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Influence of Cutting Parameters During Machining of Sintered Iron-Copper Parts
After Impregnation with Copper-Based Material
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Products made from powder materials differ in their structure significantly from parts made using traditional
manufacturing methods such as rolling, casting, or forging. Particular interest is in parts made by powder metallurgy (PM)
based on iron infiltrated with copper (Fe--C -Cu PM). In the first part of this research, analysis of the Fe--C -Cu PM part
is performed. Another aspect of this research is an investigation of the post-processing of PM parts, especially using
conventional machining such as turning. Accordingly, the second part of this research is directed at studies of technological
assurance of Fe--C -Cu PM part in turning. Different structure of PM parts also requires a different approach to their
machining which was the main object of this research. In the evaluation of technological assurance, the surface roughness
parameters were chosen as the main quality identifying parameters.
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1. INTRODUCTION

Powder metallurgy (PM) is very widely used in the
automotive and other industries due to its ability to meet a
wide range of functional requirements for products and high
productivity in manufacturing [1, 2]. They have several
advantages, including reduced product weight and the
ability to achieve defined properties in the final product.
However, to meet all product requirements, it is necessary
to ensure the specified tolerances for accuracy and specified
surface finish or roughness. These specific product
requirements cannot always be obtained by powder
metallurgy process and further post-processing is necessary.
The post-processing mainly includes such machining
processes as turning, milling, grinding, etc. As such
mechanical processing or machining of powder metallurgy
parts significantly differ from machining traditional metals
or its alloys because of their specific properties. Primarily
because the distinguishing feature of the powder metallurgy
parts is their porosity. Research in this area (machining of
PM parts) is shown in a number of works wherein the PM
parts as iron-containing powder materials were post-
processed by drilling and turning methods [3, 4].

Iron-copper powder materials have high electrical and
thermal conductivity, which is of great interest for many
industrial applications. Modern powder metallurgy
technologies allow the creation of products with complex
shapes [5—7]. However, in many cases, post-processing or
further machining is also required so that the final product
complies with the tolerances and surface roughness
specified in the manufacturing drawing.

In PM, the method of impregnation of powder
components with metal melts is widely used. Its main
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application is the manufacture of high-density products. The
pores of the compacted powder part, which contains Fe-C,
are filled with a cooper-based melt using the capillary forces
of the porous part. The method has shown high efficiency in
the manufacture of products of complex design, consisting
of several parts [15, 16]. One such application is the
manufacturing of stages of centrifugal pumps [16]. The
casing, impeller and bushing of the centrifugal pump are
pressed separately, but their sintering is carried out
simultaneously with the melt impregnation of the entire
complex of components of the centrifugal pump.
Nevertheless, additional machining of the resulting
composite or melt impregnated material (Fe--C -Cu PM) is
required. When manufacturing parts of complex
configuration, microcracks may appear. Sintering with
impregnation leads to positive changes in the state of the
pore structure, however, possible microcracks and residual
pores should influence the choice of cutting modes [17, 18].

The purpose of this research was to study the influence
of the main cutting parameters, such as cutting speed (v),
feed (f), on the qualitative parameters of the product surface,
primarily on the surface roughness (Ra, Rz, Rq) of machined
parts made of Fe--C -Cu PM. The study also concerned the
analysis of the microstructure of a part made of Fe--C -Cu
PM.

2. POWDER METALLURGY (PM) PART

The PM part to be machined was a Fe--C -Cu PM part.
The chemical composition of Fe--C -Cu PM is as follows:
Cu content is 20 wt.%, C content is 1.2 wt.% and Fe as the
rest.
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Microstructure analysis was performed to evaluate the
microstructure in the PM part. Analysis was performed on a
light optical microscope Meiji Techno IM 7200. The
microstructure of the samples was evaluated in both
unetched and etched conditions. As most of the material
consists of iron, for etching a nital (ethanol nitric acid) was
used. Unetched |Fe--C -Cu PM part sample under a variety
of magnifications as shown in Fig. 1. The figures allow
assessing the homogeneity of this material, presence of
various non-metallic inclusions and pores, and voids. In
Fig. 1 b a distinguishing presence of two phases in the
material can be seen — iron (darker colour) and copper
(lighter colour) phases.

