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Due to its energy-saving and cost-reducing characteristics, a novel green machining technique for powder metallurgy (PM) parts
is attracting increasing concern. Unlike in the traditional PMmachining technique, in the PM green-machining method arranges,
the processing operation is performed before sintering. Since the pristine PM compacts are relatively soft because it just bonds the
particles together, direct cutting on pristine PM compacts is a tool-saving and cost-effective manufacturing technique and its
cutting mechanism is different from that of both solid plastic metals and conventional brittle materials because of the special
characteristics of a discontinuous material. ,e influences of cutting parameters on machined surface roughness are investigated
by orthogonal cutting experiments. ,e results show that the machined surface roughness decreases with increasing cutting
thickness and rounded cutting edge radius and slightly increases with increasing rake angle. It is suggested that these results are
contrary to the long-held notions of machined surface roughness. Moreover, a geometric model illustrating the PM green-
machining process was established to reveal the mechanism of material removal and machined surface formation. ,is model
shows that the material removal of PM is composed of particle shearing deformation, peeling, and ploughing/extruding. Finally,
this machining model was validated through observations of machined surface morphology and chip morphology.

1. Introduction

PM components have been widely used in several industrial
fields, such as the automobiles [1], aerospace [2], military
products [3], and healthcare [4] industries. Generally, PM is
assumed to be a near-net shape process whichmeans that the
additional shaping operations, such as machining, are un-
necessary [5]. However, for parts with high precision and
complex structures, such as threads and holes perpendicular
to the pressing axis, subsequent machining operations are
essential and effective [6]. ,erefore, more than 40% of PM
components in industrial products must be machined to
meet design requirements [7, 8]. However, the hard particles
that are randomly distributed in sintered PM components
cause severe abrasive wear of tools [9]. In addition, the
microvibrations during cutting and the low thermal con-
ductivities of sintered PM components due to their internal
porosities will facilitate the further tool wear [10]. M’Saoubi

et al. [11] addressed the machinability of PM high-speed
steels during longitudinal and orthogonal hard turning.
,eir results show that severe tool wear occurs when the
cutting length is only 25m at a cutting speed of 150m/min.
,erefore, with the development of sophisticated and
complex PM component processing techniques, a way to
improve the machinability of PM components must be
identified.

Green machining for PM components (defined as PM
green machining) is a novel and prospective manufacturing
technique that could overcome the aforementioned prob-
lems and greatly enhance the machining efficiency [12].
During the green machining process, most subsequent
machining operations are performed before sintering.

,e material powder or particles are pressed together by
cold welding, bonding, and mechanical interlocking, and the
green compacts contain no hard particles. ,erefore, there
occurs little tool wear during green machining.
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Furthermore, according to Desbiens et al. [13], interestingly,
both the yield strength and ultimate strength of sintered PM
components are increased by 18% and 9%, respectively,
when machined in the green state. In addition, Robert-
Perron et al. [14] found that PM components prepared by
green machining followed by sintering were accurate
enough to meet requirements because only 0.33% dimen-
sional variation was measured after sintering. In addition,
the chips of green machining can be recycled directly for
cyclic utilization because their size is similar to that of the
base powders [15]. Consequently, PM green machining has
been a hot topic in both industry and research. Robert-
Perron et al. [16] presented an experimental investigation on
the turning of a groove on an automobile timing sprocket
made from PM material in the green state. ,eir results
revealed that the average width of breakouts increases with
the PM porosity and that the variation in the breakout width
is very sensitive to the cutting parameters. ,ey also con-
ducted drilling experiments on green PM components [17].
,eir results illustrated that the minimum width of
breakouts would be obtained when the KWCD00461 drill
type and 0.0254mm/r feed rate were used. Gagne and
Chagnon [18] discussed the machinability of green PM
components. ,eir results show that the feed rate had a
significant effect on the breakouts that occurred at the exit of
the tool. A crucial problem encountered during PM green
machining is the very low strength of the green compacts,
which sometimes cannot bear the cutting force resulting in
aborted machining operations. Due to this defect, it is
difficult to obtain a low surface roughness, with the current
green machining techniques, and the components machined
on green compacts are mainly used for parts with low
precision requirements, such as pillars, brackets, repair
sleeves, shafts, and covers. Because the components ma-
chined on green compacts do not need secondary processing
after sintering, the good quality of a green machined surface
has an important impact on the actual production. ,ere-
fore, the roughness of a green machined surface must be
further reduced to meet the accuracy requirements of
components in a larger range. To improve the green strength
and thus improve the machined surface quality, Tremblay
et al. [19, 20] and Chagnon et al. [21] developed new
polymeric binder/lubricant systems that could greatly en-
hance the green strength of PM compacts.

