EARHAKE METAL

ALWETE FORWARD




COPPER and COPPER ALLOYS
"MACHINABILITY"

Recommended Machining Parameters
for Copper and Copper Alloys

HEAD OFFICE
Arapcami Mahallesi, Galata Mahkemesi Sk. Nafe Han No.13 Kat 2 D:12 34420 Karakdy - Beyogu - ISTANBUL / TURKEY
Phone : 0000 (212) 23788 04 (Pby)  Fax: 0090 {212) 2535145
FACTORY
Organize Sanayl Biigesi Gazi Osman Paga Mah. tialye Cad. No.3 50500 Gerkezkdy - TEKIRDAG / TURKEY
Phone : 0090 (282) 725 1960 (Phx)  Fax: D090 (282) 725 19 70

www.sarbak.com.ir * www.ekosari.com
E-mall: sarbak@sarbak.com.tr

This book is the present of SARBAK METAL TIC. ve SAN. A.S. to the sector. Itis free of charge.



We are all full of joy and pride;

The second one of our reference books is our gift to our sector.

Fouusmmadeanthatargatof salif
wastage” by evaluating the usage parametm on |he producﬁnn line whir:h
uhanga with the use appropriate with the character of the material and the technical
developments, within the scope of both the cost and the national wealth.

It is the product of my synthesis of
My young friends’
Eextensive and detailed research
Careful scanning of various resources,

&
The experience/technology combination from the past to the present,
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Of course, this is not a preface,

It shall have continuity,
The continuation of a start,

Andon ARAKELYAN

SARBAK METAL SANAY| ve T|GARETA.$.
The Chairman of the Board of Directors
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Excitement ,
The comerstone of existencs,

&

As a member of Sarbak Metal family ;
My goal is to transfer the
Excitement.

Which | had felt on the first day of the work,
By fesling it and making it to ba falt today,
Without getting tired, without resting,

To today and the new generations,

*

Likewise,
We are actually a prism,
Reflecting our knowledge, accumulation colorfully,

To produce,

To succeed,
To share
To paint

Each new day
To colors with different goals with the same excitement,

*

These are at heart,
When they transfer our second work which is converted into an academic presentation
When the copper and alloys assets of our country are analyzed;
It is our principle and national eaming to eliminate
The deficiencies and the factors equipped with misinformation and erroneous technology.

Refiections from life, your reflections,
Let them always be about beauty, happiness, sharing and innovation,

With love,

Meliha HALIGUR

SARBAK METAL SANAYI ve TICARET A.S.
Vice Chairman of the Board of Directors




With the pride of serving more than 35 years within the structure of Sarbak Metal A.S., which is one of the
leading companies of copper alloys and brass casting sector, we had experienced different excltements
while putting the book, “Recommended Machining Parameters for Copper and Copper Alloys”, Into the
service of the sector.

The second one of our reference books is presented to our secior this way.

As a member of Sarbak Metal family, we had spent busy shifts day and night with our sacrificing and
enthuslastic team members whose names we cannot give here one by one, In order to prepare the
reference book in your hands for publication.

In order to coninue our allegation of leadership in ihe sector, we shall abide by our oath to sustain all the
efforts utmost level from now on also.

Hoping that this valuable book In your hands would be useful for the sector and the whole soclety......

With regards
Hidayst ERDAL

SARBAK METALA.S.
Member of the Board of Directors

Decambear 2011



PRESENTATION

This valuable work, namely “Recommended Machining Parameters for Copper and Copper Alloys”, in
your hands provides the specialists making research and development in the field of machining, the
opportunity of comparative evaluation with regards o the machining capability of different materials and
this way it shall facilitate the cost calculation of the machining of a specific part.

Due to this reason, machining capability index rates are included in the various tables in the book.
Accordingly, comparisons are enabled for the machining capability of not only the copper alloys but also
the steel and aluminum based materials

The most up to date technological information in the sector at the relevant malerial standards are reflected
in the tables in the book. This way, the reference values for very different machining methods are revised
and expanded and they are updated.

Also the machining of the lead-free brass alloys Ecobrass, which Is defined with the commercial title of
EKO-SARI, Ecocast and Federalloy, Is also explained in a section in the book. Each one of these three
alloys, as it can be seen in the relevant tables, has very well machining, forging capabilities, high
resistance in cold form and recyclable characteristics. Although the lead is removed from the brass, the
characteristics given above are as their equivalents containing lead and they are even better in some of
them. The general alloy composition as {%) for Ecocast and Ecobrass is in the combination of Cu;76-
Zn:21-8SI:3 and as (%) for Federalloy group Is In the combination of Cu:50-91-Zn:rest-Bi:1-4. Ecobrass
alloys do not contain toxic substances. With this aspect, It Is In compliance with the directives of
environment and health which s already adopted in the countries such as America, Japan and whichshall
be adopted on December 31, 2012 inthe European countries.

Ecobrass has perfect machining capability which can be compared fo the alternadive brass containing
lead. It has short and brittle chips. \When the abrasion of the tool is compared with {CuZn39Pb3}, itis a little
bit higher.

The complexity of the machining capability of a matetial in general and its dependence on many factors
are taken into consideration and benchmarking values relevant to the subject are given in the book in
order fo provide a comprehensive guidance.

The data presented in the book shall enable the formation of specific optimum machining parameters for a
specific production process and also this way, the productivity and the cost-efficiency of the process could
be optimized.

With the thought that the book serves to provide convenience, efficiency and productivity owing to its
characteristics of being a praclical and comprehensive guide in the machining applications for the
specialists and users of all levels In the copper and copper alloys sector...

With regards
ATughan OZCAMSIRTI
SARBAK METALA.S.
Factory Manager
December 2011



PREAMBLE

The book, “Recommended Machining Parameters for Ougpar and Copper Alloys” of Sarbak Metal A.5.,
mmhmeufﬂ'eleadlngmpanlesnfmppaallwsand rass casting sector, is presented to the seclor as
a second publication in addition to Yellow Metal "Brass” basic rnanual, which is among the technical
publications series that shall form the baslkc sources for Turkish industry

Thi=s technical publication, which is a first in the seclor, is published both in Turkish and lish lan
aapmml padals ly. The book is prepased for publication by also benefilting from the works of n mr
n .

In this new handbook, namely “Recommended Machining Parameters for Copper and Al . a
comprehensive research with regards to the machining of the standard copper and copper alloys and very
detailed technical data are presentad.

In the 1% section of the work, the general review of the sector and the general description of the latest
developmenls are given.

In the second section, the basic principles relevant to the machining of the copper and copper alloys are
mentioned. Especially, the geometry of the machining kits and tools and the factors that influence the metal
cutting are emphasized. The influence of the geometry of the machining kit and tools on the machining
process parameters is presented with deialled numerical tables. Within this context, comprehensive
evaluations are conducted relevant to the abrasion process and chips formation on the machining tool.

The technical descriptions on the third section, thefactors that influence tha life of the tool in machining ofthe
mmﬂped-.'r alloys, cutting forces, the surface quality after the cutling and machining are related to the shape of
e chips..

The classification of the copper based materials with rﬁa s ta the machining capability is emphasized in
the fourth section. With regards to this matter, detailed information is given relevant to the standardization of
the copper-based materials, the evaluation criteria of the machining, casting, cold forming and age
hardening, the influance of alloy elements on the machining process

In the fifth section, while indicating the technical characteristics of the cutting tool matesials, there is also
comprehensive descriplions with regards to the high speed steels, hard carbides, diamond as a cutting
material, and the salection of the cutting material.

In the sixth section, the geometry of the cutting tool is described and the terms of rake angle and the
clearance tﬁh are taken into consideration and the compatibility characteristics between the malerial cut
are descri

The details regarding the characteristics of the cutting fluid are described in the seventh section, and the
calculation of the costs relevant to the machining process are described in the eighth section.

In the ninth section, the basic principles for the machining of the copper and its al with high precision, the
application examples relevant to the machining of the copper alloys, the tics of the material used
and their nfluence on the machining with high pracision are described comprehensively.

In the tenth section, detailed explanations about the recommended parameters for machining of the copper
and copper alloys are given. Within this scope, useful tables for the parameters recommended in the
processes such as mt‘ginim of the copper and copper alloys in the lathe, CNC and milling cutter, drilling,
counter boring, reaming, threading and thread cutting etc. are given.