Fig. 1. A microstructure of a non-etched Fe--C -Cu PM part at:
a—magnification of 50%; b —magnification of 500*

Due to the excellent wettability and slight miscibility of
iron in copper, a good interface is formed between them.
Iron particles provide a strengthening effect to the copper
matrix. In addition, in Fig. 1 several dark dots can be seen
indicating the porosity of the material, where complete
sintering of the powder has not taken place. The material's
porosity is formed during sintering due to the low
wettability of mullite with the matrix metal or pore caused
by the diffusion of liquid copper into iron. This porosity is a
distinguishing feature of PM parts compared to the parts
made by conventional manufacturing methods such as
rolling, casting or forging. This porosity directly influences
post-processing or machining characteristics and
subsequently the quality of post-processed or machined PM
part which is discussed in the chapters below.

After etching of the Fe-Cu-C PM part, the
microstructure as seen in Fig. 2 mostly shows pearlite grains
in the copper matrix. Graphite (carbon) tends to diffuse in
iron during sintering and forms pearlite, which is the harder
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phase. At the higher magnification (Fig. 2b), some grains
contain ferrite and laminar pearlite by copper matrix.
Moreover, fine porosity is also observed on the etched
microstructure (Fig. 3).

magnification of 100%

Unfortunately, quantitative measurements were
problematic due to the similar appearance of porosity and
graphite under the microscope. Moreover, fine porosity is
also observed on the etched microstructure (Fig. 3).
Unfortunately, quantitative measurements were problematic
due to the similar appearance of porosity and graphite under
the microscope.

3. MACHINING OF THE Fe--C -Cu PM PART

The PM part used for machining (turning) has a very
complex structure making turning even more challenging



(Fig. 4). The outer diameter of the PM part was machined
utilizing finishing machining techniques. The finishing
process is the final machining process, in which a final
surface, especially a final surface roughness, is created. The
surface roughness is one of the main quality parameters,
therefore reaching specified surface roughness is an
essential quality assurance requirement.

a b

Fig. 4. a—Fe--C -Cu PM part to be machined; b—machined Fe--C
-Cu PM part in the chuck of the lathe

Turning was performed on CNC lathe Okuma L200 E-
M. The cutting insert used for turning was
VCGX110304-AL H10. The cutting insert is suitable for
machining N (non-ferrous) 1SO-group materials and its
geometry is designed for finishing operations. The cutting
insert has the following parameters: the insert radius (RE) is
0.4 mm, the cutting edge effective length (L) is 10.671 mm,
the insert thickness (S) is 3.175 mm, and the inscribed circle
diameter (IC) is 6.35 mm [13]. 7 cutting inserts with two
cutting edges were used for this research so that for each
experiment new cutting edge was used. Hence, we have
avoided uncertainty which could raise from wear of a
cutting edge. Moreover, machining was performed under
dry conditions — no cooling fluid was used. Cooling fluid
was not used for several reasons.
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Fig. 5. Drawing of Fe—C -Cu PM part

