 36.95 N to 54.69 N and the theoretical tool-chip contact 
area S also increased from 0.0447 mm2 to 0.072 mm2, as shown in 
Fig. 12. On the one hand, the increase of normal force Fn enlarged the 
normal stress at the tool-chip contact area. On the other hand, the in-
crease of theoretical tool-chip contact area S would diminish the normal 
stress. Therefore, the maximum normal stress σm at the tool nose showed 
a variation trend of decreasing first and then increasing under the 
combined action of normal force Fn and theoretical tool-chip contact 
area S. Generally, the edge chipping occurred during machining was 
usually caused by the excessive local stress. Here, the maximum normal 
stress at the tool nose was relatively high when the corner radius was 0.4 
and 1.6 mm. Then the edge chipping would be easier to occur at this 
situation, which was also confirmed by the tool wear morphology in 
previous content. 

Considering the entire cutting process, the cutting forces variation 
during the tool wear process are presented in Fig. 13. With the corner 
radius of 0.4 mm, the cutting forces increased sharply with the occur-
rence of serious edge chipping during machining. At the corner radius of 
0.8 and 1.2 mm, the tool wear state was improved and built-up edge was 
found on the cutting edge. With the formation and disappearance of 
built-up edge, the cutting forces would also show fluctuating changes at 
this situation. In addition, the resultant cutting force variation, during 
the tool wear process, was analyzed and the results are shown in Fig. 14. 
Overall, the resultant cutting force increased with the increase of corner 
radius. The resultant cutting force also increased obviously with the 
occurrence of edge chipping when the corner radius was 0.4 mm. As the 
tool wear process was more stable when the corner radius was 0.8 and 
1.2 mm, the variation of resultant cutting force presented a fluctuating 
trend, which was also caused by the formation and disappearance of 
built-up edge. 

Generally, the stress distribution in cutting area has an important 
effect on tool wear behavior. An extremely high maximum normal stress 
may cause the appearance of edge chipping and worsen tool wear state. 
Moreover, the stress field on rake face is exponentially distributed. The 
stress near tip is higher and has the greatest effect on tool strength. 
Therefore, the maximum normal stress can be used as an index of the 
influence of the tool tip stress field distribution on tool wear. At the 

corner radius of 0.4 and 1.6 mm, the maximum normal stress is large and 
the edge chipping is easier to happen at this situation. And the chipping 
will take away part of the adhesion layer, making it difficult to accu-
mulate on rake face and form BUE. At the same time, the tool wear 
behavior will also influence the cutting forces during machining. With 
the formation and disappearance of built-up edge, the variation of cut-
ting forces presented a fluctuating trend. 

3.4. Effect of tool wear behavior on machined surface quality 

The machined surface quality is an important factor in evaluating the 
material machinability. In this work, the machined surface roughness of 
Zr-based BMGs at different corner radii was investigated. And the sur-
face roughness results with new inserts and worn inserts were compared 
in Fig. 15. It indicated that the surface roughness with new inserts 
decreased with the increase of corner radius. According to the theoret-
ical formula of surface roughness, the corner radius and feed rate are the 
main factors affecting the machined surface roughness. The increase of 
corner radius will reduce the remain height of machined surface, leading 
to the improvement of surface roughness. 

Ra =
0.032⋅f 2

rε
(21) 

In fact, there are many factors affecting the surface roughness, such 
as the tool wear state, deformation of machined surface and vibration 
during machining, other than the remaining height. In order to study the 
effect of tool wear state on surface roughness, the machined surface 
roughness after inserts wear is also presented in Fig. 15. The machined 
surface roughness obtained after inserts wear was almost the same as 
that obtained after first cut with new inserts when the corner radii were 
0.4, 0.8 and 1.2 mm, while it was significantly different when the corner 
radius was 1.6 mm. 

As mentioned above, the tool wear state was different with the 
variation of corner radius, which also influenced the machined surface 
roughness. The built-up edge appeared on the cutting edge when the 
corner radius was 0.8 and 1.2 mm. The edge chipping occurred when the 
corner radius was 0.4 and 1.6 mm because of the high normal stress. The 
adhesion on tool rake and flank faces always exist with the corner radius 
variation. However, the adhesion degree was significantly reduced 
when the corner radius was 1.6 mm, as presented in Figs. 5 and 6. Here, 
the edge chipping made the cutting edge become irregular, and the 
integrity of the machined surface was destroyed. The built-up edge 
appeared on the cutting edge can lead to local overcutting during 
machining. With the dynamic formation and disappearance of built-up 
edge, the cutting depth also changed continuously and the machined 
surface quality was worsened. Therefore, the appearance of edge chip-
ping and built-up edge both led to the deterioration of surface rough-
ness. Moreover, the adhensions on the flank face reduced the actual tool 
clearance angle to almost 0◦. The extrusion and friction between the tool 
flank face and workpiece machined surface were intensified. Such 
almost flat flank face of the tool performed a secondary cutting on the 
machined surface, and the surface was further finished, as shown in 
Fig. 16. 

