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Abstract High-strength wear-resisting aluminum bronze al-
loy is a difficult-to-machine material. Dry cutting tests were
conducted on high-strength wear-resisting aluminum bronze
alloy with YW1 cemented carbide tool and YBC251 coated
cemented carbide tool. The wear mechanisms of the two tools
were characterized with a scanning electron microscope
(SEM) and an energy-dispersive spectrometer (EDS) to com-
pare their machining performances. And on that basis, the
influences of cutting parameters, including cutting speed, feed
rate, and cutting depth, on the tool life of the YBC251 coated
cemented carbide tool and surface roughness of the workpiece
were analyzed with a 3-D super-depth-of-field instru-
ment and a surface profile measuring instrument, respec-
tively. The results showed that the machining perfor-
mance of the YBC251 coated cemented carbide tool
was better than that of the YW1 cemented carbide tool.
Among all the cutting parameters, it was found that
feed rate had a stronger effect on tool life and surface
roughness than cutting speed and cutting depth.

Keywords Cemented carbide tool - High-strength
wear-resisting aluminum bronze alloy - Wear mechanism -
Tool life - Surface roughness

1 Introduction
Aluminum bronzes are copper-base alloys containing approx-

imately 5 to 12 wt% Al. Major alloying elements other than Al
include Fe, Ni, Mn, and Si [1]. And it is well known that
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aluminum bronze has excellent physical, mechanical, and
tribological properties; shows excellent sliding wear re-
sistance against steel; and possesses very good corrosion
resistance in neutral saline and even low-concentration
H,SO, solution [2-5]. That outstanding property makes
the material extraordinarily useful in the machine build-
ing industry; for example, with the remarkable wear
resistance, aluminum bronze is employed for stretching
and squeezing dies [6] and for aluminum bronze coating
of cutting tools [7]. However, these properties also
result in the tendency to be machined with mechanical
methods with a very big difficulty [6].

Based upon considering the comprehensive properties
of aluminum—bronze alloy and design principles of the
micro-structure of aluminum—bronze alloy, Li et al. [1]
developed a new high-strength and wear-resisting alu-
minum bronze. Compared with the Japanese AIBC2(JIS
H5114-79) and the French U-A9Fe3Y200(NFA 53-709-
70), its yield strength was 44.5 and 19.7 % higher, and
its Brinell hardness was 16.6 and 11.9 % higher, re-
spectively [1]. The machinability of the high-strength
wear-resisting aluminum bronze was explored with the
M2 high-speed steel tool and YW1 cemented carbide
tool, and the machining performance of the M2 tool
was confirmed to be worse than that of the YW1 tool
under the experimental condition [8, 9].

In the present paper, in order to further study the
machinability of the high-strength wear-resisting alumi-
num bronze, two kinds of cutting tools, YW1 cemented
carbide tool and YBC251 coated cemented carbide tool,
are utilized to cut the aluminum bronze, the wear mech-
anisms of the two kinds of cutting tools are studied and
compared, and the influences of cutting parameters on
both tool life of YBC251 coated cemented carbide tool
and surface roughness of the workpiece are also studied
in the cutting process.
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Table 1 Chemical composition of workpiece material (in weight
percent)

Table 3 Tool parameters of YW1 cemented carbide tool and YBC251
coating cemented carbide tool

Al Fe Ni Mn Pb Ti B Cu

9.0-10.5 3.0-5.0 1.0-25 1.0-25 <1.0 >0.5 <0.2 Balanced

2 Experimental design
2.1 Experimental material

The chemical composition of the high-strength and wear-
resistant aluminum bronze alloy developed by Li et al. [1] is
shown in Table 1 [1], and its mechanical properties are shown
in Table 2 [1]. YW1 cemented carbide tool and YBC251
coated (TiN/AL,O5/TiCN) cemented carbide tool, character-
ized by the tool angle parameters shown in Table 3, are used to
cut a cylindrical bar of the workpiece material.