In the eleventh section, differrent examples for the machining applications are given additionally.
In the twelfth section, the mathemalical formulas and abbreviations are given.

The references are given inthe thirteenth section, the standards, regulations and guidelines relevantto the
Issue are given inthe fourteenth section .

As a product of the vast secloral experience of SARBAK METAL A.S. exceeding 40 years, | hope that this
valuable work shall become an important basic source for all the industrial establishments operating in the
field of copper alloys and brass sector, the academic corporations and institutes of the sector and the
students of higher education vocational high school. Specifically the machining implementer engineers and
technidlans and the foremen shall be able to find efficlent and economic solutions for the problems regarding
the metal cutting by banefitting from the originalinformation, data and tables in the book.

With regards
Asst. Prof. Dr. Hkmet ERBIYIK
December 2011



With the pride of serving more than 10 years within the structure of Sarbak Metal A.S., which is one of the
leading companies of copper alloys and brass casting sector, we had experienced a different excltement
while putting the book, “Recommended Machining Parameters for Copper and Copper Alloys”®, Into the
service of the sector

During the presentation of the book, which was published in two different prints as in Turkish and English
languages, In order to serve the sector, We had exXperienced different feelings while we exerted afforts In
busy work hours with Sarbak Metal A.S. work groups, with whom we had worked with a great synergic
power.

While maintaining our allegation of the leadership in the sector, we are proud to present to the sector, this
second work in your hands, namely “Recommended Machining Parameters for Copper and Copper
Alloys™ in addition to our previous comprehensive reference work, namely Yellow Metal “Brass”, as an
indication of the importance we attach to such Inhovative publication activities In order to maximize the
sactor's extensive knowledge and technologic know-how level.

With regards
M. Hakan FELEK

SARBAK METALA.S.
Human Resources Manager

Dacember 2011
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1 State of the art

Compared to other metallic structural
materals, most copper-based materials
are relatively easy to machine. The free-
cuiting brass with the designation
CuZn39Pb3 has established iself as

an exeellent material for manufactur-
ing all kinds of form turmned parts. The
excellent machining properties of these
copper=zine alloys is so well-known
that they are often used as benchmarks
for describing the machining properties

of copper and copper alloys

Machining copper alloys is considerably
gasier than machining steels or alumin-
ium alloys of the same strength (see
Figure 1). This is reflected in the signif-
icantly lower cutting forces as shown

in Figure 2. Unless spedfic technical
requirements dictate the use of another
material, free-cutting brass (UZn39Pb3
is the material of choice in contract
tuming and machining shops and CHC
tuming shops.

Parts that are mass-manufactured are
typically machined from copper mater=

als. In order to meet a very wide range
of technical and engineering require-
ments, a great number of copper-based
materials have been developed over
the years. Examples of more recent
developments indude the low-alloyed
copper alloys, copper-nickel alloys and
lead-free copper alloys. The spectrum
of materials available ranges from the
high-strength copper-aluminium alloys
to the very soft pure coppers with their
high elongation after fracture.

The differences in the machinability

of one materlal compared to that of
another can be traced to the differences
in their mechanical and physical prop-
erties. Many machine operators have
only a limited lmowledge of the ma-
chinability of the less commonly used
copper materials. As a result, the ma=
chining data assumed for one and the
same material may differ considerably
from one machining shop to another.
There s therefore a very definite need
for up-to-date reference values and
recommended processing parame-

ters for the machining of copper and
copper allays — particulary in view of
the angoing developments in the metal
cutting sector. Furthermaore, optimizing
machining operations by selecting and
adapting the relewant madhining data
is of huge commercial importance in
high=volume serial production.

Material development is focused on

the continuous improvement of a
material’s praperties. In order to lower
machining costs, fabricators frequent-
ly demand materials with improved
machinability properties but with
mechanical and physical properties that
are essentially unchanged. Bxamples

of this trend are the CuTeP and CuSP
alloys. Although pure copper has very
high conduchivity values, the fact that it
produces long tubular or tangled chips
can make it difficult to machine. For
this reason alloys have been developed
in which tellurium, sulphur or lead
have been added to the pure copper

as chip-breaking alloying elements.

The conductivity of these alloys is only

100+

(=] =]
T oy

Machinability index
§

{|THY

CuZn36Pb3
(CuZn39Pb3)

CuZn21Si3F ' cuzZn35Pbi

Material

* (DA machinability ratings using the ASTM E&18 test method with Culn3aPb3 as the reference material

{in Europe the reference material is the copper-zinc alloy CuZn39Pb3)
** ([uIn36: Machinability rating based on the DKI material data sheet
=** CuIn215i3P: Machinability rating as specified by manufacturer

CuZn39Sn1’ CuZn36*

AICuBBiPb  11SMnPb3

Flg. 1: Comparison of the machinabiiity of copper alloys with a free-cirtting steel and an afusiium alloy i, 2, 37
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: v, k4 1-m_
Material mimin Na';':lllmif
CuZn3gPh3 200 539 | 0,7886
2000 Free-cutting brass 400 521 | 0,7458
g 1500 CuSnap 200 | 1137 | 0821
E Copper-tin alloy 400 | 1020 | 08059
g CuZn37MnAI2PLS 200 | 845 | 0,7561
% - Special brass 400 | 715 |0,7036
o 16MnCr5+M
[§]8] 1302 | 070
= . : Case-hardened steel | ° %
@ Q.
i g 8 e CuZn27MnAI2PbSi
500 '
® 16MnCr5+N
0.1 0.2 04 08 10 2,0
Undeformed chip thickness

g, 2; Comparfson of the specific cutting force of three copper ofloys with o cose-hardened steef based on data froms DI and from reference [&]

slightly below that of pure copper, but  ting tool materials makes It difficut and recommendations provided in this
the presence of the alloying elements for today's manufacturers to provide handbook can help machine operators
means that they can be processed on recommended cutting parameters or to find the optimal machining parame-

automatic screw machines or other benchmarks that remain valid for a ters for a specific machining task. If only
high-speed machine tools. longer period of time. If supplement- low-volume production is required,
ed andfor verified by cutting tests the reference values provided in the

The continueus improvements being conducted under realistic machining handbook should be sufficient to yield

made to both workpiece and cut- conditions, the guideline parameters a satisfactory machining result.

.z



2 Fundamental principles

In this section explainations are given
on the basic terminology of metal
cutting relating to cutting tool geo-
metry, tool wear and chip formation,
using a standard tuming tool {single=
point cutting tool) for illustrative pur-
poses. The terminology applies equally
to any other machining proecedure
that uses a tool with a defined cutting
edge. Being acquainted with the basic
terminology is fundamental to under-
standing the machining properties of

copper and copper alloys.

Tool halder

Rake face A,

Minor cutting
edge 8*

2.1 Teol geometry and how it
influences the cutting process

Minar flank face A’

Direction of primary
motion

Direction of feed
motion

Major cutting edge S
Major flank face Aq

Cormer

The fundamental terminology of metal
curiting technology has been standard-

ized in DIN 6580, DIN 6581, DIN 6583 and  lative oriemtation of these surfaces to one

DIN 6584 standards. The surfaces and another determines the toel angles.
curtting edges of a single-point cutting
tool are shown in Fig 3. To explain the terms and angles used

to describe a cutting tool, it is useful to
distinguish between the so-called *tool-

2.1.1 Tool geometry in-hand" system and the *tool-in-use"
As Fig. 3 shows, the cutling part of a system (see Fig. &), The two systems are
turning ool comprises the rake face and  based on different sets of orthogonal

the major and minor flank faces. The re=  reference planes.

Flg. 3 Face, flanks, crtting edges and comer of @ turning tool (DI 6581)

The tool-in-use system is defined in
relation to the relative speeds of the
cutting teol and the workpiece during
the machining operation. The working
reference plane Py, passes through a
selected point an the cutting edge and

is perpendicular to the resultant cutting
direction. The orientation of the resultant
cutting direction is given by the resultant
of the cutting and feed speed vectors.

Resultant cutting & &
direction Direction of primary

SR Assumed direction of
11 motion

primary maotion
"‘rﬁ

Waorking cutting
edge plane P,
plane Py

Assumed direction
Direction of feed of feed motion

motion

Selected point on

......

