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Abstract

Manufacturing end-mill cutting tools of non-traditional revolving profiles have been recently increasing with the
increasing demands on smooth and curvy products. Among many tool design features, rake faces are considered the most
crucial as they control the cutting forces, guide the tool flutes for smooth chips evacuations, and affect tools vibrations. Thus,
the need arose to build a CNC grinding approach to grind the rake faces of end-mills having a generic cutting edge model. A
revolving profile of a free-form curve, Non-periodic Uniform Rational Basis Spline (NURBS), is adopted in the present
work, and a generic cutting edge model is established. The model can represent the cutting edges of both end-mills with
traditional and end-mills with non-traditional revolving profiles. The importance of the model is very obvious in the tools
manufacturing, specifically in the rake face grinding. A computer simulation for grinding rake faces of end-mills with free-
form revolving profiles using a five-axis CNC grinding approach is conducted. The end-mills are obtained with accurate
cutting edges and precise normal rake angles along those edges.

© 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved

Keywords: Five-Axis CNC Grinding; End-Mill Cutting Tools; Rake Face Grinding; NURBS Curves.

between their tangents and the tool axis [2-4], side cutting
edges with constant helical angles between their tangents
and the tool generatrix [5-12], side cutting edges with
constant pitches [13, 14], and in some situations, a
combination of two mathematical models [15]; a ball-end

1. Introduction

The end-mill cutting tools are commonly used in
milling, profiling, plunging, etc. In profiling, the revolving

shape of the end-mill is imposed on the side walls of the
machined workpiece. With the increasing demands on
smooth and curvy products, it becomes necessary to
manufacture end-mill cutting tools with free-form
revolving profiles. In the present work, the free-form
revolving profiles are represented with NURBS curves as
they are the most generic. Beside the free-form profiles,
NURBS can easily represent the straight lines and the
circular arcs [1]. Hence, both traditional and non-
traditional end-mills can be modeled using NURBS
curves.

The end-mill cutting tools consist of many design
features as the side cutting edges, the rake faces, the
primary and the secondary relief surfaces, the flute
surfaces, the bottom cutting edges, the cores, etc. (Figure
1). Among these features, the rake faces are considered the
most crucial and they are the main concern of the present
work. The rake faces are always guided by the side cutting
edges. Therefore, many researchers were concerned to
establish optimal mathematical models for the side cutting
edges. The models can be classified into three major
categories: side cutting edges with constant helical angles

“ Corresponding author. e-mail: : m_rababah@hu.edu.jo.

cutter having a side cutting edge with a constant helical
angle to its axis will not have a mathematical description at
the top of the ball. For the top of the ball, a constant pitch
or a constant helical angle to the generatrix should be
adopted. At the common point of the two segments of the
cutting edge, the continuity and the smoothness should be
maintained.

Primary relief surface
Secondary relief surface

\ s/

e
/ e surfee®

{de cutting edge

Rake fac®

Figure 1. A simple model of an end-mill with its designed
features
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Figure 2 describes, in more details, the aforementioned
definitions of the side cutting edges. For any point P on the
side cutting edge, the helical angle is measured between
the tangent vector T and either the tool axis A or the
generatrix G. Thus, modeling cutting edges with a constant
helical angle to the generatrix, or to the tool axis, leads to
completely two different cutting edges. The cutting edges
with a constant helical angle between their tangents and
the tool generatrix are adopted in this work.

Figure 2. The helical angle definitions of the side cutting edges

Beside the aforementioned models, a mathematical
model of the APT cutting edge was first introduced by
Engin and Altintas [16]. Cutting edges of many cutters
found in industry, such as cylindrical end-mills, fillet end-
mills, ball end-mills, can be represented using this model;
however, many others cannot. Hence, the present work
establishes a generic cutting edge model for end-mill
cutters of generic revolving profiles.

After deriving the cutting edge model, the five-axis
CNC grinding approach proposed by Rababah et al. [17] is
extended to grind the rake faces of end-mills with generic
revolving profiles. As will be shown, the approach
revealed rake faces with constant normal rake angles and
accurate cutting edges along the rake faces.