2.2 Experimental process

The cutting experiments were carried out on C6132A1 lathe
shown in Fig. 1. Neither lubricant nor coolant was used in the
cutting process. The cutting parameters of cutting speed 88 m/
min, feed rate 0.1 mm/r, and cutting depth 2 mm were
employed to study wear mechanisms, and the experiments
were stopped at the cutting time of 5, 10, and 15 min to
analyze the changing wear morphology with increasing cut-
ting time. Panels a and b of Fig. 2 show the chips produced by
YW1 cemented carbide tool and YBC251 coated cemented
carbide tool, respectively. To explore the influences of cutting
parameters on tool life, another series of experimental works
were carried out with the cutting conditions of cutting speed
33-88 m/min, feed rate 0.05-0.21 mm/r, and cutting depth
0.4—1.2 mm. The influences of cutting parameters on surface
roughness were also investigated over wide ranges of cutting
speed from 8§ to 176 m/min, feed rate from 0.05 to 0.34 mmv/r,
and cutting depth from 0.1 to 3.0 mm.

SEM photograph and surface chemical composition of a
worn tool face were characterized with a scanning electron
microscope and energy-dispersive spectrometer, respectively.
The measurement of the wear band width of the tool flank was
done with a 3-D super-depth-of-field instrument, and surface
roughness was measured with a surface profile measuring
instrument.

Table 2 Mechanical properties of workpiece material

Tensile Yield Elongation Brinell Impact
strength strength (6/%) hardness toughness
(0u/MPa)  (09»/MPa) (HB) (/T em™)
633 370 18 169 43

@ Springer

Rake Relief Cutting edge Minor edge
angle angle angle angle
YW1 6° 6° 45° 45°
YBC251 6° 6° 95° 5°

3 Results and discussion
3.1 The wear of YW1 cemented carbide tool

Figures 3 and 4 show the SEM photographs of rake faces and
flank faces of YW1 cemented carbide tool, respectively. It can
be seen from Fig. 3a, b that an obvious crater does not form on
the rake face, and a large area of a notch (Fig. 3a) appears on
the cutting edge close to the nose, which is possibly caused by
abrasive wear between solid particles of the tool material, such
as tungsten carbide (WC) compound, and the workpiece ma-
terial. A small amount of the adhesive forms as shown in
Fig. 4b, which is likely to be aluminum-bronze alloy. And
the tool substrate is obviously exposed (Fig. 4a). However,
because the affinity of the WC compound of the cemented
carbide tool to Cu and Al elements of the workpiece material
is small and the hardness of the tool material is high, it is
obvious that adhesive wear is not a main wear mechanism [9].
After machining for 10 min and even 5 min, micro-chipping
appears on the rake face and flank face; 15 min of machining
makes tool micro-chipping become so obvious that the tool
loses its usability. So the failure mode of the YW1 cemented
carbide tool is not tool flank wear, but micro-chipping.

To further study the wear mechanisms of the YW1
cemented carbide tool, a series of chemical composition anal-
yses of the tool flank wear surface for 10 min of machining
with EDS are shown in Table 4. In Table 4 (a), the main
component is WC and there also exists a little amount of Co
element from the binder of the tool material. Obviously, the
chemical composition is close to that of the tool substrate. It

B
f———

Fig. 1 Domestic lathe C6321A1 for cutting experiment
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Fig. 2 Chips produced by a
YW1 cemented carbide tool and
b YBC251 coated cemented
carbide tool (cutting speed 88 m/
min, feed rate 0.1 mm/r and
cutting depth 2 mm)

demonstrates that the cemented carbide tool substrate has been
exposed and that peeling wear is one of the wear mechanisms.
In Table 4 (b), the dark area contains approximately 50 wt% C
and 44 wt% O. In high temperature, C compounds of the tool
decompose out the C element to diffuse into the workpiece;
thus, on the tool surface, a concentration gradient of C element
is formed to increase the C content of the tool surface [8]. And
simultaneously, the diffusion reduces the content of C to
degrade properties of the tool [10]. The O existence is attrib-
uted to the high cutting temperature. As a result, the high-
temperature oxidation reactions of the C element diffused
from the tool, and the metallic elements from the workpiece
material, such as Al and Fe, react with oxygen in the air to
generate the corresponding carbon oxygen compounds and
metallic oxides. However, in the experiment by Li et al. [8],
the oxidation reaction was not mentioned in the machining
process of the aluminum bronze with the YW1 tool. The
chemical composition in Table 4 (c) is basically the same as
that of the aluminum bronze alloy. The phenomenon also
demonstrates that adhesive wear appears in the tool surface.