_»*" Working reference o
plane perpendicular FE
to resultant cutting B
a direction P b

Working J>
—-1" aorthogonal

~Tool cutting edge
plane B,

Tool orthogonal
s plane Py

.+ Tool reference plane perpendicular

to assumed direction of primary
mation and parallel to tool base P,

PFig. & (o} Tool-in-wse reference system (b} Tool-in-hard reference syster (DIN 6581}



In the tool-in-hand system, the tool
referance plane P, is parallel to the tool
base. The tool cutting edge plane P,

is tangential to the cutting edge and
perpendicular to the tool reference plane
P The geometry of the cutting tool is
measured in the tool arthogonal plane
P This plane passes through the select=
ed point on the cutting edge perpendic=
ular to bath the tool reference plane P
and tool cutting edge plane P,

In the tool-in-hand system, the angles
of the wedge-shaped cutting tool are
defined as follows (see Fig. 5):

® The tool orthogonal dearance «o
is the angle between the flank A, and
the tool cutting edge plane Py mea-
sured in the tool orthogonal plane P,.

@ The tool orthogonal wedge angle
k15 the angle between the flank A,
and the face A, measured in the tool
orthogenal plane Py,

@ The tool orthogonal rake v, is the
angle between the face A, and the tool
reference plane P, measured in the
tool orthogonal plane P,

The sum of these three angles is
always 90°:

O+ Pot+yo =90 {1}

@ The tool cutting edge angle &; is the
angle between the assumed direction
of feed motion and the tool cutting
edge plane P; measured in the tool
reference plane P,

@ The tool included angle , is the

angle between the tool cutting edge
plane P; and the tool minor cutting

edge plane P;" measured in the tool
reference plane P,

@ The tool cutting edge indination A,
is the angle between the major cutting
edge § and the tool reference plane

P, measured in the tool cutting edge
plane P;.

We have chosen here to describe the
terminology and tool angles using a
single-point cutting tool, specifically a
tuming taol, as it permits the clearest
illustration of the different quantities.
In principle, however, the definitions
provided here can be applied to all

cutting tools with a geometrically
defined cutting edge.

2.1.2 Effect of tool geometry on the
cutting process

The choice of cutting angles has a
major effect on the results of a ma=
chining operation and on the tool life.
The greater the emphasis on achieving
cost-effective material processing, the
greater the Importance of determining
an optimal tool geometry. The stability
and therefore the life of the cutting
tool can be ralsed by selacting ap-
propriate cutting angles and by using
chamfared and rounded cutting edges.
Optimizing the geometry of a cutting
tool always means taking into account
the spedfic requirements of the ma-
chining operation to be performed and
the machining conditions to be used.

It is also important to remember that
the effect of modifying tool angles is
two=fold. Changing the tbol angles

to strengthen the tool impairs ¢hip
formation and Increases the cutting
forces and the extent of tool wear.
fonversely, changing the tool angles to

Section A — Ain the
plane P,

Bl e

A,

A,

View along I in the
plane P,

v

| .

Tool arthegonal clearance
Tool orthogonal rake

Tool orthogonal wedge angle
Tool cutting edge angle

Tool included angle

Tool cutting edge inclination
Flank

Face

Tool reference plane

Tool arthogonal plane

Tool cutting edge plane

W momouwomwomonomn

Fig. 5 The most impottant tool angles (DIN 6581
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improve chip formation results in a de-
crease in tool strength and hence tool
life. Any choice of tool angles therefore
represents a compromise that can only
partially meet the different machining
requirements. It is important that this
is understood when using the tables of
recommended tool geometry parame=
ters induded in this handbook. The
recommended tool geometry will also
need to be modified based on prac-
tical operating experience whenever
other factors have to be taken into
account. In such cases, it is Important
to know how a specific change in a
cuttingg angle will affect the machining
parameters. In view of the consid-
arable progress that has been made

in the field of cutting tool materials,
modifying tool geometry in arder to
reduce tool wear is not so important
today as it once was, The predomi-
nant reason for altering tool angles is

to improve chip formation and chip
removal.

When machining copper materials with
a high-speed steal cuttng tool, the
clearance is typically between 8* and
8%; if a cemented carbide cutting tool
is used, the clearance lies in the range
8° 10 10°. Large clearances tend to
reduce flank wear and make it easier
for the wedge—shaped cutting tool

to penetrate the workpiece materi-

al. For a given constant valua of the
flank wear land VB, small increases in
the dearance angle will lengthen the
service Iife of the cutting edge due to
the increased wear volume. Removing
a larger wear volume requires a longer
period of time so that the tool life in-
creases accordingly. However, a larger
clearance angle also means a wealer
tool cutting tip and this therefore
places a limit on the extent to which

the clearance can be increased. As the
clearance angle increases, heat can
build up in the tool tip thus increasing
the risk of material break-out at the
tip. The bending moment resistance
of the tip also decreases strongly with
increasing clearance angle.

Of all the tool angles, the tool ke 3
has the greatest significance. The ma-
gnitude of the deformation energy and
cutting energy dissipated during chip
formation depends on the tool rake.

When machining copper materials, the
tool rake typically lies within the broad
range 0° to 25, When machining with
a cemented carbide tool, the largest
rake angles are chosen for the softest
materlals with the lowest cutting forces
{pure copper, CuZn1o) as these are the
only materials that do not resutt in
wverloading of the cutting edge.

Direction of primary motion /
cutting direction (workpiece)

h=f-sink,

Direction of feed motion

{tool)

K, Tool cutting edge angle
a,:Depth of cut

i Feed mee: distance wavelled per revatution |
b: Undeformed chip width

h: Undeformed chip thickness

— h -} Area of uncut chip

Fig, 6: Geometry of tool engagement durfng alindrical tuming {oblique cutting con-figiration) (DIN 6580}



The larger the tool rake, the lower the
deformation and cutting energy and
thus the lower the pressure exerted on
the culting edge. The cutting forces are
reduced accordingly and the tempera-
ture of the cutting edge decreases. The
chip compression ratio is reduced and
the quality of the machined surface
improves accordingly. Large ke angles
facilitate chip flow when machining
ductile copper materials, but they also
facilitate the formation of ribbon chips
and tangled chips.

The rake angle must be reduced if

the specific cutting force is increased,
or if the undeformed (i.e. uncut)

chip thickness is increased, or if the
transverse mupture strength of the tool
material is lowered. This improves the
stability of the cutting tool and reduces
the risk of tool breakage. When ma-

Sharp cutting edge (tool tip)
= reduced tool stability
= small undeformed chip thickness

Tool with bevelled cutting edge
= greater tool stability

= |larger undeformed chip thickness

chining copper-based materials, the
smallest tool rakes are used for high-
stremgth copper alloys. Strong cutting
tools enable the workpiece to undergo
high=speed turning. The disadvantage
is that as the rake angle is reduced,
the cutting forces increase therefore
raising the required machine power.

For a fixed depth of cut a, and a fixed
tool feed £, the undeformed chip width
b and the undeformed chip thidkness
h depend on the tool cutting edge
angle &, (Fig. 6). If the tool cutting
edge angle Is too small (or equally if
the tool's nose radius Is too large}, the
passive forces will be greater, which
facilitates deformation and chattering
if the work material being machined is
weak. A large tool cutting edge angle
¥ in the range 70° to 95° is typically
chosen when machining copper and

Section A -
A in the plane Py

P
£ k]

ag = 6% 1o 10°

increasing
tool
stahility

less wear

less wear

X

less chatter
decreasing passive forces

better surface quality

less chatter
decreasing passive forces

larger passive forces
increasing tool stability

Fig, 7:  Effect of tool geometry o the citing process

copper alloys. In the case of work ma-
terials that are liable to smear, such as
soft copper or gunmetal, a tool cutting
edge angle of x; = 90° is preferred. On
the other hand, if the depth of cut is
held constant, a reductian in the tool
culting edge angle results in an increa-
se in the undeformed chip width b as
the skress is distributed over a longer
portion of the autting edge. The tool
life rises accordingly and this permits

a slight increase in the cutting speeds.
The machining parameters listed in the
tables apply to large tool culling edge
angles from about 70" t 90°,

The tool anting edge inclinatien Ay
(Fig. 5, Fig. 7) offers a simple means of
stabilizing the cutting edge if the aut is
interrupted, and of influencing chip
flow. If the angle of Inclination of the
tool cutting edge is negative, the first

increasing tool
stability

s = 0° to 25°

improved surface quality
lower cutting forces

less wear chip

forms may be worse

View along I in the
plane Pg

| /guided chip flow
sty

B

=t

e



point of contact between the work-
piece and the tool occurs above the
tool tip thus protecting the tip, which
is the most vulnerable part of the toal.
As high impact loading of the cut-
ting edge is unlikely when machining
copper materials, A is often set to 0°,
particularly when only light machining
of the workplece Is required. A nega-
tive tool cutting edge indination is pre-
ferred for rough machining work and
for interrupted cuts in high-strength
copper alloys. A positive angle of
indlination improves chip flow across
the tool face and is therefore preferred
when machining materials such as

pure copper that show a prepensity to
adhere to the working surfaces or to
undergo strain hardening.