Generally, with the corner radius of 0.4, 0.8 and 1.2 mm, although 
the appearance of edge chipping and built-up edge enlarged the surface 
roughness, the large amount of adhensions on the tool flank face made 
the almost flat flank face perform a secondary cutting effect and finish 
the machined surface. Finally, the surface roughness with worn insert 
was almost the same as that with new insert. When the corner radius 
increased to 1.6 mm, only a very small amount of adhensions were found 
on the tool flank face, as shown in Fig. 5(d). The edge chipping played a 
dominant role in surface roughness and it destroyed the integrity of 
cutting edge, leading to the significantly increase of surface roughness. 

Furtherly, in order to reveal the relationship between the machined 
surface quality and tool wear state, the machined surface morphology 
was analyzed. Fig. 17 presents the machined surface morphology of the 

Fig. 12. The variation of normal force Fn and theoretical tool-chip contact area 
S on the change of corner radius. 
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Zr-based BMG with different corner radii PCBN tools. It indicated that 
the machined surface morphology was mainly characterized with feed 
marks, adhensions and material side flow. 

The feed marks were determined by the cutting edge integrity which 
was influenced by edge chipping. With the appearance of edge chipping, 
the irregular cutting edge enlarged the extrusion and friction between 
the tool-workpiece interface. As the low thermal conductivity of work-
piece material, local high temperature will soften the workpiece mate-
rial and form the material side flow during machining. Obvious feed 
marks were accompanied with material side flow, just as shown in 
Fig. 17(a) and (d) when corner radius was 0.4 and 1.6 mm. 

In addition, adhensions were also found on the machined surface 
which were come from the debris during machining. The debris on the 
machined surface were mainly come from the adhensions on the tool 

rake and flank faces. The debris were bonded to the machined surface 
under the extrusion action of the tool flank face. The more adhensions on 
the tool rake and flank faces, the more debris bonded to the machined 
surface. As presented in Fig. 6, the degree of adhesion decreased obvi-
ously with the corner radius increasing from 0.4 to 1.6 mm. The change 
law was almost the same as that of adhesive wear occurred on the tool 
rake and flank faces. 

In general, the feed marks, adhensions and material side flow all 
have significant effects on surface quality. Among them, feed marks and 
material side flow played dominant roles in enlarging surface roughness. 
Therefore, the surface roughness value with corner radius of 0.4 and 1.6 
mm were larger than those with corner radius of 0.8 and 1.2 mm. 
Considering the adhensions on the machined surface, the degree of 

Fig. 13. The variation of cutting forces during the tool wear process.  

Fig. 14. The resultant cutting force variation during the tool wear process.  Fig. 15. The machined surface roughness at different corner radii.  
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adhesion with corner radius of 1.2 mm was less than that of 0.8 mm. 
Finally, the surface roughness had the lowest value at the corner radius 
of 1.2 mm because of the slight feed marks, material side flow, and 
adhensions. 

Therefore, the relationship between the surface roughness and tool 
wear state can be related with machined surface morphology. Here, the 
edge chipping destroyed the integrity of cutting edge and formed feed 
marks and material side flow on the machined surface, leading to the 
increase of surface roughness. The adhesive wear, occurred on the tool 
rake and flank faces, would also produce debris bonded to the machined 
surface, forming adhensions and enlarging surface roughness. 

Amorphous atomic characteristics are the reason for the excellent 
mechanical properties of Zr-based BMG. However, the high temperature 
in the cutting area may cause machined surface material crystallization 
due to the increased tool wear during cutting process and the extremely 
low thermal conductivity of BMG. Therefore, the machined surfaces of 
Zr-based BMG at different corner radii were detected with XRD 
diffraction analysis as shown in Fig. 18. The results show that there is no 
obvious sharp crystal diffraction peak on the machined surfaces. It 

indicates that the amorphous characteristics of Zr-based BMG have no 
change during the cutting process. 

4. Conclusions 

In summary, the tool wear mechanisms of machining Zr-based BMGs 
with PCBN tools were investigated. The corner radius had a significant 
influence on the tool wear behavior during machining. The tool wear 
state was relatively stable when the corner radius was 0.8 and 1.2 mm, 
with the appearance of built-up edge. A smaller or larger corner radius 
would both lead to edge chipping because of the stress concentration 
and the impact of shock and vibration during machining. Adhesive and 
oxidation wear are the main wear mechanisms during machining Zr- 
based BMGs with PCBN tools. Due to the low thermal conductivity of 
workpiece material, the high cutting temperature caused the CBN par-
ticles in the tool material and Co element in the binder to react with 
oxygen in air, leading to oxidation wear. 

Furtherly, the tool wear mechanism was significantly affected by the 
normal stress field distribution. With the increase of corner radius, the 
maximum normal stress at the tool nose showed a variation trend of 
decreasing first and then increasing under the combined action of 
normal force Fn and theoretical tool-chip contact area S. The high 
maximum normal stress was the main reason for edge chipping. The 
relationship between the surface roughness and tool wear state was 
related to the machined surface morphology. The edge chipping 
destroyed the integrity of cutting edge, forming feed marks and material 
side flow on the machined surface, and leading to the increase of surface 
roughness. The secondary cutting and finish on the machined surface by 
flank face adhensions can reduce the increase in surface roughness 
caused by adhesive debris on the machined surface. Finally, the surface 
roughness should be the result of the combined action of these factors. 
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