First, the use of cooling fluid is not advisable for PM
parts because it may contaminate the PM part so much that
it is not possible to use it. The cooling fluid may enter the
pores of the PM part so deep that it is impossible to clean it.
As the result of machining, a contaminated part is achieved.
Secondly, the use of cooling fluid would be another variable
in the experiment. As this research did not have many
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experiments, the use of cooling fluid could bring high
statistical uncertainty. The turning was performed with the
following cutting parameters. The depth of cut (a) was
chosen to be 0.3 mm, which is the typical depth of cut for
finishing operations. Moreover, it was decided that in this
experiment the depth of cut will not be one of the variables.
The depth of cut cannot be adaptively changed during the
machining process. Hence, it can not be an option for the
design of adaptive cutting control, which allows adaptively
changing the cutting conditions during machining. The feed
(f) was chosen in the range of 0.05 mm/rev to 0.2 mm/rev
with the following steps: 0.05; 0.1; 0.15 and 0.2 mm/rev.
The feed of 0.2 mm/rev. is half of the insert radius (RE)
0.4 mm. The feed is a parameter allowing to increase
productivity, but at the same time increase in the feed may
increase the surface roughness, especially when the values
of the feed approaches the radius of the nose of the cutting
insert. The feed of 0.2 mm/rev may already be considered
as a high feed for finishing operations. Geometric influence
of the cutting insert may be observed for the feed of
0.2 mm/rev and higher. Hence, the feed of 0.2 mm/rev was
chosen as the highest point in the range. The lowest value of
the feed was restricted by productivity considerations as the
feed below 0.05 mm/rev or even 0.1 mm/rev in the certain
applications could not be considered as productive cutting
conditions. The cutting speed (v) was chosen in the range of
250 to 750 m/min with the following steps: 250; 500 and
750 m/min with an additional test cutting speed of
1000 m/min. The additional test cutting speed was chosen
to test a tendency of the surface roughness — will it increase
further or could produce a decrease in the surface roughness.
A preliminary test with a cutting speed of 1000 m/min
indicated that there is no justification to increase the cutting
speed. Moreover, the cutting was performed under dry
conditions. Any further increase of the cutting speed would
considerably increase the generated heat, which is certainly
not advisable. The cutting parameters are indicated in
Table 1. After machining, the surface profile roughness
measurements were performed with a contact profilometer
TESA — Rugosurf 10. The following surface roughness
characterizing parameters were chosen: an arithmetic
roughness average of the surface profile (Ra); an average of
the tallest peak to the depth of the lowest valley (Rq); and a
root mean square of the surface roughness (Rz).

The results of machining are compiled in Table 1 and
Fig. 6 and Fig. 7. According to Table 1, the best surface
roughness (Ra 0.43-0.45 um) was obtained under feed (f)
of 0.05 mm/rev and cutting speed (v) of 500 to 750 m/min.
The best results for surface roughness were obtained using
the low feed, i.e., 0.05 to 0.1 mm/rev and average cutting
speed, i.e. 500 to 750 m/min. An Additional experiment
(No. 13, Table 1) was performed under high cutting speed.
The results of this experiment No. 13 showed that a further
increase in the cutting speed will not improve the surface
roughness of the machined PM part. Increase in cutting
speed results in the increase of vibrations which
subsequently leave their mark on the surface roughness of
the machined part. In comparison with the high cutting
speed, the low cutting speed, i.e., 250 m/min under low
feed, i.e., 0.05mm/rev. allowed to obtain satisfactory
surface roughness, i.e., 1.41 pm.



Table 1. Set-up of machining parameters (a, v, f) and obtained surface roughness parameters (Ra, Rq, Rz)

Depth of | Cutting speed Feed f Avrithmetic roughness Average of the tallest peak Rot mean square of
No. cuta. mm V. m/min mm /re\l/ average_of the surface to the depth of the lowest | the surface roughness
' ' profile Ra, pm valley Rg, um Rz, um
1 0.3 250 0.1 1.47 (1.82) 1.70 7.16
2 0.3 250 0.2 4.41 5.12 17.56
3 0.3 250 0.15 3.03 3.50 12.38
4 0.3 250 0.05 141 1.68 8.30
5 0.3 500 0.05 0.43 0.54 2.88
6 0.3 750 0.05 0.45 0.56 2.95
7 0.3 750 0.1 0.79 0.97 4.49
8 0.3 500 0.1 0.51 0.65 3.48
9 0.3 750 0.15 1.53 1.84 7.93
10 0.3 500 0.15 1.25 1.52 6.51
11 0.3 750 0.2 3.70 4.42 16.65
12 0.3 500 0.2 3.71 4.20 14.23
13 0.3 1000 0.1 1.52 1.88 8.55
5.00 441 But with an increase in the feed, the surface roughness
: also increases considerably. This may be explained by the
400 371 370 lack of cutting energy with the increase of the chip thickness
E (surface) bringing additional vibrations into the cutting
S 3.03 process, as a result of which the surface roughness increases
& 300 1S considerably.
2 A In addition, another influential factor in the increase of
;ED Sa surface roughness may be considered an inherited porosity
2 200 147 N 1.53 of PM part. The feed is associated with a material removal
8 ... ‘l\i_s_ = ==-T rate. Increased material removal rate intensifies cutting
g 100 e 051 0.79 conditions, which in turn intensifies chip formation. This
2 ,, ................. = aggressive chip formation tends to remove material (chips)
with more energy, as a result of which the pores on the
0.00 I i i surface of the PM part are enlarged. Hence, the surface
250.00 500.00 750.00 roughness also increases.
The experiments showed that to achieve satisfactory
Cutting speed v, m/min surface roughness an optimal envelope of cutting
«+ f=0.lmm/rev. = = f=0.I5mm/rev. = f=0.20mm/rev. parameters should be defined and optimal cutting regimes