The tool induded angle ¢ (Fig. 5 f Fig.
7) is the angle between the major and
minor cufting edges. The size of & has
a significant effect on the capacity of

the cutting edge comer to withstand
stresses, The smaller the tool included
angle, the lower the mechanical load-
ing that can be sustained by the cut-
ting edge. In addition, heat generated
during machining is less well conduct=
ed away from the cutting edge cormner
so that the tool Is exposed to greater
thermal stress. The tool included angle
should be as large as possible. For
most machining operations on copper
materials g; is chosen to be 90°, How-
ever, when machining a right-angled
corner in the workplece, a tool Indud-
ed angle of less than 90° is required.
In many cases a compromise has to be
found between the tool cutting edge
angle and the tool included angle.

The size of the nose radius (also
known as the tool corner radiusjr,
{Fig. 5/ Fig. 7) should be selected for
the particular machining operation
to be performed. If the nose radius

is too small, the comer of the cutting
edge will suffer premature damage.
Small corner radii are consegqueantly
reserved for fine machining work, If
the selected nose radius is too large,
there is a tendency for the taol's minor
cutting edge to scrape against surface
of the workpiece ceating notch wear
on the flank of the miner wutting edge
(see Fig. 8} that has a detrimental
affect on the quality of the machined
workpiece surface. The optimal value
of the nose radius r, depends on the
undeformed chip thickness h and thus
on the feed displacement f, The nose
radius r, should generally be between
1.2 and 2 times the feed f; for copper
r. should be chosen to be less than
1.5+ For soft copper materials, such as
Cu-DHP, the machined surface quali-
ty Is strongly dependent on the nose
radius ¥;- When machining very ductile
materials, a small nose radius can
improve cutting in the region of the

KB: crater width

KM: distance of centre of crater @
from tool edge

KT: maximum crater depth

W, Flank-side displacement of
cutting edge

5V,: Face-side displacement of
cutting edge

Wi

Section A — A

m
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X

Flank wear land VB

L

z
m
=

\

Wotch wear on major

A

i
——

Motch wear on minor cutting edge

cutting edge

{150 3685)

Fig. 8: Types of wear ahd Wear paronteters on [iinming tools (150 2685)
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minor cutting edge. This is because the
larger minlmum thickness of cut means
that the material can be cut mote
easily and does not therefore tend

to smear so much. This reduces the
roughness and improves the quality of
the cut surface. As a rule, if the feed

is held constant, a larger nose radius
will lead to the formation of shal-
lower and less pronounced feed marks
an the workplece. The kinematic
roughness Is reduced and the guallty
of the workplece surface, expressed by
the two surface parameters R, and Ry,
Is Improved. This effect is used in tools
with so—called wiper geometry. A wiper
nose radius insert features additional
larger radii that are located along

the miner cutting edge behind the

tool nose. Compared to inserts with a
comventional nose radius, wiper inserts
can produce an improved surface finish
with the same feed, or the same sur-
face quality at higher feeds [5].

2.2 Tool wear

During the machining process, wear
marks will appear on the tool, The
extent of tool wear will depend on the
stresses to which the tool is subject-
ed. Wear marks appear on the major
and minor flanks of the auiting tool
where it is contact with the workpiece,
and on the tool face where it is in
contact with the chip being removed.
As a rule, the greater the amount of
wear, the greater the mechanical and
thermal stress exparienced by the tool.
Temparing in the tool material, which
accurs in tool steel at about 308 *C and
In high-speed steal at around 600 °C,
causes a loss in tool hardness and can
result in the sudden tool failure as a
result of so—-called "bright braking'.

In the case of tool inserts made of
cemented carbide, which at 1000 °C still
exhibits the same hardness that high-
speed steel does at room temperature,
the wear is predominantly abrasive in
nature. In practical applications, itis

primarily the wear on the tool's flank
and face that are used as the criteria

for assessing tool life, The wear that
develops on the tool"s flank is known as
flank wear land (VB). A tool is deemed
to be wom and therefore at the end of
its useful sexvice life if the flank wear
land VB has reached a speciied width
{Fig. 8). The width of the permissible
flank wear land depends on the specific
workpiece requirements.

A large flank wear land VB results in

a large face-side displacement of the
cutting edge 5V, causing dimensional
inaccuracies, Furthermare, the greater
ared of frictional contact between the
tool and the workpiece results in a de-
terioration in the guality of the work-
piece surface and an increase in cut-
ting temperature. When machining on
an automatic lathe, the maximum per-
missible width of the flank wear land

is 0.2 mm if cemented carbide tools are
used, for rough machining the width
of the flank wear land should not ex-

Structuring in workpiece

Ve

Cut surface of
workpiece

Turning tool

Shear
plane

Structuring
within chip

1. Primary shear zone

5. Elastic-plastic deformation zone

2, Secondary shear zone an the tool rake face
3. Secondary shear zone at the stagnation and separation zane
4. Secondary shear zone on the flank face

Material:
Cutting speed:
Feed per revolution:

Cu-ETP
¥, = 80 mimin
f=00mm

Fig. 92 Material deformotion 2ones dinfng chip formetion (Setrrce: [al)



ceed a value between 0.6 and 0.6 mm,
depending on the diameter of the part
being made, the specified tolerances
and the required surface quality {Fig.
8). Wear land widths of 1 mm or more
can arise during heavy roughing work
imrolving feeds rates of 1.0 to 1.8 mmi
rev and cutting depths of 10-20 mm.
The wear on the tool's rake face (Fig. 8)
is generally less significant than the
wear on the flank and Is expressed in
terms of the crater ratio K = KT/KM, K

is a measure of the weakening of the
cutting tool as a result of cratering on
the rake face and should never signif-
icantly exceed a value K = 0.1.

2,2 Chip formation

Chip formation and effective chip
removal are important in those cutting
techmiques In which the cutting zone
is spatially limited, such as drilling,
reaming, milling and all turning oper-
ations on automatic lathes.

(1) Continuous chip

(&) Discontinuous chip

N

The details of chip formation process
can be most readily seen using the or-
thogonial cutting miodel. In the ortho-
gonal madel, chip formation is consid-
ered to occur as a two-dimensional
process in a plane perpendicular to the
cutting edge, as depicted photograph=
ically and schematically in Fig. 9.

During the machining process, the gut-
ting tool penetrates the work material,
whikch deforms first elastically and then
plastically. As soon as the shear stress
induced by the tool reaches or exceeds
the shear strength of the work material
in the shear zone, the material begins
to flow. Depending on the tool geome-
try used, the deformed work material
farms a chip that flows across the face
of the cutting tool.

Friction between the contact planes of
the tool and the underside of the chip
or the new workpiece surface creates
shear stresses in the secondary shear

{2) Cantinuous segmented
{or serrated) chip

zones {see Fig. 9). These shear stresses
cause plastic deformation in the sec-
ohdary shear Zones thereby compress-
ing the chip. The result of this defor-
mation is that the thickness of the chip
after separation hy, is greater than the
original thickness of cut h (= thick=
ness of the undeformed chip), and the
width of the chip by, is greater than
the original width of cut b (= width of

the undaformed chip):

Chip thickness h

tompression: -I-‘h >1 (@
1

Chip width

compression: b‘T“ =1 {3

Four main types of chip can be formed:
continuous chips, continuous segment-=
ed chips, semi-continuous segmented

(3) Semi-continuous segmented
{ar serrated) chip

2

Formation of segmen-
ted or discontinuous
chips

Formation of con-
tinuous chips

elastic zone

\

plastic zone

1

Shear strength T

N
;ff—’f;%*@
@®i

flow zone

o=
B %

E Z

E:u
Degree of deformation &

&, Degree of deformation in the
shear plane

Fig. W0 Influence of mechanical properties of workpiece material on type of chip formed (Source: [7])
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chips and discontinuous chips
(see Fig. 10).