2. The Generic Model of the Side Cutting Edge

In order to derive the cutting edge equation, the end-
mill envelope is obtained. However, the revolving profile
of the end-mill cutting tool is first established as a free-
form curve and is expressed as:

x ) )

C(U)= y(u) :ZPiRi,k(u)' (€]
zu | '

where

Ri,k(u):M’ 2
ZWiNi,k(u)

and N, are the basis functions and are expressed as:

N (U) U _U)Nid,kfl(u)

N., =(u-u. :
ik ( I)qufl_ui ui+k _ui+1 ( )
where
1 Ui <u Sui+1
N, - _ @)
0  otherwise

The knot vector u can be obtained from the formula:

0 i<k
u,=qi—-k+1 k<i<n )
n-k +2 i>n

where k is the curve order, n+1 is the number of the
control points. As the curve is free-form, its shape can be
controlled using the control points P; and the weighted
parameters w;.

Back to the envelope, the parametric equation is written
as:

r(u)-cosd
t(u,0)=| r(u)-sing |, (6)
z(u)
where r(u):ﬂ(xz(u)ﬂtyz(u) is the radius of the
corresponding circle on the plane with coordinate z (u),

and u is the curve parameter (Figure 3). Based on Eg. 6,
the first partial derivatives of the envelope t(u,8) in

terms of zand @ are derived as:

[ or
. cos6

%

or
a_ 4“ -sin@ |, (7a)
oz |oz
aou
1
and
—r(u)-sing
a_ r(u)-cosé |. (7b)
00 0

NURBS control polygon

/

Tool revolving profile

Radius

Height
Figure 3. lllustration of the parameters of a generic end-mill
revolving profile
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In the present work, the differential 1-forms of the
tangent vectors of the helical curve and the generatrix are

denoted as dt and ot respectively. They can be obtained
with the following equations:

dtz:ﬁdz +ﬂ-d9,and 5t::ﬁ-5z . ®)
oz 00 oz

Thus, the relationship between the helical angle  and
these two vectors can be formulated as:
_dt-ot

o] - |t

oSy 9

By substituting Eq. 8 into Eq. 9 and simplifying, the

relationship between the parameters u and € can be
formulated as:

(10)

Hence, for any value of the curve parameter u, the
cutting edge angle 6 and the tool axis parameter z are
obtained from Eq. 10 and Eq. 6, respectively. As both
parameters are correlated, the side cutting edge can now be
expressed as:

r(u)-cosé(u)
CE(u)=|r(u)-sinf(u)|. (1)

z(u)
3. Five-Axis CNC Grinding Approach

Due to the complexity of the end-mill profiles, two-axis
CNC grinding approaches are unable to grind rake faces
with constant normal rake angles and accurate cutting
edges [18]. Thus, the approach proposed by Rababah et al.
is adopted to accomplish the task [17]. The approach is
developed on the principle that at any point on the side
cutting edge, the normal vector of the rake face and the
normal vector of the grinding-wheel lateral surface should
be aligned. This principle leads to a complete derivation
for the grinding-wheel path (locations and orientations).
However, seeking brevity, the approach is not re-
elaborated here. Complete details on the approach, the
grinding-wheel shapes, and the grinding-wheel path
derivations are discussed in literature [17-21].

4. Rake Face Grinding Simulation

Two end-mills with generic revolving profiles are
considered for computer simulation. The cutting edges are
first established with MATLAB, and then, imported to
CATIA to perform the grinding simulation using Boolean
operations. The revolving profile of end-mill | is
constructed with 6 control points, as shown in Figure 4.
Beside the control points' locations, their weights can also
alter the shape of the revolving profile. Rotating the
revolving profile about the tool axis will generate the end-
mill envelope. The side cutting edge of a helical angle of
20 deg. on the end-mill envelope is represented in Figure
5.

15

NURBS control polygon

=
=Y
T

Radius (mm)

Tool revolving profile

@

Tool axis

Height (mm)

Figure 4. The revolving profile of end-mill |

20—

0 |

-10

Figure 5. The side cutting edge on end-mill | envelope (mm)

The grinding simulation proved to produce rake faces
with accurate side cutting edges as obviously shown in
Figure 6, and a constant normal rake angle as will be
discussed below.