3.2 The wear of YBC251 coated cemented carbide tool

Figure 5 shows the SEM photographs of rake faces of the
YBC251 coated cemented carbide tool. There is no crate and

notch in the rake faces, maybe because the coating structure
reduces the friction force between the tool and the workpiece,
and improves the surface properties of the tool. However, in
Fig. 5 (a and c), a little amount of layer material appears on the
tool nose, and it is highly possible to be built-up edge, which is
caused by the adhesive wear between the tool and the work-
piece material.

Figure 6 shows the SEM photographs of flank faces of
YBC251 coated cemented carbide tool. A wear band of about
0.12 mm in width is seen to form. This phenomenon is very
normal for the cutting process, which is caused by the friction
between flank face and workpiece material. The adhered
aluminum bronze layer is found in the flank. During the
cutting process, in the conditions of high cutting temperature
and big cutting force, the workpiece material easily adheres to
the cutting tool by the adsorption force between molecules.
However, in the cutting process with the YBC251 coated
cemented carbide tool, the tool surface roughness increases
with the mutual friction between the workpiece and the tool.
At the same time, the cutting temperature is very high in the
cutting process with high cutting speed so as to decrease the
hardness of the workpiece material and increase the plasticity.
Therefore, the aluminum bronze alloy very easily fills in the
tool surface micro-cavities and micro-grooves to protect the
tool. Thus, it can be seen that the adhered workpiece material

Fig. 3 SEM photographs of rake faces of YW1 cemented carbide tool. a 5, b 10, ¢ 15 min
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Fig. 4 SEM photographs of flank faces of YW1 cemented carbide tool. a 5, b 10, ¢ 15 min

layer on the tool surface is related not just with adhesive wear,
but also with the phenomenon of so-called smearing of tool
flank [11]. Because of the high strength and the high hardness
of YBC251 coated cemented carbide tool, tool flank does not
form micro-chipping.

The SEM photographs and the chemical composition of the
wear band for 10 min machining are showed in Table 5.
Table 5 (a) shows that the chemical composition is very close
to that of cemented carbide. And a little amount of Cu and Al
elements come from the aluminum bronze. It can be

concluded that peeling wear is also one of the wear mecha-
nisms of YBC251 coated cemented carbide tool. The chemi-
cal composition shown in Table 5 (b) is basically the same as
that of the workpiece material except the Ti and Ni elements.
Compared with 2.0 wt% Ti, only approximately 0.5 wt% Ti is
contained in the aluminum bronze. The reason why the Ti
concentration is much so high is a result of the coating
material of the cutting tool. That phenomenon also proves
that serious adhesive wear forms on the flank face. As shown
in Table 5 (c), C and O elements constitute the main chemical

Table 4 Chemical composition analysis of the YW1 cemented carbide tool wear surface for 10 min of machining

Number SEM photograph

Element mass percent Energy spectrum

(a)

C:11.93 %
Co:5.82 %
Cu:7.96 %

W:74.29 %

@z 4 &
BRI 44 cte £ 7195 Botmy e

(b)

C:49.62 % e
0:44.2 %
Na: 1.8 %
S:0.82 % o

Cl: 1.51 % U\J'] -

K:1.25 %

(©)

N

Al: 13.17 %
Fe: 2.93 %
Ni: 3.28 %
Cu: 80.62 %

° 04 1 1 2 24
AR 570 o A 58X Bois) e
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elements. The forming mechanism is very similar with the
forming mechanism described for Table 4 (b). However, the
coating structure of YBC251 coated cemented carbide tool
weakens carbon diffusion and oxidation reaction. From the
above analysis, in the cutting process, the coating has been
moved, and the coating failure exposes the cutting tool sub-
strate. And it had been confirmed in ref. [12, 13] that although
coating delamination had appeared in the initial machining
process, the coating structure improved tool machining per-
formance. And the coating delamination forms the smooth
surface, which creates the opportunity to develop the adhered
aluminum bronze layer. It is concluded that both delamination
wear and adhesive wear appear in the flank wear band.