Continuous chips form when the mate-
rial being cut flows away continuously
from the machining point. The regions
of deformed material undergo lamel-
lar sliding but without exceeding the
shear strength of the material.

If the work material being machined Is
of sufficient ductility, the chip formed
will usually be continuous In form,
provided that the cutting process s not
impalired by the influgnce of external
vibrations.

If the workpiece material is of lower
ductility, if it has an inhomogeneous
microstructure or if it is subjected to
external vibrations, machining will
result in the formation of continuous
segmented (or serrated) chips.
Compared with continuous chips, the
upper surface of the chip in this case
exhibits a pronounced sawtooth-lilke
structure. Continugus segmented {or
serrated) chips can form at high feed
rates and at high cutting speeds.

Semi-continuous segmented (or serrat-
ad} chips, on the other hand, consist

of chip sections that were completely
saparated in the shear zone. This type
of chip forms when the degres of
deformation in the shear zone exceads
the material’s ductility. This applies
not only to brittle materials, but also
te materials in which the deformation
induces brittleness in the microstruct-
ure, Semi-continuows segmented
chips can also form at extremely low
cutting speeds. Discentinuous chips
typically form when brittle materials
with an inhomogeneous microstructure
are machinad, Thesa chips are not cut
but rather torn from the surface of the
wark material, with the result that the
workpiece surface is frequently damag=
ed by these small chip fragments.

Machining highly ductile materials,
such as Cu-ETP or Cu-DHP, at low
cutting speeds can lead to the forma-
tion of a so-called built-up edge {BUE)
on the tool's cutting edge and rake
face. A built-up edge is made up of
strain=hardened layers of the work=
plece material that adhere around the
cutting edge, giving the cutting edge
an irregular shape and preventing the
chip from coming into direct contact
with the tool. Depending on the spe-
cific cutting conditions employed, the

built-up edge may periodically break
off and become deposited between
the tool flank and the surface of the
workpiece, or may become dislodged
with the chip. As a result the quality
of the warkpiece surface deteriorates,
tool wear increases, the dimensional
accuracy of the machined workpiece
worsens and the relative percentage of
dynamic cutting forces rises.

The occurrence of buillt-up edges is
temperature dependent. When copper
and materials with a high copper
comtent are machinad, BUE formation
always occurs in a specific rnge of

the cutting speed v, and the thickness
of cut h. BUE formation also depands
on the tool's angle of rake. To avoid
the formation of a built-up edge,

the machine operator can select a
greater thickness of cut h, can raise the
cutting speed v, andfor can increase
the rake angle y. if that is not possi-
ble, v, should be reduced to below the
lower limit far BUE formation (e.g. in
reaming, tapping). In the latter case,

it is important to reduce friction at the
cutting interface by achieving the best
possible cooling lubrication of the tool.



3 Machinability

There is no unigue or unambiguous
definition of the term ‘machinability’.
It can be understood as summarizing
those properties of a material that
determine the ease or difficulty with
which that material can be machined
by various machining operations or
techniques. The machinability of a
material can vary very strongly de-
pending on the geometry and material
of the cutting tool, the machine tool
and machining technigue used and
the machining conditions. The main
goal of any machining operation Is the
fabrication of a workpiece of the de-
sired geometry. In view of the complex
relationships between the numerous
factors Involved, It Is not possible to
assess machining operations in terms
of one single standardized machining
criterion.

We will assess the machinability of
copper and copper alloys in terms of
the following four machining crite=
fia: tool wear: chip formation: cutting
forces and surface quality. Although
these four guantities are mutually
imterdependent, the additional influ=
ence of factors such as the condition
of the workpiece material, the cutting
aperation, the specifics of the machine
tool and cutting tool used and the role
of lubricants and cooling fluids, means
that it is not possible to create a single
unambiguouws machinability criterion.

Tool wear is understood to mean

the progressive loss of material from
the surface of the cutting tool. The
processes that cavse tool wear during
machining are abrasion, adhesion,
scale from high=temperature oxida=
tion, diffusion, thermal and mechanical
siresses and surface fatigue.

Chip formation and chip shape play an
extremely significant role In determin-
ing efficient chip removal, process
safety and high productivity. This is
particularly true for those machining
aperations in which the cutting zone

is of limited size. This is the case for
machining techniques with restricted
chip flow, e.g. drilling, tapping, plunge
cutting, broaching, grooving and all
cutting and shaping operations on CNC
machines. Long ribbon and tubullar
chips are harder to remaove from the

cutting zone than shost spiral chips,
chip turs or discontinuaus chips.
These longer chips can form tangled
balls within the madhine, resulting

in the interruption of the machining
process and damage to the workpiece
and tool. They are also a safety hazard
to the machine operator. In most
cases, ribbon chips and tangled chips
have to be removed manually from
the workplece or cutting tool, which
introduces machine downtimes thus
lowering productivity. As ribbon and
continuous chips have a tendency to
form snarled and angled balls, their
formation should, wherever possible,
be avoided. But fine needle-like chips
€an also cause problems as they can
block cutting fluid filters or get under
the machine housing where they can
cause increased wear.

The forces generated in metal cut-
ting operations determine the power
requirements and the structural

rigidity of the machine tool. Thay have
a considerable influgnce on tool wear
and therefore on tool life. Genarally
speaking, the harder a material is to
machine, the greater the forces that
have to be applied. Cutting Torces

tend to decraase in magnitude with
increasing cutting speed, because at
higher cutting speeds, the cutting
temperature is greater, which in turn
results in a reduction in material
strength {so~-called thermal softening).
The cutting force components increase
proportienally with increasing depth of
cut and also increase with feed though
the rate of increase iIs less pronounced
at higher feeds,

High dimensional accuracy and good
surface guality are frequently required
when machining copper and copper
alloys. The resulting quality of the
machined workpiece surface {rough-
ness) is very often the most important
machining criterion.

The relative weighiting of the four main
machinability criteria mentioned above
will depend on the goal of the particu-
lar machining operation being used.
For example, in rowgh machining worl,
the machinability criterion of greatest
relevance Is tool wear, followed by
cutting forces, chip shape and chip

11

formation. The emphasis in finishing
work, in corrtrast, is primarily on the
quality of the final surface, with chip
shape and chip formation playing a
secondary role, However, when ma—
chining on an auwtomatic lathe, chip
shape and chip Tormation may be the
sole criterion used to assess the ma-
chinability of a workpiece material.

3.1 Tool life

The tool life T is defined as the time

in minutes during which a cutting

tool performs a machining eperation
under specified cutting conditions
from the start of the cut to the point at
which the tool has become unusable
by reaching a predetermined tool-life
critedon.

The tool life depends on numenous
factors, Including:

@ the materal te be machined,
® the tool material,

& the cutting speed, the feed and the
depth of cut,

® the cutting tool geometry,

@ the quality of the cutting edge
{*tool finish’),

@ the vibrations and motional ac-
curacy of the workplece, tool and
machining equipment,

® the tool-life criterion, 8. the
threshaold value of tool wear, typi-
cally expressed as the width of the
flank wear land VB.

The cutting speed has the strongest in-
fluence on tool wear, The effect of feed
on tool wear and thus on tool life is
also significant. The depth of cut also
influences tool wear, but the effect is
viery minor in comparisan.

The dependence of the tool life on
cutting speed can be represented in a
toal=life graph. The tool=Iife graph Is a
log-log plot with cutting speed data v,
{in m/min} plotted on the abscdssa and
the corresponding tool life T {in min)
plotted on the ordinate {see Fig. 11},



As can be seen in Fig. 1, the resulting
curve can be appraximated over a lange
part of the plot as a straight line with
the standard straight line equation

y=m-x+n (4

As the plot is a log=log representation,
this equations becomes:

logT =logC, + k-logv, (5)

Taking the antilogarithms to transform
back to the original variables generates

the so-called Taylor equation:
T=v'-C, (&
where:

T: Tool life in minutes

Ve Qutting speed in metres per

k: Gradient of the straight line in the
tool-life plot (k = tan )

G,: Tool life T for unit cutting speed
{v. = 1 mimin.)