Designed cutting edge

(a) view a
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Designed cutting edge

(b) view b
Figure 6. Rake face grinding of end-mill | with an accurate side
cutting edge (different views)

A constant normal rake angle of 10 deg. is adopted in
the simulation. Three arbitrary sections normal to the side
cutting edge are considered to verify the accuracy of the
machined normal rake angle (Figure 7). At any point P on
the side cutting edge, the normal rake angle is defined as
the angle between vectors M and N, as shown in Figure 8.
Vectors M and N are both laying on a plane normal to the
side cutting edge. Vector M is aligned with a line
connecting point P and the tool axis, and vector N is the
intersection of the rake face with the normal plane. From
the Figure, the accuracy of the machined normal rake
angle is obvious.

Section B

\_ Section A
\\\7 /'/

Figure 7. The arbitrary sections normal to the side cutting edge
for end-mill |

e

(a) The normal rake angle at section A normal to the cutting edge
for end-mill |

Section C
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(b) The normal rake angle at section B normal to the cutting edge
for end-mill |

(c) The normal rake angle at section C normal to the cutting edge
for end-mill |

Figure 8. The normal rake angle at three arbitrary sections normal
to the side cutting edge of end-mill |

As a second grinding simulation example, the revolving
profile, used to produce the envelope of end-mill II,
consists of 7 control points and is demonstrated in Figure
9. The side cutting edge on the end-mill envelope is shown
in Figure. 10 (y =20°).

NURBS control polygon
Tool revolving profile

5
T

Radius (mm)

Tool axis

c . L L
0 10 20 30 40 50

Height (mm)

Figure 9. The revolving profile of end-mill Il

The grinding simulation of end-mill 1l is again proved
to produce rake faces with accurate side cutting edges
(Figure 11), and constant normal rake angles, as shown in
Figures 12 and 13.
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Designed cutting edge

(c) Viewc

Figure 11. Rake face grinding of end-mill 1 with an accurate side
cutting edge (different views)

Section C

Figure 10. The side cutting edge on the end-mill 1l envelope
(mm)

Designed cutting edge

(a) View a .
Section B
Designed cutting edge

Section A

Figure 12. The arbitrary sections normal to the side cutting edge
for end-mill 11

(b) View b

(a) The normal rake angle at section A normal to the cutting edge

for end-mill 1l
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(b) The normal rake angle at section B normal to the cutting edge
for end-mill Il

(c) The normal rake angle at section C normal to the cutting edge
for end-mill Il

Figure 13. The normal rake angle at three arbitrary sections
normal to the side cutting edge of end-mill 11

5. Conclusion

Generic cutting edge models are established using
NURBS curves. The generic models facilitated the flutes
grinding by adopting a five-axis CNC grinding approach.
The approach is proved to produce end-mills flutes with
accurate side cutting edges and precise normal rake angles.
The approach is considered to be generic five-axis CNC
grinding as traditional and non-traditional end-mills can
both be built from free-form revolving profiles (NURBS
curves).

References

[1] Piegl, L., Tiller, W.: The NURBS book. 2" ed. Berlin:
Mercedesdruck; 1996

[2] Lin S, Lai H, “A mathematical model for manufacturing ball-
end cutters using a two-axis NC machine”. The International
Journal of Advanced Manufacturing Technology, Vol. 17
(2001), 881-888.

[3] Chen WY, Chang PC, Liaw SD, Chen WF, “A study of
design and manufacturing models for circular-arc ball-end
milling cutters”. Journal of Materials Processing Technology,
Vol. 161 (2005), 467-77.

[4] Chen C, Wang F, Chang P, Hwang J, Chen W, “A precision
design and NC manufacturing model for concave-arc ball-
end cutters”. The International Journal of Advanced
Manufacturing Technology, Vol. 31 (2006), 283-296.

[5] TsaiY, Hsieh J, “A study of a design and NC manufacturing
model of ball-end cutters”. Journal of Materials Processing
Technology, Vol. 117 (2001), 183-192.