3.3 YBC251 coated cemented carbide tool life analysis

Under the actual working condition of cutting speed 88 m/
min, feed rate 0.1 mm/r, and cutting depth 2.0 mm, the
progression of tool flank wear band versus cutting time is
characterized with a 3-D super-depth-of-field instrument
shown in Fig. 7. With the increase of cutting time, the average
wear band width of worn flank face VB gradually increases.
The failure mode of YBC251 coated cemented carbide tool is
average flank wear.

Fig. 5 SEM photographs of rake faces of YBC251 coated cemented carbide tool. a 5, b 10, ¢ 15 min

Figure 8 shows the progression of wear band widths VB
versus cutting time. The average wear band width of flank
wear VB of 0.3 mm was selected as the tool life rejection
criterion of the coated cemented carbide tool. As seen in
Fig. 8, the tool wear band width reaches 0.3 mm after 90-
min cutting. Before the cutting time of 90 min, the cutting is in
the normal wear stage, and after that time, the tool wear degree
speeds up with the cutting time increasing; the cutting is into a
serious wear stage. It is concluded that the tool life of YBC251
coated cemented carbide tool is 90 min under the actual
working condition.

3.3.1 The influence of cutting speed

Figure 9 shows the evolution of tool wear progression versus
cutting time under different cutting speeds. Before the cutting
time of 15 min, the cutting process is in the initial wear stage;
the tool wear band widths are almost constant for the different
cutting speeds. After 15 min, the cutting process is in normal
wear stage, and the tool wear degrees for the different cutting
speeds are obviously different. And before the cutting time of
25 min, the VB for the cutting speed of 55 m/min is less than
that for the cutting speeds of 33 and 88 m/min. The phenom-
enon should be explained in terms of the change of main tool

Fig. 6 SEM photographs of flank faces of YBC251 coating cemented carbide tool. a 5, b 10, ¢ 15 min
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Table 5 Chemical composition analysis of the wear band surface of the YBC251 coated cemented carbide tool for 10 min of machining

SEM photograph

Element mass percent

Energy spectrum

(a)

C:5.04 %
Al: 1.59 %
Ti: 1.04 %
Co: 493 %
Cu: 7.57 %
W: 79.84 %

(b)

Al: 12.64 %
Ti: 222 %
Mn: 0.89 %
Fe: 4.05 %
Ni: 4.19 %
Cu: 76.01 %

(©)

C: 46.58 %
0:29.98 %
Na: 3.55 %
Al: 2.16 %
Cl: 226 %
Cu: 1.46 %

L LE

Fig. 7 Progress of tool flank wear band of YBC251 coated cemented carbide tools versus cutting time (cutting speed 55 m/min, feed rate 0.1 mmy/r,
cutting depth 0.8 mm). a 5, b 10, ¢ 15, d 20, e 25, f 30 min
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Fig. 8 Progress of VB versus cutting time (cutting speed 55 m/min, feed
rate 0.1 mm/r, cutting depth 0.8 mm)

wear mechanisms with increasing cutting speeds. In the con-
dition of low cutting speed, adhesive wear led by built-up
edge is very serious. While for high cutting speed, the forma-
tion condition of the built-up edge weakens gradually, the
main wear mechanism is therefore no longer the adhesive
wear caused by the built-up edge [14]. At the same time,
although chips carry off more heat in a high cutting speed,
the cutting temperature still dramatically increases to intensify
the adhesive and diffusive wear in the flank face. So it sharply
increases the flank wear band width and reduces the tool life
[13, 15, 16].

3.3.2 The influence of feed rate

Figure 10 shows the progression of VB versus cutting time in
different feed rates. The VB increases sharply with the in-
crease of feed rate, and even the VB increases by about more
than 60 um at the cutting time of 15 min when feed rate
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Fig. 9 Progression of VB versus cutting time under different cutting
speeds (feed rate 0.1 mm/r, cutting depth 0.8 mm)
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Fig. 10 Progression of VB versus cutting time under different feed rates
(cutting speed 55 m/min, cutting depth 0.8 mm)

increases from 0.10 to 0.21 mm. The increase of feed rate
extends the areas of the first and second shear deformation
zones, and enlarges the removal per unit time. Consequently,
it enhances the cutting temperature and the cutting force,
intensifies the adhesive wear and diffusive wear, and finally
reduces the tool life [10].

