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[ Abstract] Tool wear and wear mechanism during the turning of a wear resisting aluminum bronze have been studied. Tool wear

samples were prepared by using M2 higlr speed steel and YW1 cemented carbide tools to turn a novel high strength, wear resisting

aluminum bronze without coolant and lubricant. Adhesion of workpiece materials was found on tool s surface. Under the turning

condition used in this study major wear mechanisms for turning aluminum bronze using M2 higlr speed steel tool are diffusion wear,

adhesive wear and plastic deformation and shear on the crater. Partial melting of highr speed steel on the rake plays a role in the

tool wear also. Major wear mechanisms for turning aluminum bronze using YW1 cemented carbide tool are diffusion wear, attrition

wear and sliding wear. To control the machining temperature is essential to reduce tool wear.
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1 INTRODUCTION

Aluminum bronze is an important engineering materi-
al due to its excellent physical, mechanical, antr corro-
sion and wear resisting properties. Our research group de-
veloped a special type of high strength, wearresisting a
luminum bronze ( KK), which is exceptionally good for
wear resisting engineering parts that work under high

1~ 4
Stress[ 1 5

However, problem was encountered when
machining this novel bronze. Unlike common Cu alloys
the high strength, wearresisting aluminum bronze ( KK)
used in this study possess high shear yield stress. It can
induce a high cutting temperature during the turning pro-
cess and thus shorten the service life of the tools. There-
fore, a series of experiments were carried out to find out
the tools wear mechanism in the turning of the wearre-
sisting KK aluminum bronze. Among Cu alloys, relatively
speaking, bronze is difficult to machine and aluminum
bronze is one of the worst. Its machinability is about 20%
of that of brass!”.

carbide tools can be used to machine aluminum bronze

Both higlrspeed steel and cemented
[ 6]

The recommended turning condition for C63000 nickel a-
luminum bronze, which has a chemical composition close
to that of the KK aluminum bronze used in this study,
are: feed per revolution= 0.3 mm/r, cutting speed= 76
m/min for highrspeed steel tool and cutting speed= 53
m/ min for cemented carbide tools!® . Coolant and lubri-

cant must be used during the turning. The hottest point at

the rake during machining is very close to the main cut-
ting edge!”'. At the main cutting edge the stress caused
by the cutting force is very large therefore cemented car-
bide tools, with a maximum Co contents less than 10%
and WC particle size of approximately 0. 8 Hm, are the
better choice!”. In contrasts to its vast applications, tools
wear and tool wear mechanisms during the machining of a-
luminum bronze are rarely available in general literature.
In order to make the machining process of the wear resist-
ing aluminum bronze parts more efficient, our group car
ried out a series of study on the wear of the turning tools.

Our previous results on diffusion couple experiments
and tool wear experiments indicate that significant inter-
diffusion of elements between the tool and the workpiece
can be observed in the machining of KK aluminum

1891 and diffusion plays an important role in the

bronze
tool wear mechanism. In this paper, tool wears and tool

wear mechanism were studied.

2 EXPERIMENTAL

Commonly used M2 higlrspeed steel (HSS) and
YW1 cemented carbide tools were chosen for the experi-
ment. The workpiece was the high strength, wearresist-
ing aluminum bronze( KK) . Detail concerning the casting
of KK can be found in references [ 1] and [ 2]. Table 1
is a list of nominal chemical compositions of the materials

involved in this study.
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Table 1 Nominal chemical compositions of
materials involved( mass fraction, %)
Material Al Cu Ni Mn Fe Mo Cr V.W C Co WC TiC TaC
KK 108 2 2 4 — — — — — — — - _
HSS - - - - 85 4 2 6 1 - - - -
YWI - - - - - - _ - _ _ 638 6 4

Tool wear samples were prepared by turning cylindri-
cal workpiece made of KK aluminum bronze against M2
high speed steel and YW1 cemented carbide tools without
using coolant or lubricant. Turning conditions were: back
orthogonal clearance= 6°, feed per revolution= 0. 15
mm/r, tool cutting edge angle= 90°, tool minor cutting
edge angle= 15,
turning conditions are listed in Table 2. Wire cutting

back engagement= 2 mm and other

technique was used to cut out the cutting edge together
with rake and flank. Surface morphology and chemical
composition on the surface of the tools were studied.
Cross sectional plane perpendicular to the cutting edge
and the rake was polished for electron probe microanalysis
(EPMA) and scanning electron microscope( SEM) analy-

sis.

Table 2 Turning conditions for tool wear samples

Sample Toql T:;:égg Tltl{]r'ftlli:g Onil;)fgnal
number materials i 1) s s

1 HSS 54.25 7.5 15

2 HSS 35.00 30.0 10

3 HSS 17.27 55.0 10

4 YW1 54.25 7.5 15

3 RESULTS AND DISCUSSION

Fig. 1 and Fig. 2 show the rake and flank morpholo-
gies of high-speed steel tool after turning at speeds of 54.