[6] Ren B, Tang Y, Chen C, “The general geometrical models of
the design and 2-axis NC machining of a helical end-mill
with constant pitch”. Journal of Materials Processing
Technology, Vol. 115 (2001), 265-270.

[7] Chen W, Lai H, Chen C, “A precision tool model for concave
cone-end milling cutters”. The International Journal of
Advanced Manufacturing Technology, Vol. 18 (2001), 567—
578.

[8] Wu C, Chen C, “Manufacturing models for the design and
NC grinding of a revolving tool with a circular arc
generatrix”. Journal of Materials Processing Technology,
Vol. 116 (2001), 114-123.

[9] Chen W, Chen W, “Design and NC machining of a toroid-
shaped revolving cutter with a concave-arc generator”.
Journal of Materials Processing Technology, Vol. 121
(2002), 217-225.

[10] Hsieh CM, “Manufacturing models for the design and NC
grinding of truncated-cone ball-end cutters”. The
International ~ Journal of Advanced Manufacturing
Technology, Vol. 35 (2008), 1124-1135.

[11]Han C, Tang Y, Dong C, “A research on the non-NC
machining of two kinds of revolving cutters”. Journal of
Materials Processing Technology, Vol. 161 (2005), 485-490.

[12] Hsieh J, Tsai Y, “Geometric modeling and grinder design for
toroid-cone shaped cutters”. The International Journal of
Advanced Manufacturing Technology, Vol. 29 (2006), 912—
921.

[13] Chen C, Lin R, “A study of manufacturing models for ball-
end type rotating cutters with constant pitch helical grooves”.
The International Journal of Advanced Manufacturing
Technology, Vol. 18 (2001), 157-167.

[14] Lv G, Wang H, Tang Y, Peng L, “Cutting edge curve models
for equal pitch cutters and their applications”. Journal of
Harbin Institute of Technology, Vol. 11 (2004), 46-48.

[15] Chen W, “A mathematical solution to the design and
manufacturing problems of ball-end cutters having a cutting
edge with constant angle to the axis”. Proceedings of the
Institution of Mechanical Engineers, Part C, Journal of
Mechanical Engineering Science, Vol. 218 (2004), 301-308.

[16] Engin S, Altintas Y, “Mechanics and dynamics of general
milling cutters, Part I: Helical end mills”. International
Journal of Machine Tools and Manufacture, Vol. 41 (2001),
2195-2212.

[17] Rababah M, Aljarrah M, Almagableh A, “Five-axis rake face
grinding of end-mills with circular-arc generators”.
International  Journal on Interactive Design and
Manufacturing, DOI 10.1007/s12008-013-0198-8.



© 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 9, Number 3 (ISSN 1995-6665) 165

[18] Rababah M, “A Practical and Optimal Approach to CNC [20] Rababah M, Chen C, Wang L, “A new approach to five-axis
Programming for Five-Axis Grinding of the End-Mill CNC flute grinding of solid end-mills”. Materials Science
Flutes”. PhD dissertation, Concordia University (2011). Forum, Vol. 723 (2013), 421-432.

[19] Rababah M, Chen C, “Five axis CNC tool grinding, part I: [21] Rababah M, Chen C, “An Automated and Accurate CNC
rake face grinding”. Proceeding of the ASME 2011, Programming Approach to Five-Axis Flute Grinding of
International Manufacturing Science and Engineering, Cylindrical End-Mills using the Direct Method”. Journal of
Corvallis, Oregon, USA, June 13-17, 2011. Manufacturing Science and Engineering, Transaction of

ASME, 135 (2013), 011011.






















































