3.3.3 The influence of cutting depth

Figure 11 shows the progression of VB versus cutting time in
different cutting depths; VB remains almost changeless with
the cutting depth increasing. With the increase of the cutting
depth, the cutting edge length participating in cutting also
elongates. Although the cutting force and the cutting heat
increase, the chip compression ratio and the average contact
temperature remain unchanged [13]. Therefore, the cutting
temperature and the wear rate basically remain changeless
for the different cutting depths.

2004 77773 a,1=0.40mm
180 a,2=0.80mm
160 J EiEEl a 3=1.20mm

140 +

1204 F
100
80}

60

wear band width VB/um

40

20}

15
cutting time t_/min

Fig. 11 Progression of VB versus cutting time under different cutting
depths (cutting speed 55 m/min, feed rate 0.1 mm/r)

@ Springer



676

Int J Adv Manuf Technol (2014) 70:669-678

Fig. 12 Progression of surface 1.2 1 - 10
roughness versus cutting speed -&-Ra [
(feed rate 0.1 mmy/r, cutting depth Ry o -9
0.8 mm) 1.0 4 [ 8
2
£
L7 S
< 08 S
; o, ©
c 06 & ] \\0 mls S
= | Eeessnaiil
3 ¢ \-H./ L 3
5 43
® 0.4- . A
O -3 3
© )
© i X
> =
73 -2 E
0.2 4 | 3
-1
0.0 +——p4—>—7—r—-"1"—"F—"+—"F—"—"T—""—"—""—"T—""T—"+F0
0 20 40 60 80 100 120 140 160 180

3.4 The influences of cutting parameters on surface roughness
3.4.1 The influence of cutting speed

Figure 12 shows the progression of surface roughness versus
cutting time at different cutting speeds. Obviously, the lowest
surface roughness value is recorded at the low cutting speed.
With the increase of cutting speed, the surface roughness
value increases, and the highest surface roughness value is
recorded at the cutting speed ranging from 16 to 33 m min ™.
This is probably due to the formation of built-up edge, which
can induce the more severe vibration and scratch effect of the
tool. Ramesh et al. [17] studied the relationship of surface
roughness with cutting speed, and pointed out that built-up
edge formation on cutting tool tends to develop bad surface

cutting speed v /(m/min)

roughness. At the cutting speed ranging from 33 to
126 m min "', the forming condition of built-up edge is weak-
ened gradually; the surface roughness decreases and tends to
level off. The jumping phenomenon of the surface roughness
values at the speed reaching to about 126 m min™" is probably
caused by severe tool wear, after all the high cutting speed
results in high cutting temperature and high cutting force.

3.4.2 The influence of feed rate

With the increase of feed rate, the surface roughness obviously
and monotonically increases, as shown in Fig. 13. To the
cutting tool with a circular blade, a basic theoretical model
for surface roughness R . is approximated by the following
equation [18]:

Fig. 13 Progression of surface 3.2 - 16
roughness versus feed rate 3.0 ——Ra X
(cutting speed 55 mm/min, 28 —B-Rpax . L 14
cutting depth 0.8 mm) 26 |
g 24 12 2
2 22 L 3
© & Q
r 20 -10 @
g 1.8 X o
< 1.6 8 ‘%
D 14 * 2
2 12 / s 0
§ 10 0/‘ i ;30
£ 08 A L, 2
L 4
% os]e— % i 5\
0.4 / - 2
024 i
0.0 T v T v T T T Y T Y T T 4 0

)
0.04 0.08 0.12 0.16 0.20
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Fig. 14 Progression of experimental and theoretical surface roughness
versus feed rate (cutting speed 55 m/min, cutting depth 0.8 mm)

2

f
Rmax = -
ax g

e
where ' is feed rate (millimeters per rev.), and . is the tool
nose radius (in millimeters).