25 m/min and 17. 27 m/min, respectively. Crater and

KK adhesion were observed in all HSS tool wear samples.
From Fig. 1(b) we can see that the average width of the
flank wearland is 0. 13 mm for the tool that operates at a
speed of 54.25 m/ min for 7.5 min. From Fig. 2(b) we
can see that the average width of the flank wearland is 0.
10 mm for the tool that operates at a speed of 17. 27 m/
min for 55 min. In just 7. 5 min the flank wear of the tool
that operates at a higher speed exceeds the flank wear of
the tool that operates at a slower speed for 55 min. It can
be seen that the flank wear at a higher operating speed,
which means a higher machining temperature, is much
faster than those operate at slower speed. The relatively
smooth surface on the flank wearland, as shown in Fig. 1
(b) is a typical morphology characteristic of diffusion

ear' ', Since adhesive wear and diffusion wear are ma-
jor wear mechanism at the flank the best way to reduce
flank wear is to reduce the generated heat. By increasing
the tool orthogonal clearance angle the average width of
flank wearland can be reduced.

Fig. 3 shows the cross-sectional optical micrograph of
the rake of HSS tool wear sample after turning at a speed
of 35 m/ min for 30 min. A small depression on the rake,
as shown on the upper portion of Fig. 3, is the crater.
Plastic deformation can be seen at the right hand side of
this crater. It is surprised that the hard high-speed steel
(HV= ~ 880) can be deformed by the relatively much
softer KK aluminum bronze which has a hardness of HB=
169. Similar result reported by Wright et al''!
that, using high-speed steel tool to cut mild steel at a

shows

speed of 183 m/ min, the hottest spot can reach up to 900
‘C. To their surprise the relatively soft mild steel can
shear the high-speed steel and particles of carbides are
carried away from the crater. The hot hardness of HSS
drops  rapidly when the temperature
500 C (HV= ~ 590 at 550 ‘C)I'.

reaches

At a temperature

| .. ;‘ y ‘l, Alh i\
| ri, !,'Il-. n 1:‘ 100 jm

Fig.1 Rake(a) and flank surface(b) morphologies of HSS tool after turning at
a speed of 54. 25 m/min for 7. 5 min
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Fig.2 Rake(a) and flank (b) surface morphologies of HSS tool after turning at
a speed of 17.27 m/min for 55 min

of 650 C the grain size of the precipitated carbides grows
very fast and loss the ability to pin down the matrix
(martensite) . Diffusion of C away from HSS!® 7 will
weaken the tool also since the carbon content in the HSS
matrix is essential to the stability of the martensite. As we
know, martensite and the sub-micron size carbides pre-
cipitated during tempering stage of the tool manufacturing
process are the backbone to provide the harness, especial-
ly the hot hardness, for the high-speed steel. Unlike the
flowing chip, the rake and flank surfaces sustain a con-
stant inflow of heat without an effective heat drain. Tem-
perature build up is enormous compared to the workpiece
(chip) . This is the reason why plastic deformation is pos
sible at the crater where the temperature is the highest.
Compared to diffusion wear, plastic deformation and shear
away of tool materials is a much faster wear mechanism.
The dominant wear mechanism at the crater was plastic
deformation and shear. The necessary condition for the
plastic deformation to happen is the high enough tempera-
ture. For cutting high strength materials this phenomenon
can be observed at a much lower cutting speed. Taking Ni
alloy as an example, the high temperature generated dur-
ing the cutting can cause the deformation at the cutting
edge! !, Crater wear is commonly found in the HSS tool.
It may even cause the fracture of the tool. Therefore the
cutting speed and the feed per revolution must be opti-
mized.

At the cutting edge the temperature is not so high as
that at the crater, deformation and shear is not likely to
happen. From Figs. 1 and 2 chipping can be observed at
the cutting edges. Micron sized debris of HSS tool materr-
al ( composition verified by EPMA results) are found
trapped between the rake and the KK adhesion near the
cutting edge, as shown in Fig. 4. This carbide containing

Fig.3 Optical micrograph of HSS tool wear

sample after turning at a speed
of 35 m/ min for 30 min

Fig. 4 Micron sized debris of HSS tool
material trapped between rake and KK

near cutting edge( Sample number 2)

debris would cause abrasive wear on the HSS tool. Figs.
1 and 2 show some characteristic of abrasive wear but in
this case they are not significant compared to adhesive

wear and diffusion wear. Fig. 5 shows an unusual phe-
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nomenon on the rake. Groups of droplet like particles are
found on the rake surface and on the KK layer that ad-
heres to the rake of HSS tool wear samples. These
“droplets” have chemical compositions close to those of
HSS, but most of them have higher Mo and W' concentra
tion. Elements from KK such as Cu and Mn can also be
detected in these “droplets”. The smooth spherical shape
indicates that they are products of partial melting of the
HSS.