http://www.memr.gov.jo/LinkClick.aspx?fileticket=ZtYRN7m6wYU%3d&tabid=255
http://www.memr.gov.jo/LinkClick.aspx?fileticket=ZtYRN7m6wYU%3d&tabid=255
http://greenmetric.ui.ac.id/ranking/detailUniv/2014/%20just.edu.jo
http://greenmetric.ui.ac.id/ranking/detailUniv/2014/%20just.edu.jo
http://www.just.edu.jo/NewsCenter/Lists/%20JustNews/DisplayItem.aspx?ID=484
http://www.just.edu.jo/NewsCenter/Lists/%20JustNews/DisplayItem.aspx?ID=484
http://www.just.edu.jo/News/Documents/N-2012/%D8%B9%D8%B7%D8%A7%D8%A1%20%D8%B1%D9%82%D9%85%2059-2012.pdf
http://www.just.edu.jo/News/Documents/N-2012/%D8%B9%D8%B7%D8%A7%D8%A1%20%D8%B1%D9%82%D9%85%2059-2012.pdf
http://www.just.edu.jo/News/Documents/N-2012/%D8%B9%D8%B7%D8%A7%D8%A1%20%D8%B1%D9%82%D9%85%2059-2012.pdf









http://www.springerlink.com/content/?Author=Hakan+Boyac%c4%b1

































http://www.springerlink.com/content/?Author=Hakan+Boyac%c4%b1
http://www.springerlink.com/content/u717u656t0244364/
http://www.springerlink.com/content/u717u656t0244364/
http://www.springerlink.com/content/0930-8989/
http://www.springerlink.com/content/?Author=Hakan+Boyac%c4%b1



















214 © 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 9, Number 3 (ISSN 1995-6665)

Figure 9 shows that in 4m/s of the submarine speed,
with  60° increasing in hydrofoil sweep angle,
hydrodynamic drag coefficient decreases about 14% rather
than zero hydrofoil sweep angle. This amount of drag
reduction is equal to 97 N and 388 watt of consumption
power in maximum cruising speed causing an increase in
the submarine range and endurance.

Figures 10 and 11 illustrate velocity contours behind
the submarine in parallel section planes and Figures 12 and
13 show the velocity contours in longitudes plan (top

view) in two conditions consisting of hydrofoils zero and
60° sweep angles. Contours show how the hydrofoil sweep
angle desirably alters the pressure and velocity
contribution to decrease the wake and hydrodynamic drag
force. Therefore, the overall drag reduction without any
reduction in the hydrofoil volume and the horizontal tail
surface area, as shown in Figure 14, reaches about 19%
rather than zero sweep angle condition of tail and
hydrofoil. This hydrodynamic drag is equal to 141 N and
564 watt of consumption power in cruise (4m/s) speed.

Figure 9. Hydrodynamic drag coefficient versus hydrofoil sweep angle (constant 50° horizontal tail sweep angle)

Figure 10. Velocity contours in parallel section planes with zero hydrofoil and tail sweep angle
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Figure 11. Velocity contours in parallel section planes with 60° hydrofoil and 50° tail sweep angle
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Figure 12. Velocity contours in longitude plane (top view) with zero hydrofoil and 50° tail sweep angle
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Figure 13. Velocity contours in longitude plane (top view) with 60° hydrofoil and 50° tail sweep angle
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4. Conclusion

Results show that the implementation of backward
sweep angle on control surfaces and hydrofoil (main body)
of small scale submarine with a new design that has a non-
cylindrical shape and shapes like as airplanes unlike
classic submarine cylindrical body, same as wave drag
reduction in supersonic aircrafts flight can be effective in
reducing the hydrodynamic drag in low speed dense fluid
regime like water.

It's clear that applying a backward sweep angle on

control surfaces and hydrofoil with a reduction in the
maximum normal to chord cross section in constant
volume even in more surface area of hydrofoil results in
significant changes in pressure contribution in the front of
the hydrofoil and a reduction in the wake area behind of
the submarine. Wake zone reduction due to sweep of
hydrofoil can increase the secrecy of this submarine that is
an important parameter in such a vehicle design.
Therefore, with applying a backward sweep angle on this
submarine surface, and similar cases, can reduce the
engine consumption power and save fuel and cost.