On the whole, previous studies on PM green machining
focus on the influence of cutting parameters on breakouts
and the improvement in machinability. ,e mechanism of
material removal during PM green machining has not been
fully investigated. ,is work established a geometric model
to reveal the mechanism of material removal during PM
green machining. Experiments were conducted to validate
this model.

2. Experimental Procedures

2.1. Material Preparation. It can be predicted that a higher
green strength is more conducive to achieving a better
machining quality. ,ere are several processes that are
utilized to increase green strength. ,e most effective

method is presintering. However, presintering is expensive
and has a narrow application range in engineering. ,e
warm compaction technique, with the advantages of wide
application range and low cost, is another effective method
used to increase green strength. To make this research more
consistent with an actual project, green compacts were
prepared by the warm compaction technique.

A set of ferrous green compact specimens was prepared
in a mold, where the metal powders and die walls were
preheated at a temperature of 120°C. ,e material com-
position and particle size, which are provided by the pro-
ducer, are listed in Tables 1 and 2, respectively. As shown in
Table 2, the diameters, 48.4% of the particles, are between
120 μm and 75 μm. ,e dimensions of the specimens were
37mm× 49mm× 10mm. ,e microstructure of the green
compacts is shown in Figure 1. It can be seen that the green
compacts contain many ferrous particles and numerous very
small pores. ,e boundaries between most particles were
clear, indirectly indicating that the bonding strength among
particles is low. Tensile tests were carried out according to
the MPIF (Metal Powder Industries Federation) Standard.
,e results suggest that the tensile strength and green
strength were less than 5MPa and 15MPa, respectively. ,e
Vickers hardness of the green compacts was less than
110HV/0.5, i.e., the green compacts are quite soft compared
with common solid metals.

2.2.Experimental Steps. Dry orthogonal cutting experiments
were performed on a BC6063B planer to validate the model
of PM green machining. ,e experimental setup is shown in
Figure 2. ,e work pieces were green compacts with a width
of 10mm and a green density of 7.1 g/cm3. ,e self-designed
cutting tools with a width of 14mmweremade of high-speed
steel with a clearance angle of 20° and rake angle of 10°,
except for the experiments of the influence of rake angle on
machined surface roughness. ,e cutting speed was set to
5m/min. ,e roughness of the machined surface was
measured by an SMS Optical Measurement Station, and the
test direction was consistent with the cutting direction. To
minimize experimental errors, each experiment was re-
peated five times, and the average value was taken as the final
result.

3. InfluenceofCuttingParametersonMachined
Surface Roughness

,e influence of cutting thickness on machined surface
roughness at a rounded edge radius of 20 μm is shown in
Figure 3(a). It is worth noting that as the cutting thickness
increases, the machined surface roughness significantly
decreases. Clearly, this behavior is contrary to the existing
cutting theory related to solid metal cutting in which the
increase in cutting thickness leads to high surface roughness
and poor surface quality.

To analyze machined surface quality at different rounded
edge radii, special cutting tools, with 10° rake angles and a set
of rounded edge radii of 20 μm, 40 μm, 60 μm, 90 μm, and
120 μm, were prepared. Figure 3(b) presents the effect of the
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rounded cutting edge radius on the machined surface
roughness when the cutting thicknesses are 0.1mm and
0.2mm. It can be seen that, with the increase in rounded
cutting edge radius, the machined surface roughness sig-
nificantly decreases when the rounded cutting edge radius is
less than 60 μm and then slowly decreases with the con-
tinuous increase in rounded cutting edge radius. Consid-
ering the long-held notion that surface quality will
deteriorate with increasing rounded cutting edge radius due
to ploughing and extrusion, the varied trend in the green
machining of PM components is novel. A similar trend was
observed in the machinability of polycrystalline materials:
according to the research on the machining mechanism of
coarse-grained polycrystalline ZnSe investigated by Huang
et al. [22], a larger tool nose radius (not cutting edge radius)
is beneficial to eliminate machined surface defects.