The Taylor equation can be rearranged
to yield:

v,=Ti-C, (sa)

where

1
C,=C%-

(% G, and k are guantities that charac-
terize the cutting conditions and that
vary depending on the work material,
the cutting tool geomelry and the
area of the undeformed (i.e. uncut)
chip, which is itself determined by
the chosen feed and depth of cut {cf,

minute VDI Guideline 3321}, The exponent k,
which determines the slope of the tool
100 1
i k=tana
E
- 10
£
=]
=
Linear tool-life function
|
; \
10 C 100
Cutting speed v, [mimin]

Fig. 1 Toylor toal-life diagrom (og-leg plet of tood [ife against cutting speed)

life curve, is of particular relevance to
practical applications as it expresses
how the taol life T varies as a function
of the cutting speed v.. The steeper
the gradient of the tool life plot, i.e.
the smaller the angle of inclination

i, the greater the dependence of tool
life on cutting speed. At low cutting
speeds, the relationship between log
Tand log v, is no longer linear due to
built-up edge formation at the cutting
tool edge.

While the Taylor equation is completely
adequate for most practical appli-
cations, this simple-to-use tool-life
relationship does not have general va-
lidity. For example, milling operations
tend to exhibit tool-life relationships
that cannot usually be approximated
by the Taylor expression.

To deal with these cases, so—called
extended Taylor equations have been
developed that take into account other
variables that can influence toal life.
One example is the extended Taylor
equation that has been modified to

account for the effects of feed and
depth of cut:
C
I=—"W—— (8
IS BT
wherg:

T Tool life in minutes

v, Cutting speed in metres per
minute

f Feed in mm per revolution
ag Depth of cut in mm

k Gradient of the straight line in
the tool-life plot (k = tan o)

§; Dimensioned, empirically
determined constant

C; Dimensionless constant: the
exponent of the depth of cut

C, Dimensionless constant: the
exponent of the feed

The size of the parameters k, C; and G
reflect the strength of their influence



on tool life; the exponent -k is rela-
tively large, whereas C; and particularly
C; assume only small values. G is a
dimensioned constant that depends on
the workpiece material, the tool mate-
rial and the cutting operation.

3.2 Cutting ferce

The cutting force generated at the
toel's cutting edge is a further para-
meter used to characterize the ma-
chinability of a material. An under-
standing of the cutting forces acting Is
fundamertal to the design of machine
tools, cutting tools and tool holders
and workplece holders. Knowledge of
the cutting forces also enablas machin-
ing jobs to be intelligently distributed
among the available production ma-

chinery. To determine the drive power
requirements or to dimension a tool
holding system it is generally suffi-
cient to make a rough estimate of the
expected cutting forces,

As shown in Fig. 12, the total cutting
force F can be resolved into three
componentks: the cutting force Fe, the
feed force Fy and the passive force {or
back force} F,. The symbols used here
to designate the force components are
those found in the DIN 6586 standard.
The required drive power Is determi-
ned primarily by the cutting force F.
According to Kienzle and Victor, the
cutling force F. can be calculated as
follows:

Fr = krl.l. : b- hﬂ'ﬂ;] W]

Direction of feed matian
{tool)

Direction of primary
motion |

culting direction
[workpiece)

v (utting speed
vy Feed spead
iv,s Effective cutting speed

\ F: Total cutting force
Fe: Cutting force

W
3 I'+J Fy: Feed force
[ Ty Fo: Passive fongs

Fy: Active force
Fr: Thrust farge

Fig. 12: Totol cutting force resolved inte component forces (DIN 658%)
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where:
F, Curtting force in N

b Chip width in mm

h Undeformed chip thickness
in mm

m; Dimensionless index reflecting
the increase of the specific
cutting force

1-m; Gradient of the straight line

F¢' =f(h} in a log-log plot

Specific cutting force in Nimm?
forb=h=1mm

Kaa

The term k"™ )is expressed in mm.
Corresponding equations can be de-
fined for the other two force com-
ponemnts Fyand F,.

The graphical determination of the spe-
cific cutting force kg, or the material-de-
pendent factors m,or {I-mJ is illustrated
in Fig. B and described iin detail in the
literature [8, 9, 10]. The cutting force
expressions given above use only a
limited set of parameters. Gther factors
that influence the ariting force, such as
the angle of rake y, the cutting velocity v,
tool wear and worlkplece shape were
excluded for reasons of simplicity.
Extended versions of the Victor-Kienzle
equations are available in which these
additional parameters are induded as
correction factors.

In tuming operations using carbide tools,
the only parameters in addition to the
undeformed chip thickness h that have
any practical influence the specific cutting
force ane the angle of mke y, the angle

of indination i and the degree of tool
wear. It is generally the case that as the
angle of rake y increases, i.e, becomes
more positive, the specific cutting force k;
decreases by 1.5 % for every one degree
change in angle. This statement is valid
for the range of angles given by 280 %
ofthe angle of rake originally measured,
Tool wear plays a more significant role,
Howveaver, in view of the numernous factors
influending the magnitude of the cutting
force, It ks only possible to make appro-
¥imate, semi-quarntitative statements
about the inaease in the cutting force
with progressive tool wear, it has been
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| Designation | EN number _____

conditions
{see Table 2)

cutting force
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[wsP [l Clergn J20 0,53 i/}
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The mechanical properties of the wrongiht alloys listed in the following tables refer mamly to rocks and bars {as defined in BN 12164, EN 1163, BN 13601 and
EMW 12166, strip {as in EN 1552 and BN 1654) and tubes (as in EN Qiid). The values for the cast alloys are from EN 1982, The order in which the alloy groups ane

presented follows (ENITS B3B8,

Table &= Specific cutting forces ke, and gradient factors i=m, for copper and copper affoys. (Nofe: deto drawn from o varlety of sources.)

estimated that a flank wear land width The data Inthe table have been drawn the effect of the nose radlus re can be
(VB} of 0.5 mm indicates that the cutting from numerous sources and cover a ange  ignored, a tool arting edge angle of
force will have mcreased by about 20 %, of different test conditions. & = 90° means that the feed force Fy
the feed force by about 90 % and the will be litte more than 30 % of F..
passivie force by approximately 100 %. I some cases, the twio other farce com-—

ponents, the feed force Fyand the passive  As the forces acting when copper
The cutting force Fc can be caloulated force Fy, (Fig. 12) may also be of interest. materials are machined are generally

using Equation 9 and the ka4 values that
are listed in Table 1. f a material is not
listed Tn Table 1, it is usually acceptable
for rough calculations to estimate the kg,

The latter bwo forces are much smaller
than the cutting force F.. The passive force
Fp does not do any work that would need

quite low, the following relationship is
suitable for most approximate calcula=
tions:

values by adopting the values listed fora 1o be supplied by machine power as it is F=03F {10}
comparable material. arthogonal to the two main directions of

motion (direction of primary motion and ~ When tuming with cemented carbide
Table 2 contains information on the the direction of feed). tocls at the now typical cutting speeds of
experimental condftions, v, = 200 mimin or more, it s adequate

Table 3 lists spedific cutting Foaces in re-
lation to the undeformed chip thickness h.

The ratio of the feed force Fyto the
cutting force F; depends on the tool
cutting edge angle k. Assuming that

for most appriximate analyses o assume
that Fp is of the same rough magnitude
as Fr.



Machiming Tonl Feed ronge Depth of cut Cutting
operation miaterial or ande- or undeformed | speed [FRRAe
formed chip | chip width i bility
thickness o or b fmimin] o
forh [mm] | [mm] group
fyfindrical HM-K 10 [=0,05-0315 a,=25 180 {
turning i
i
Cylindrieal WSS (M2-AISI) h =0,05-0,28 o, =254 15-90 -
turning
Turming 55 u. HM F=0,1-0,8 apife 2T biston - o, Il 55
HM
i 55
HM
Cylindrical H h=g0-0,6 a;=235 ] -
turning
Fly cutting H5S f=008-06 @,=8-9 b =
b =412
Cylindrlcal  HM=K 10 f=0,08-032 o,=25 200 -
turning
Cyfindricai H55 u. HM F=0i-0,6 gy =1u 2 32 H35
tuming HM
Cyiindrical Hi f=005-0% az=1 200 HM
turning

e [ wored | Sowee’ |

n=r=Mh=E=K} I
[degrees; mml'

6-0-0-¢-00/T5/45; 0,5

B-5-0-g-00/75/45; 0,5 mm‘ng
10-20-0-£-DOITEILE: 0,5
o =20-h-g-90: F Dry il
cuiting
8-0-0/8-20-45; 0,52 Ory 1]
5-G-(0F8-00-45; 0,52 cutting
B-/18-0V8-90-45; 0,502
§=15-h-g-90; r bry =]
cutting
S=10-0-90-90; 1 - [ru]
5-6-0-90-70; 0% bry f15]
cwtting
8-0-(48-90-45; 0,52 Dry [16]
5=-G-0/B=90-45; 0,52 cutting
8-10-0-84-96; 0,5 air oKl

Tabie 2: Informeation on the experimental conditions refevant to the specific cutting forces listed in Toble ¥

Fp=F=0,3F (1}

While the magnitude of these forces is
of interest when dimensioning worl-
piece clamps, tool helders, etc., an
approximate calculation of the cutting
power i importaint in order to deter-
mine the power requirements of the
machine tool performing the cutting
aperation, whereby the machine effi=
clency must atso be taken into account.