A
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<

Surface area = 6.9661 square meters

Volume = 0.2332 cubic meters

SECTION e-E

AIEU —0.1]48 |““2
( 2
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Surface area = 6.8498 square meters

Volume = 0.2332 cubic meters

Figurel4. comparing of wetted area, overall volume and maximum cross section area of submarine in zero and 60° hydrofoil sweep angles
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Abstract

The influence of 4.5 wt.% copper addition on wear behavior of as-cast Al-12Si alloy prepared by gravity casting is
investigated in dry sliding against a steel counterface using a pin-on-disk apparatus. The microstructures of test alloys and
worn surfaces were examined by scanning electron microscopy and energy dispersing X-ray spectroscopy. The addition of
copper to the binary Al-12Si alloy led to the precipitation of CuAl2 phase. Copper addition resulted in a refinement of a-Al
and a minor modification of eutectic Si. The Al-12Si-4.5Cu alloy showed a higher wear resistance as compared to Al-12Si

binary eutectic alloy.
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1. Introduction

Al-Si alloys are widely used in automotive industry as
they offer a high wear resistance, a low thermal expansion
and a good corrosion resistance [1]. These alloys are used
in manufacturing Cylinder blocks, cylinder heads, pistons
and valve filters [2]. These applications require excellent
wear properties of the alloys. The effect of adding Si
content on wear characteristics of Al-Si alloys were
studied [3]. The wear characteristics of the material
depend on the structural features of the material, such as
shape, size and distribution of micro constituents in the
matrix apart from operating conditions, such as sliding
speed, load, temperature and distance [4]. Many authors
investigated the influence of alloying elements on
tribological properties of Al-Si alloys [5,6]. Studies
conducted to investigate the influence of adding Al-1Ti-3B
(grain refiner) and Al-10Sr (modifier) master alloys to
eutectic Al-Si alloys reported an improved wear resistance
after the modification and grain refinement [7]. The
studies on the wear behavior of Al-12Si alloy reinforced
with TiB, particles showed that these particles played a
vital role in reducing the size of Si particles and
minimizing the subsurface crack propagation resulting in
an improved wear resistance [8]. The addition of grain
refiner (Al-1Ti-3B), modifier (Sr) and modifier (P) to Al-
15Si-4Cu cast alloys resulted in an improvement in the
wear resistance due to grain refinement, and fine CuAl,

“ Corresponding author. e-mail: hivaprasad.nma@gmail.com.

particles found in the interdendritic region [9]. The wear
behavior of hypereutectic Al-Si—-Cu-Mg casting alloys
with 6 wt % and 10 wt% Mg was investigated using a dry
sand rubber wheel and it was found that alloys with high
Mg content showed an improved wear resistance [10].
Microstructural  investigations indicated that the
intermetallic Mg,Si particles in alloys with 6% and 10%
Mg addition are more solidly bonded to the matrix
compared to the coarse primary silicon particles. The
effects of pressurized solidification on copper containing
Al-Si alloy were studied. The micro structural studies
indicated that microstructure of non-pressurised specimen
contained course dendrites and the pressurized specimen
showed a fine microstructure with modified eutectic Si
particles. These structural changes resulted in an improved
wear behavior of the pressurized cast samples [11]. The
studies were carried out to understand the evaluation of the
microstructure and dry sliding wear behavior of
thixoformed A319 aluminium alloy [12]. The
thixoforming process resulted in uniformly distributed Si
and intermetallic compounds of the test alloy. The
enhanced microstructure was found to play a major role in
improving wear performance.

Copper is another important alloying element in
aluminium alloys among the elements wused in
production. It imparts heat treatability to castings through
the formation of Al,Cu and enhances the mechanical
properties remarkably [13]. Al-Si—Cu alloys, with up to
45 wt.% copper, are satisfactory for the ordinary
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conditions of service. The addition of just 1% copper in
these alloys increases the transition load by 3-4 times by
increasing the strength and stability of protective surface
layer [14]. The effect of adding 1, 2 and 4 wt.% Cu to Al-
12Si-20Mg cast alloys on their wear and corrosion
properties were studied [15]. Studies showed that the
addition of Cu led to the formation of CuAl, phase.
Adding Cu to AI-12Si-20Mg alloy increased hardness
values. The role of adding copper in optimizing the tensile
properties of AI-11Si-0.3Mg alloy was studied [16].
Studies reported a slight coarsening of a-Al dendrites due
to the addition of copper. However, copper addition had an
insignificant effect on the size and morphology of eutectic
Si particles. The effect of adding Cu on the wear behavior
of Al-18Si-0.5Mg alloys was investigated [5]. The study
showed that the wear rate is not appreciably affected with
the addition of Cu. However, the addition of copper
increased the transition load at 2.0 m/s sliding speed.
Further addition of Cu (more than 2%) did not show any
effect on the transition load. The study that investigated
the influence of the combined action of grain refiner and
modifier on dry sliding wear of Al-12Si alloy and Al-12Si-
3Cu alloy showed that the treated Al-12Si-3Cu alloy
offered the best wear resistance at higher loads [17]. The
experimental studies on the effect of copper addition on
dry sliding wear behavior of A356 alloy reported an
increase in wear resistance due to the increase in the
strength and hardness of the alloy after copper addition .
The formation of oxide layers on the surface is found to be
one of the causes of improving the sliding wear
performance [18].