Figure 3(c) shows the machined surface roughness ob-
tained at different rake angles when the cutting thickness is
0.2mm and rounded cutting edge radius is between 15 μm
and 25 μm. As shown in Figure 3(c), although there is a
significant fluctuation among the machined surface
roughnesses when the rake angle increases from −20° to 20°,
it can be seen from the linear fitting of the roughness values
at different rake angles that, with the increase in the rake
angle, the machined surface roughness slightly increases.

Overall, the influences of cutting thickness, rake angle,
and rounded cutting edge radius on the machined surface
roughness and the cutting process of green compacts are
obviously different from those of conventional brittle and
plastic materials.

4. Geometric Model of the Cutting Process

4.1. Representative Machined Surface Morphologies.
Figure 4 shows the machined surface morphologies of green
PM compacts obtained with a rounded edge radius of 20 μm
and cutting thicknesses of 0.1mm and 0.2mm. From Fig-
ure 4, the large number of plastic trails due to material
removal is quite distinct. It is proven that the particles are cut
plastically by shear deformation. In addition, there are many
tiny concavities and crevices. In light of the size of the
concavities, these concavities and crevices are likely formed
from small particles peeling off due to an insufficient
bonding strength. When some particles that possess low
bonding strength with other adjacent particles are cut or
extruded by the cutting tool, these particles will become
loose and crevices form. Furthermore, some borders of
particles cut by tool are overlapped. ,e overlapped borders
are formed by the ploughing and extruding of the tool.

It should be noted that the machined surface mor-
phology of PM green compacts shown in Figure 4 is similar
to the machined surface morphology of coarse-grained
polycrystalline ZnSe during the ultraprecision diamond
turning process, which also shows evidence of shear de-
formation and many concavities with different sizes [22].
,e later forming process of the smaller concavities is similar
to the forming process of the concavities on the surface of
machined PM green compacts, which are caused by the
peeling of the material, while the later larger concavities are
caused by crack propagation, which is a process significantly
different from the formation of the concavities on the
machined surface of the PM green compacts.

4.2. Establishment of the Geometric Model for the PM Green-
Machining Process. ,e above analysis suggests that the
machined surface of green PM compacts exhibits a plasti-
cally deformed surface produced by particle shearing or
ploughing/extruding, as well as concavities and crevices.
Correspondingly, there are three main modes of material

Table 1: Composition of the green compacts.

Composition Graphite Molybdenum Nickel Copper Paraffin Iron
Percentage (%) 0.3 0.5 1.75 1.5 0.6 Others

Table 2: Size distribution of the particles.

Particle size 120∼75 μm 75∼62 μm 62∼45 μm <45 μm
Percentage (%) 48.4 13.05 15.4 21.44

100.00μm

Figure 1: Microstructure of the green compacts.
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Figure 2: Orthogonal cutting experiment device.
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removal, including particle shearing, peeling off, and
ploughing/extruding. Based on the analysis, a geometric
model of the PM green-machining process is established, as
presented in Figure 5. In this model, several affecting factors
are taken into account for the machined surface formation,

which are the rounded cutting edge radius, cutting thickness,
particle size, and relative position between the cutting edge
and particles. When a particle body is mainly located above
the stagnation point of the cutting edge, this particle will be
peeled off due to the insufficient bonding strength, and then
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Figure 3: Influence of (a) cutting thickness, (b) rounded edge radius, and (c) rake angle on machined surface roughness.
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Figure 4: Machined surface morphology corresponding to thicknesses of (a) 0.1mm and (b) 0.2mm.
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a concavity is generated in themachined surface, as shown in
Figure 5(a). When half of a particle body is located above the
stagnation point of the cutting edge, this particle may be
plastically cut into two pieces and integrated surface and
plastic trails are formed, as shown in Figure 5(b). If a particle
body is entirely located below the stagnation point of the
cutting edge, the material removal is mainly in terms of
ploughing and extruding which results in the overlap of the
particle boundaries. As such, the machined surface quality is
improved, as shown in Figure 5(c). Under the compre-
hensive action of the aforementioned three modes of PM
material removal, some additional crevices around particles
may emerge on the machined surface under the cutting force
due to the weak link between the particles.