According to the DIN 658k standard,
the effective cutting power Is the
praduct of the effective cutting force
Fg and the resultant autting velocity
vg and Is also the sum of the cutting
power P, and the feed power Py,

Pe=Fo*Ve=P.+ Py (12)

Pe=Feeve (B)

Prm Fye v (16}
As the tool feed velocity (‘feed rate’)
is generally much lower than the
cutting velocity and the feed force |is

also much smaller than the cutting
force, the feed power can be neglected

for most approximate calculations of
overall cutting power. The net machine
power can therefore be computed as
follows:

Ll gy
" GO ’
where:
Py Wet machine power in kW
F. Cutting force in W
Ve Cutting speed In mimin

60000 Conversion factor In
{N = m}{kW - min}

Cutting tooks with multiple active cut-
ting edges generally work with smaller
undeformed chip thicknesses h than
single-point tools. The et machine
power required when working with
muliipoint tools can be caleulated from
the stock removal rate Vi, in em®imin
{i.e. the volume of warkpiece material
removed per unit ime) and a specific
stock remaval rate Vi in om? / {min « ki)
{i.e. the valume of warkpiece material

removed per unit time and per unit of
pawer supplied).

For multipoint tools, the following
relationship applies:

V
F I i i 6

“ "y {15)

Py Met machine power in kW

¥V,  Stock removal rate (volume of
workpiece materdal removed
per unit time In crdfmin}

Vyp  Spedfic stock removal rate

fvolume of workpliece material
removed per unit ime and
per unit of pawer supplied in
em?limin - kW) )

The specific stock removal rate Vi is
directly proportional to the spedfic
cutting force, as the following derbva-
tion shows:

Ay,
|'- A-!"I

1
“ ()



Noles
o
experi-
mental
condi=
tias
Tatm.- 2

Hdt-! rial

Undeformed chip thickness h [mm]

Designotion Num=
ber

{EN)

Machinobility groug | ! Tpe | ollays

use oVIILC  Cle700 m. m m 93z m anr m 1
CuTep (WHBC (RSO0 1232 1200 NGB T34 TMO4  TOFS  TOG5 I@M6. 989 962 935 W0 BA5 @S0 1)
CuZn3spb2 OWs0IN (36200 1949 D93 MO 7183 T34 fosP  foR0 9% 95% o a7 &35 EO00 TBA &)
CUEn39r3 OVEMN  C3E500 1010 940 &7 809 753 701 651 602 562 S22 B3 450 a3
CulnioPh CWEN (37700 22 10WS 973 @99 8 W9 TN AI0 A SB0 ST SDD L6600 )
CESnsZnSPRS-C]  (ChSTK  CRIED0 M4 1065 JO9 969 G &AF  BWT BOF  FR2 T M3 62 6w &2 7
CUSATENGPOT-C (C493K (93200 2567 %33 307 I3 2060 1957 1847 ITe& 1657 1564 T DO 1T 1S 7
LuSn5En5Ph2-C (Cegay (92200

Hoctinbi 1o 1/ e ol --------------
CuNITEErTSRh) OVR0B)  C76300 nWos  j08s
funIsNizMnzAles  (OWTIDR - 1627 U559 499 1433 TR @2 168 IS Me7 M9 1072 M030 989 96 aJ
Cen3TMA3AIZPES]  OWPBR - 562 W3 B30 2 e 1059 SET 0F B2 T80 A s 2 sm 3
CUZn3BMmA| OVTIGR - 0z 10@ 930 B4 T 7IS 655 598 549 503 459 422 3@ 353 )
LuAlTaFesNis=C (6 - 215 AT 1946 1812 1698 1532 ME9  [FEY. 02 TNE. M6 065 998 929 g)
Cusmizniz—C (ChBGK  COS500 1955 1833 7T 1599 1499 OS5 TIG I36 IO 1075 1003 S0 BAT BN ﬁj
CuZn33rha-c (7505 C900 209 585

Hacincbitty goup i Tpe i iy ---------------
Cudgo, 10 WO Crisan 1008 916
CuNizsi CVINE  C64700 1810 J735 V663 15B6 15X MSE 95 Ha3 uPE w23 mMed M0 om0 IJ
CuAlBFe3 ONV3036  C6MO0 1528 68 WI0 1309 1206 M5 TS MW 1099 1056 1010 S 932 aer )
EUANONISFeb WI0PE  CE3000 B0 7% 1668 1520 157 IS5 MEF WS W3 BRe T3S P00 WeE 19 1)
usng CWGs3K 52100 1519 4B 153 17 D86 055 0E5 1299 6T 6 07 ME0 mss e
CuZniy (Ws0BL (oo 1907 1828 TSz TAT1  TG2 1536 NP0 MOk TME 288 123 mee md wme )
CUZn20A124s OVTO2R  C6B7TD0 1540 138F 149 M2 10001 W02 BO9  7¥ 45T 586 50 af0 ea3 w3

¥} The low value can be explained by the low cufling vefocities (v, = 32 m/min) wsed in the tesis.

Tabde % Spaclfic cutting force k. in Mo as o finctiorn of the imdeformed cp thiduress b in mm for the materals Bsted In Toble 1. (Note: date drown from
a variely of soinces.) Please note that because of the differevces in the expertimentol corditions used, data from different sotrces carnmet be divechly compared.

Converting to units of em?fmin = kW) 60000 Conversion factor in piece surface of a predefined quality, i.e.
ylelds: cm? « N{mm2 « min * kW) the roughness of the surface must not
{= N = m/(kW = min)) exceed @ certain level, Decorative sur-
faces are often reguired when tuming
v =Y. 60000 a8) Table & provides values of Vi, forthe  components from free-cutting brass
P & materials listed in Table 1 at unde- (e.g. Cuzn39Pb3) and this frequently
' ' formed chip thicknesses h in the range  requires the part to be smoothed or
Vyp  Specific stock removal rate in 0.08 to 0.315 mm that is typical when precision finished. The achievable
cm3f(min « kw) machining with multipoint tools. surface quality is therefore regarded as
the most important machinability
WV, Stock removal rate in en’imin ariterion when assessing the machin-
3.3 Sarface quality abillty of free-cutting alloys such as
P, Cuiting power in KW As with other materlals, finlsh-machin-  CUZn39Pb3, CWZN39Pb2, (uInbOPh2,
ing of copper or copper alloys should CuZn30Pb3, CUNTIAZIMISPH, CuTep,
k.  Specific cutting force in Nfimm?  generally produce a machined work- CuPbiP and Cusk,



Notes an
experi=
merntal
condi-
tions
Talsle 2

Undeformed chip thickness h in [mm]

“ — l'HHHH

Machingbifity grougp | { Tyge | allays

[u5P CWIRL mm 1,3 62,3 63,3 Bl 4 65,4 67,5
CuTep CWIIBC 500 8,7 50,0 51,4 525 54,4 55.8 506 11'
[uZn3sPb2 CWEDIN 03a200 by, 5 H6,G [ 50,7 52,0 552 LT 4}
{uZn39Fb3 CWaTaN 38500 5%, 63,8 68,6 Tis, 2 78T 85.6 922 1)
CuZnuoPh2 CWEITN are 53,5 STh 61,7 66,7 L7 il 829 ]
CuSn5ZnsPbs-C ) CC4IN {B3600 20,5 T 3.0 2.5 26,0 a5 .2 7l
Cusn7ZnuPb7-C (et 93200 224 2,7 26,0 ] 291 30,7 325 7
Cusn5In5Pha-C CCuaak
_--_-----