The objective of the present work is to investigate the
influence of the addition of 45 wt% Cu on wear
properties of as cast Al-12Si alloy in dry sliding using pin-
on-disk wear tests.

2. Experimental Work

The chemical compositions of Al-12Si and Al-12Si-
45Cu alloys, as determined by optical emission
spectrometer, are given in Table 1.

Table 1. Chemical composition of experimental alloys

Composition (wt.%)

Alloy Si Cu Fe Mn | Mg Al
AI-12Si | 12.09 | 004 | 0.16 | 0.02 | 0.01 |Balance
AlL2SI- 110 06 | 446 | 018 | 004 | 003 |Balance

4.5Cu

S ;" R .
N ek % e
Vi 200 pm

Figure 2. (a) SEM image of Al-12Si alloy (b) EDX of Si needle (marked ‘A”)

The eutectic Al-Si alloys were melted in clay-graphite
crucible at 720+5°C. Before pouring the melt into steel
moulds, 1 wt% of hexachloroethane (C,Clg) was added to
degas the melt. For Al-12Si alloy, pre determined amount
pure copper was added for getting Al-12Si-4.5Cu alloy.
For optical microscopy, the samples were mechanically
polished and etched with Keller’s reagent (1.5 ml HNOs,
2.5 ml HCI, 1.0 ml HF, and 95 ml H,0). SEM was carried
out using FEI Netherlands make Quanta-200 SEM.

Dry sliding wear studies were carried out following
ASTM-G-99 standard and using pin-on-disc apparatus at a
speed of 2m/s using variable loads. The wear pins were
cylindrical rods (10 mm diameter and 25mm long) with
flat ends. The specimens of the experimental alloys were
held against a rotating steel disc of 98 BHN. The sliding
wear tests were conducted on pin-on-disc (TR-20 LE,
DUCOM, Bangalore) test machine. The wear test
arrangement is shown in Figure 1.

Figure 1. Dry sliding wear test arrangement

3. Results and Discussions
3.1. Microstructure of the Alloys

SEM images of Al-12Si binary alloy and Al-12Si-
4.5Cu alloy are shown below. The microstructure of Al-
12Si alloy, as seen in Figure 2 (a), consists of large
primary o-Al grains and eutectic Si with needle like
morphology (actually, plate like or flake like in three
dimension) well dispersed throughout the matrix. EDX of
Si needle is shown in Figure 2 (b).
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Figure 3. (a) SEM image of Al-12Si-4.5Cu alloy (b) EDX of CuAl, (marked ‘A”)

The change in microstructure with the addition of 4.5
wt. % of Cu is shown in Figure 3 (a). It can be seen that
the eutectic Si is seen as coarse needles and orientation and
morphology of a-Al grains is non uniform. In the inter-
dendritic region CuAl, intermetallic particles are found.
EDX of CuAl, intermetallic is shown in Figure 3 (b).

The effect of changes in microstructure due to the
addition of 4.5 wt.% of Cu on wear behavior of the alloy
was studied.