Since particles with different sizes inside the green PM
compact are randomly distributed, the relative positions
between the cutting edge and particles are also random. In
fact, the particle size is one of the factors that affect the
material removal mechanisms: when the rounded cutting
edge radius is constant, the particle size will affect the relative
position between the particle and the stagnation point of the
cutting edge and then affect the material removal process.
,erefore, the three material removal modes coexist during
the PM green-machining process. Furthermore, the pro-
portion of each material removal mode changes with the
cutting parameters. Figure 5(d) shows the material removal
process when the cutting thickness is 0.05mm and the
rounded edge radius is 20 μm.,e particle peeling off action
is predominant because over half of the particles in the
cutting layer are approximately 0.05mm. As the cutting
thickness increases, it can be inferred that particle shearing
gradually dominates because the particles that peeled off
with a very small cutting thickness will be plastically cut off,

as shown in Figure 5(e). In this case, the machined surface
roughness will be improved. ,e proportion of ploughing
and extruding increases with increasing rounded cutting
radius until it accounts for the vast majority of material
removal modes, as shown in Figure 5(f ).

4.3.Model Validation. Based on the model of the PM green-
machining process described above, the machined surface is
composed of randomly repeating plastically deformed
surfaces, concavities, and crevices. Furthermore, if the
rounded cutting edge radius is large enough, the modes of
particle ploughing and extruding are completely predomi-
nant. ,ese processes can be validated by the machined
surface and chip morphologies.

4.3.1. Model Validation in Terms of Machined Surface
Morphology

(1) Machined Surface Morphology Obtained at Different
Rounded Cutting Edge Radii. Figure 6 demonstrates the
surface morphologies machined at different rounded edge
radii when the cutting thickness is 0.2mm.When the cutting
edge radius is 20 μm, the surface materials are removed
mainly by shearing and peeling off because the machined
surface is composed of a plastically deformed surface and
concavities, as shown in Figure 6(a). When the rounded
cutting edge radius is 40 μm, the surface materials are re-
moved mainly by ploughing and extruding, as shown in
Figure 6(b), and the machined surface roughness decreases.
When the rounded cutting edge radius is 120 μm, the ma-
chined surface forms by ploughing and extruding by the
cutting edge, even though the pores contained in the
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Figure 5: Material removal model of (a) peeled off, (b) shear deformation, and (c) ploughing and extruding. ,e formation process of the
machined surface when the rounded edge radius is 20 μm and cutting thickness is (d) 0.05mm or (e) 0.2mm, respectively. (f ),e formation
process of the machined surface at a rounded edge radius of 120 μm and cutting thickness of 0.2mm.

Advances in Materials Science and Engineering 5



material are filled up, and then, the machined surface
roughness is further decreased, as shown in Figure 6(c). ,is
conforms to the model of the PM green-machining process,
as shown in Figure 4, and effectively illustrates the varied
trend of machined surface roughness with the rounded
cutting edge radius, as presented in Figure 3(b). ,erefore,
the model of the PM green-machining process is validated
by the machined surface morphologies obtained at different
rounded cutting edge radiuses.

(2) Machined Surface Morphology Obtained at Different
Cutting 3icknesses. Figure 7 shows the morphologies of
machined surfaces obtained at a cutting thickness of
0.05mm and rounded edge radius of 20 μm, 0.14mm, and
0.26mm. Figure 7(a) shows that the formation mechanism
of the machined surface is mainly due to particle peeling off,
which agrees well with the theoretical predictions in
Figure 5(d). Figures 7(b) and 7(c) show that the proportion
of plastically deformed surface produced by particle shearing
deformation increases with increasing cutting thickness,
which also conforms to the theoretical predictions shown
Figure 5(e). Hence, the machined surface quality can be
improved with increasing cutting thickness, as presented in
Figure 3(a).

(3) Machined SurfaceMorphology Obtained at Different Rake
Angles. Figure 8 shows the morphologies of machined
surfaces obtained at the rake angles of −20°, −5°, and 15°,
with a cutting thickness of 0.2mm. It can be seen that the
surface quality machined at the rake angle of −20° is the best
and that at the rake angle of 15° is the worst. According to the
cutting principle, when the rake angle increases from −20° to
20°, the rounded edge radius gradually decreases. ,us, the
reason for this variation is that the proportion of ploughing
and extruding is decreased due to the reduction in the
rounded edge radius, which is shown in Figure 5(f).
,erefore, the machined surface quality could be improved
slightly by increasing the rake angle, as presented in
Figure 3(c).