6. Variation of surface roughness Ra depending on cutting
speed (v) under defined steps of the feed (f)
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Fig. 7. Change of surface roughness Ra depending on feed under
defined steps of the cutting speed (v)
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shall be specified within this envelope of cutting parameters.
As it is illustrated by Fig. 6 and Fig. 7, the best surface
roughness was obtained with low feed and average cutting
speed areas.

Low or high cutting speed within this predetermined
envelope of cutting parameters results in unsatisfactory
surface roughness.

An increase in feed (f) significantly increases the surface
roughness (Ra) as seen in Fig. 8. Moreover, the same Fig. 8
also illustrates a distribution of surface roughness on the
circumference of the machined surface of the Fe--C -Cu PM part
for experiments No. 8, 10 and 12 under constant cutting
speed, v =500 m/min. Surface roughness values were
obtained using a measurement scheme illustrated in Fig. 9.

Manufacturing of the Fe--C -Cu PM part is a highly
technological process and certain defects may arise as a non-
heterogeneous distribution of the material within the
Fe—C -Cu PM part. One of the control methods is a X-ray
scanning of the manufactured Fe--C -Cu PM part. In this
we propose another method to control
heterogeneously the Fe--C -Cu PM part. We propose to
perform surface roughness measurements in certain steps
around the circumference of the Fe--C -Cu PM part as
shown in Fig. 9. Therefore, we obtain not only thoroughly
surface roughness data, but we also receive feedback on



how homogenous or heterogeneous the machined Fe--C -Cu
PM part is.
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Fig. 8. Distribution of surface roughness on the circumference of
the machined cylindrical surface
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Fig. 9. lllustrates a surface roughness measurement scheme on a
circumference of Fe--C -Cu PM part

This is cost effective scheme in order to obtain
preliminary analysis of how homogenous or heterogeneous
is machined PM part.

Fig. 10. Morphology of chips

In addition to the analysis of the surface roughness, the
morphology of the chips was analysed. Fig. 10 illustrates
discontinuous chips. Moreover, this type of discontinuous
chips is more specifically identified as a corkscrew chip
[14]. Discontinuous chips are formed when brittle or hard
metals like brass, bronze and cast iron are machined. The
following type of chips was expected also in this experiment
as the workpiece is a Cu containing (high content) material.

4. CONCLUSIONS AND FURTHER RESEARCH

Microstructure analysis of PM parts identified that the
material's porosity is formed during sintering due to the low
wettability of mullite with the matrix metal or pore caused
by the diffusion of liquid copper into iron. This porosity is a
distinguishing feature of PM parts compared to the parts
made by conventional manufacturing methods.

Machining of composites such as Fe--C -Cu PM part is
a complex physical process, and machining strategies for
conventionally manufactured parts are not relevant. This
paper provides a study on how cutting conditions influence
the surface roughness of PM parts. When cutting PM, chips
are formed that have a character of being continuous and
segmented. It depends on the composition of the material
and the cutting speed. Research has shown that feed (f) has
a decisive effect on surface roughness. The smallest values
of surface roughness were obtained when machining with
feed (f) of 0.05 and 0.1 mm/rev. Cutting speed (v) was
identified as a secondary influential parameter. Research
has indicated that with an increase in cutting speed (v), the
surface roughness increases only slightly compared to the
influence of feed (f). This slight increase could be explained
by increased vibrations on a machine, while machining with
a high cutting speed (v). Nevertheless, the research showed
that a set-up of the feed (f) plays were crucial role in
obtaining satisfactory surface roughness. Sometimes it may
be necessary to the machine under low feed (losing
productivity) to obtain satisfactory surface roughness.

In the same research, we propose a new surface
roughness measurement scheme — measurement of surface
roughness around a circumference of the cylindrical PM
part to establish homogeneity or non-homogeneity of the
PM part.
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