3.2. Wear Behaviour

Figure 4 shows the sliding wear of Al-12Si and Al-
12Si-4.5 Cu alloys at different normal loads of (10, 20, 30,
40 and 50N) with a constant sliding speed of 2.0 m/s and a
constant sliding distance of 1500 m. As the normal load on
the test specimen is increased, the actual area of the
contact increases resulting in an increased frictional force
between the sliding surfaces. The results demonstrate that
the increase in the load is responsible for the wear loss of
the investigated samples. The addition of 4.5% Cu to Al-
12Si alloy shows a lower wear rate when compared to that
of Al-12Si alloy.

o5 5 §

140 || SlidingSpeed=2m/s
Sliding Distance = 1500 m

12.0
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Volume Loss {mm®)

20

Q.0

10.0 200 300 400 50.0
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—#—125] =—d—125i4.5Cu

Figure 4. Variation of Volume loss with different loads

Figure 5(a) shows SEM image of the worn surface of
Al-12Si alloy. A number of long, deep unidirectional
ploughing grooves can be observed. A unidirectional
action during sliding takes place and fragments come out
of its surface and form debris. This depends on the critical
shear stress of both mating surfaces. However, at 40 N
load, Al-12Si base alloy witnessed a significant material
removal or a high level of surface damage. These damages
are mostly due to the low hardness of base alloy (64 HB).
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e Al
1.5 -
.4 -4
KCrm
1.0 -
s -
< Fe
o Fe si
oo A
o.c0 1.00 200 300 s.00 €00 T.00
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Figure 5. SEM of worn surface of Al-12Si alloy at load (a) 10 N (b) 40 N (c) EDX of oxide layer ( Marked A)
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From a close observation of Figure 5(b), it can be
explained that the wear during sliding is mostly oxidation
and metallic in nature. The tensile stress at the asperity
increases with the increase in friction and results in the
formation of oxide layer [19]. EDX, shown in Figure 5(c),
confirms presence of the oxide layer.

Figure 6 (a) shows the wear track observed for Al-
12Si-4.5Cu alloy. It can be observed that the wear grooves
are smooth and not much deeper as compared to Figure 5
(a). This clearly demonstrates that the copper addition to
the AI-12Si alloy results in a better sliding wear
performance. Further, the presence of copper in Al-12Si
makes the material hard (85 HB) and, as a result, it makes
the depth of the sliding abrasive grooves low.

These results can be compared with Figure 4 where the
wear loss for the Al-12Si-4.5Cu alloy exhibited low wear
rates as compared to the Al-12Si base alloy.

Wear debris were collected at 50 N load at a sliding
speed of 2m/s and Figure 7 shows the SEM of the wear
debris of the experimental alloy. Figure 7 (a) depicts the
wear debris of Al-12Si, whereas Figure 7 (b) depicts the
debris of Al-12Si-4.5Cu alloy. Various shapes and sizes of
wear debris were formed as a result of a dry sliding test.
The shape and sizes of wear debris varied from fine
particles to coarse flakes. The average size of wear debris
of Al-12Si alloy and Al-12Si-4.5Cu alloy are about 300
microns and 80 microns, respectively. The higher size of
wear debris of Al-12Si alloy was due to the delamination
of particles from the wear surface. Fine wear debris of Al-
12Ai-4.5Cu was due to a mild oxidative wear. Changes in
the morphology of the wear debris were found to be
consistence with the severity of the worn surface.

Figure 7. SEM of wear debris of (a) Al-12Si alloy (b) Al-12Si-4.5Cu alloy

4. Conclusions

Al-12Si alloys are widely used for automobile
applications. A large number of experiments are made for
the enhancement of the wear properties of these alloys.
The present investigation aimed at improving the wear
performance of Al-12Si alloy by the addition of 4.5 wt.%
Cu. The copper addition resulted in the refinement of a-Al
and a minor modification of eutectic Si. From the results
obtained, the following conclusions are drawn:

e The microstructure details of as cast Al-12Si alloy
clearly depict large primary a-Al and plate like eutectic

Si. These structural details were responsible for the
inferior sliding wear properties.

e The addition of 4.5 wt.% Cu to Al-12Si alloy resulted
in improved hardness and sliding wear properties. The
presence of CuAl, particles in Al-12Si-4.5Cu alloy was
responsible for the improved wear properties.

e In general, the increase in the wear is observed with an
increase in the load and sliding distance for both the
test alloys.
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