According to the theoretical model, the surface roughness
is just related to feed rate and tool nose radius. However, the
progressions of the experimental and theoretical dates versus
cutting time at different feed rates shown in Fig. 14 present
that the difference between the experimental and theoretical
surface roughness is becoming bigger and bigger with the
increase of feed rate. Meanwhile the variation tendencies are
the same of the experimental and theoretical surface rough-
ness versus feed rate. The increase of surface roughness with
feed rate is attributed to the larger cutting force caused by

n
LA B
»H [4,]
wryxewy ssauybnol aoeLns

larger feed rate results in more violent vibration of machine-
tool structure and worse surface roughness [18], and that the
wear mechanism remains changeless and gradually aggra-
vates with the increasing feed rate.

3.4.3 The influence of cutting depth on surface roughness

Figure 15 shows the progression of surface roughness versus
cutting time for different cutting depths. The experimental
curve has a minimum point when the cutting depth is about
1.0 mm. Generally, the influence of cutting depth is very small
on cutting temperature, cutting force, and BUE. The appear-
ance of the minimum point is caused by the nose radius of
0.4 mm. When the cutting depth is less than 0.4 mm, there
exist three phenomena. Firstly, the cutting edge angle and the
minor edge angle actually taking part in cutting are changed,
because the tool nose tends not to fully take part in cutting.
Secondly, the small contact area between the workpiece and
the cutting tool decreases the amount of the heat generated.
Thirdly, the heat transfer from the workpiece to the tool
decreases, which tends to decrease the temperature of the
workpiece and increase the temperature of the tool [19].

4 Conclusion

High-strength and wear-resistant aluminum bronze alloy was
cut with the YW1 cemented carbide tool and YBC251 coated
cemented carbide tool, respectively. The wear mechanisms of
the two kinds of cutting tools and the influences of cutting
parameters on the tool life and the surface roughness of
YBC251 coated cemented carbide tool were analyzed. The
conclusions can be drawn as follows:

~ 10
—-Ra :9
—B-Rppax L

- 8

Fig. 15 Progression of surface 1.4 9
roughness versus cutting depth 4
(cutting speed 55 m/min, feed rate 124
0.1 mm/r) '
€ 104d =
=
& 4
*
b 0.8 4
Q
c 4
-87 0.6
S VP e
° | *
3
0.4 <
£
pm g
»
0.2 4
0.0 ——
00 03

UL L L L L L L N L
o6 09 12 15 18 21 24 27 30 33

cutting depth ap/mm

@ Springer



678

Int J Adv Manuf Technol (2014) 70:669-678

The wear mechanisms of YW1 cemented carbide tool are
adhesive wear, abrasive wear, and diffusive wear. The tool
failure mode of the YW1 cemented carbide tool is micro-
chipping.

2. The wear mechanisms of YBC251 coated cemented car-
bide tool are adhesive and diffusive wear with slightly
peeling wear and oxidative wear, and because of the
coating failure and the adhesive wear, delaminating phe-
nomenon appears in the cutting process. The machining
performance of YBC251 tool is better than that of the
YWI tool, and even because of the appearance of the
severe micro-chipping, the YW1 tool is not suitable to
machine the aluminum bronze.

The tool failure mode of YBC251 coating cemented
carbide tool was the average flank wear. Under the actual
working cutting condition, the tool life of the YBC251
coated cemented carbide tool is about 90 min.

4. Due to the change of the main wear mechanisms of
YBC251 coated cemented carbide tool with increase of
cutting speed, the tool life and the surface roughness do
not monotonically change with increasing cutting speed.

From the influences of cutting parameters on the tool life
and the surface roughness with YBC251 coated cemented
carbide tool, feed rate has a stronger effect than cutting
speed and cutting depth. And with the increase of feed
rate, the tool life and surface roughness have a substantial
decreases and increase, respectively.

6. With the increase of cutting depth, the tool life of
YBC251 coated cemented carbide tool remains basically
constant, and the surface roughness has a minimum value
at the cutting depth of 1.0 mm because of the nose radius.
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