It should be pointed out that, in a similar study of ceramic
green machining, the machined surface morphology cre-
ated by Sanchez et al. [23] is better than the machined
surface morphology of this paper. Apart from the different
material types, another important reason is that the cutting

speed used by Sanchez et al. was 78.5m/min, which is much
higher than the cutting speed used in this paper. Clearly, it
is of great significance to further improve the machined
surface finish of PM green compacts. According to the
cutting principle, it can be predicted that when turning at a
much higher cutting speed is adopted, the machined
surface morphology of PM green compacts will be sig-
nificantly improved. In addition, the research on ceramic
green machining operated by Bukvic et al. [24] shows that
sintering will reduce the machined surface roughness of
green compacts. Moreover, the greater the surface
roughness of green machined specimens, the greater the
reduction rate will be after sintering. ,erefore, the opti-
mized sintering process may further improve the machined
surface finish of PM green compacts.

4.3.2. Model Validation in Terms of Chip Morphology.
Figure 9 shows the chip morphologies obtained with a
cutting thickness of 0.2mm and rounded edge radius of
20 μm. In Figure 9(a), the size distributions of the particle
chips are identical with the values that are listed in Table 2. It
is clearly suggested that there are numerous material re-
moval trails of particles peeling off during the PM green-
machining process. Moreover, some plastic chips are also
observed, as shown in Figure 9(b). ,ese results validate that
the material removal mode of particle shearing is objective.

A comparison of the polycrystalline ZnSe zinc sulfide
chips during the precision machining process shows that
the chips are irregularly granular due to brittle fracturing
and larger block chips are formed by crack propagation
[22]. ,e difference in chip shape indicates that the PM
green compacts show a different material removal
mechanism than the polycrystalline materials. Further-
more, it should be noted that the cutting mechanism of
the PM green compacts is completely different from that
of the ceramic green compacts. Sanchez et al. [23] ob-
served the chip morphology of the ceramic green com-
pacts, and the results showed that the chips were mainly
in the powder form in small agglomerates of random
shapes different than those of the initial powder.
,erefore, the material removal mechanism of PM green
machining is completely different from that of ceramic
green machining.

20.0kV 8.8mm × 100 SE 3/22/2017 16:00 500μm

(a)

15.0kV 18.0mm × 100 SE 10/13/2017 15:31 500μm

(b)

15.0kV 7.7mm × 100 SE 10/13/2017 16:25 500μm

(c)

Figure 6: Machined surface morphologies machined at rounded edge radius of (a) 20 μm, (b) 40 μm, and (c) 120 μm.
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Overall, the material removal mechanism of PM
compacts is well validated by machined surface mor-
phologies and chip morphologies. In the process of PM
green machining, the formation of the machined surface
is the result of the combined action of three material
removal modes. If the proportion of particle peeling off
increases, the quality of the machined surface will de-
teriorate. ,e increasing proportion of particle shearing
or ploughing and extruding will improve the quality of
the machined surface.

5. Conclusions

(1) ,e machined surface morphology of PM green
compacts is composed of plastically deformed
surfaces, concavities, and crevices. ,e machined
surface roughness apparently decreases with in-
creasing cutting thickness and slightly increases
with increasing rake angle. When the rounded
cutting edge radius is less than 60 μm, the ma-
chined surface roughness decreases significantly
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Figure 9: Chip morphologies formed by means of (a) particle peeling off and (b) shear deformation.
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Figure 7: Machined surface morphologies produced with cutting thicknesses of (a) 0.05mm, (b) 0.14mm, and (c) 0.26mm.
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Figure 8: Machined surface morphologies machined at rake angles of (a) −20°, (b) −5°, and (c) 15°.
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and then slightly decreases with increasing
rounded cutting edge radius.

(2) A geometric model of the PM green-machining
process is proposed based on the representative
machined surface morphologies. ,e mode of ma-
terial removal for the green PM compacts can be
characterized by particle shearing deformation,
peeling off, and ploughing/extruding.

(3) When the cutting thickness and rounded cutting
edge radius are small, the particle peeling off action is
the main mode of material removal. As the cutting
thickness and rounded cutting edge radius increase,
the particle shearing and particle ploughing and
extruding gradually become predominant gradually.
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