Fig.5 “Droplets” on rake of HSS tool wear
sample after turning at a speed

of 35 m/ min for 30 min

Considering the conclusion we have drawn in our
previous papers' ™ ? that diffusion plays a significant role
in the tool wear, the major wear mechanisms for turning
KK aluminum bronze using M2 HSS tool under the turning
condition of this study are diffusion wear, adhesive wear
and plastic deformation and shear wear on the crater. The
partial melting of HSS on the rake plays a role in tool
wear also.

Fig. 6 shows the rake and flank morphologies of YW1
cemented carbide tool after turning at a speed of 54. 25
m/ min for 7.5 min. No crater is formed. KK adhesion is
observed on both rake and flank, but compared to those of
HSS the degree of adhesion is less. Fig. 6(b) shows that
no obvious flank wearland is formed. The smooth surface
at this location is characteristics of diffusion wear '
Fig. 6(a) shows a flake on the cutting edge. Under the
influence of normal pressure and the tensile stress, voids
in the tool s sub-surface may induce micro-cracks; the
growth and interconnection of these cracks will lead to the
formation of flakes. The origin of this flake is due to the
weakening of the tool surface and sub-surfaces dimples
and the tearing edges on the fracture surfaces of the com-
posites are obviously observed from Fig. 6. It is concluded
that the composite displays the feature of ductile rupture.
In addition, it caused by the diffusion of C and Co away
from the tool. The diffusion of C and Co into the work-

[8,

piece!® ! reduces the strength of the tool materials on the

tool surface. Eventually, the weakened tool surface will
break away from the tool body. Fig. 6(a) shows a depres-
sion on the right hand corner near the tool edge. It is
caused by the attrition wear. YW1 tool was carbides of
W, Ti and Ta cemented together by Co. At this particular
location, due to the high machining temperature, the
“binder” Co diffuses away, carbide particles are then ex-
posed and some of them plug out. Compared to the high-
speed steel tools cemented carbide tools are much harder
but less tough, it is more vulnerable to the attrition wear.
When the chip flows through the rake its edge will slide
on the tool surface. The high sliding speed of the chip
edge and the unlimited supply of oxygen at this open sur-
face will accelerate the oxidation of the cemented carbide
tool material. The ditch found at the left-hand side of the
cutting edge in Fig. 6( a) is characteristic of sliding wear.
A longer turning time of 30 min shows that this kind of
wear becomes more obvious. To limit the cutting tempera-
ture and the supply of oxygen is an effective way to reduc
ing the adverse effect of sliding wear. The use of coolant
can achieve this goal. Oxygen can be detected in all tool
wear samples, both in HSS and YW1, but it is well
known that reasonable amount of oxides formed during
machining is beneficial to reduce the tool wear since it
can act as solid lubricant and the adhesion wearl . Ce-
mented carbide tools are more likely to be subjected to ox-
idation wear. Above 600 C oxidation wear becomes a
problem and above 900 C oxidation wear becomes seri-
ous. Tool wear samples indicate that compared to other
wear mechanisms, such as sliding wear, oxidation wear is
not a major wear mechanism in this study.

As diffusion plays a significant role in the tool
wear® °! | the major wear mechanisms for turning KK a-
luminum bronze using YW1 tool under the turning condi-
tion of this study are diffusion wear, attrition wear and
sliding wear.

Comparing Fig. 6 with Fig. 1, which are different
tools samples obtained under the same turning condition,
we can see that the wear in the HSS is more severe than
that in the YW1. It is not surprising since carbides are
much harder and more stable than martensite. The diffu-
sion of C away from the tool will degrade the surface
strength of HSS due to the destabilization of martensite
and carbides. Besides, the affinity of Al and Cu to Fe is
much larger than the affinity of the Al and Cu to car
bides, which composed approximately 94% of the YW1
carbide tool. Although the much better toughness of HSS
tools makes it possess higher resistance to attrition wear,
fatigue wear and impact wear, under the turning condition
in this study, the toughness of the tool is not the predomi

nant factor for the tool wear resistance.
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Fig. 6 Rake(a) and flank (b) surface morphologies of YW1 cemented
carbide tool after turning at a speed of 54. 25 m/ min for 7. 5 min

4 CONCLUSIONS

1) Major wear mechanisms for turning KK aluminum
bronze using M2 HSS tool under the turning condition of
this study are diffusion wear, adhesive wear and plastic
deformation and shear wear at the crater. The partial
melting of high-speed steel on the rake plays a role in tool
wear also. Experimental results show that the flank wear
of M2 HSS tool at a higher turning speed, which means a
higher machining temperature, is much faster than those
operated at slower speed.

2) Major wear mechanisms for turning KK aluminum
bronze using YW1 tool are diffusion wear, attrition wear
and sliding wear.

3) To control the machining temperature is the key
to reduce the tool wears not only because it can avoid the
partial melting of tool materials but also it can limit the
diffusion activity during the machining since diffusion co-
efficients of elements are strong functions of temperature.
Under the same turning condition the wear in the M2 HSS
tool is much more severe than that in the YW1 cemented

carbide tool.
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