CuNi18Zn19Pb1 W8l 46,1 45,7 48,0 WBE 493
CuZnIsNi3Mn241PD CWTIOR = Erdi] |5 40 4 43,6 45,4 473 ﬂ
CeZn3rMnIAL2PhSI CNTIZR = 65,9 7o T84 86,3 0,2 w07 12,4 3
CuZnzaMnial CWTIGR - 54,5 53,3 654 0.8 i 83,9 g6 5)
CuAlioFesNis—( {03336 = i 289 308 331 35,3 wr 40,3
Cusnt2biz-¢ (eI (95500 39,7 3z 35,9 375 &0 W27 45,7 E.l
Cuinzapha~C (7508 43,3 48,0 55,9

| _--_-----
CuAgo o VoA 22,2 291 a8 ng 2
CuNizsi cwITe CaL700 13,2 34,6 6,1 378 39,5 4,2 43,0 1)
CudiBFe3 CW3036 CAT400 39,3 40,9 428 W5 483 482 50,3 i
LuAiTONISFet CW3070 63000 5,1 E 36,0 3o 381 39,1 50,2 ]
CuSHE CWaEIK 52100 39,5 40,4 a,3 42,3 433 i3 453 1
Culn3r w508l Caro0 5 e S 359 X 391 408 )
CuIn20al2As CWTOZR C68700 9.0 43,3 48,0 54,0 59,9 66,5 Tie,2 3

*} The low value can be explained by the low cutting viloctties v, = 32 mimin used i the tests.
Table &: Spedific stock removal rote Vi, in emiimin-kW) os o function of the undeformed chip thickness b in mm for the moterials Nsted in Table 1,

(Note: dato drown from o variety of

Surface roughness, whidh is usual-

ly measured in pm, is the property
typically used to quantitatively assess
the quality of a machined surface.
The transverse roughness (Kinematic
roughness), which is measured in the
direction of feed motion, is wsually
larger than the longitudinal roughness
{cut surface roughness) measured in
the direction of primary motion and
Is therefore of greater interest. The
linematic roughness is determined by
the tool's nose radius and the relative
motion of the tool and the workpiece.

The theoretically achievable peak-to-
valley roughness Ry w with a single
point operation such as turning can
be calculated from the feed f and the
nose radius I, (Fig. %) by means of the
following equation:

This expression can be simplified by a
Taylor series expansion, which ylelds
the following approximation:

f-.’

L =

R (20)

For most machining operatlons the
reguired peal-to-valley surface rough-
ness is usually specified, so that Eq. 20
can be used to determine the required
feed for a given nose radius. The above
expression can be rearranged to yield
the feed:

-Irp"hl .’:'-Rr.r.h {Il}

Tha theoratically reguired feed to
produce a specified peak-to-vallay



roughness Ry y, using a cutting tool
with a given nose radius r, can be
found by consulting Tab. 5. If the theo-
retically required feed cannot be set on
the lathe, the next lower feed setting
should be chosen,

However, in practical applications the
peak=to=valley roughness achieved
often deviates signtiicamtly frem the
theoretical value. This can be traced to
the following three main cuses:

@ Finish machining, particulary
when carried out with small feeds

{f = 0.1 mm/rev), can lead to the
formation of wear grooves in the
vicinity of the minor cutting edge and
the nose radius, resulting in a devia=-
tion from the theoretical profile of the
machined surface.

@ At higher feeds {f > 0.1 mmirev),
the continuwaus growth of flank wear,
particularly at the nose radius, leads
to a deterioration in the guality of the
machined surface,

® As discussed earlier in Section 2.3,
there is a ange of cutting speeds in
which bullt-up edge (BUE) formation
is likely to ocour. Perlodic breakage of
the BUE and displacement of these
pleces of BUE often causes a signif-
icant deterioration in the quality of
the machined surface. Built-up edges
form when heavily strained workpiece
material temporarily deposits on the
cutting edge, giving the cutting edge
an irregular shape. When the BUE
breaks periodically, the bits of BUE can
then become welded to the chip or the
machined workpiece surface.

Nose rodius
r, [mm]

Fine flnishing

Range of validity:

f=<2r,cos{k +&—90)undx, + ¢ < 180"

Fig. Te: Geametric refotionsiips when teming

The transverse roughness of the work-
piece surface that can be achieved also
depends on the tool angles, particu-
larly the rake angle. Increasing the rake
angle improves work surface quality.
The thearatically achievable value can
be more closely approximated when
machining copper and copper alloys
than when machining other metals.
However, Increasing the rake angle
reduces the wedge angle and thus re-
duces the tool life. As is the case with
other metals, machining copper and
copper alloys at high atting speeds
produces a better work surface guality
than when machining at lower speeds.

The expressions (19}, (20) and (21) are
useful approximations when dealing
with fine-grained materials; for mora
coarsely grained matenal, the actual
peak-to-valley roughness Ry is signif-
icantly larger than the calculated

Feed fin mmirev = [ {Ry, r,)

Finshirig
ST T I
0,2&

value [17, 18]. When machining with a
cutting tool of defined geometry (i.e.
excluding operations such as grin-
ding, lapping, honing, etc.), it can be
raughly assumed that the grain size
of the work material approximately
represents the lowest degree of surface
roughness achievable in practice.
When high demands are placed upon
the guality of the work surface finish,
the use of diamond-tipped tools at
high cutting speeds and low feeds is
recommended. 5uch a configuration
can produce mirror surface finishes.

When machining with multipoint tools
{e.g. milling operations}, a form error
known 25 "waviness” may be superim-
posed on the peak-to-valley height R,
of the surface. The ‘wavelength’ corre-
sponds to the feed per revelution, the
amplitude reflects the tool runowut error
if this is greater than about 10 pm. The

Raugh ciitting

0,5 [iRES 0,16 o,32 0,50 063
1,0 o8 0,22 0,36 0,45 0,7 0,89
15 o o.ar 0,44 0,55 0,87 710
2,0 0,35 0,31 0,50 0,63 1,00 1,26
3.0 0,31 0,38 0,62 BT 1,22 1,55

Tab. 5: Feed f In mumirev a5 o function of the required theoreticol roughimess Ry and the mose rodius ¢



quality of the surface can be improved
In face milling operations by using a
milling cutker with indexable teeth
inserts that have an *active minor cut-
ting edge’, that is, the inserts have a
chamfer on the minor cutting edge so
that the chamfered edge lies parallel
to the workpiece surface with a cutting
edge angle of k; = 0°. The chamfer

on the minor cutting edge may be up
to several millimetres long. The feed
per tooth should not exceed 23 of the
active chamfer length. If the minor
cutting edge is larger than the feed per
revolution, overlapping reduces the
unavoidable runout emor and Im prowves
the machined surface finish.

3.4 Chip shape

In addition to the type of chip form-
ed, the shape of the chip is an
important criterion for assessing the
machinability of a material. A distinc-
tion is oftem made between materials
that produce short chips and those
that tend to form bong chips. Shart
chips, with the exception perhaps of
discontinuous and needle chips, tend
to be more favourable with regard to

e}

chip flow and chip removal. Pure cop-
per and solid-solution copper alloys
with a high copper content belong

to the group of materials that have a
tendency to produce long continuous
chips if the chip is allowed to form
and flow in an uninterrupted manner.
These materials are generally less easy
to machine.

The assessment of whether a chip
shape is unfavourable, acceptable or
good (see Fig. 16) is made on the basis
of the following criteria:

@ Transportabllity: The chips should
be of a shape that enables them to

be removed aasily fram the machine’s
cutting zone and they should not be 50
small that they clog up the chip con-
veyor system or the cutting fluid filters.

@ Injury hazard: Injury to operating
persannel from sharp-edged tangled
or corlscrew chips should be avoided.

@ Risk of damage: The chips should
not damage the workpiece, cutting tool
or machine tool,

Rz, (= Rmax)

{ FZ5

The first five chip shapes depicted in
Figure 16: fibbon, tangled, corkscrew,
conical helical and long cylindrical
chips are not ideal as they make it
difficult to eject the chip from the
cutting zone. Corkscrew chips prefer

to migrate over the flank of the tool
causing damage to the tool holder

and to those sections of the cutting
edge outside the contack zone. Ribbon
chips, tangled chips and discontinuous
chips all present an injury hazard for
persans near the machine. Fine needle
chips can be formed when machining
Tree-cutting brasses. Needle chips are
undesirable as they tend to dog the
chip conveyor systems and cutting Tluid
filters and increase the risk of injury to
the machine operator.

Machining homogeneosus copper
materials, such as pure coppers and
high copper copper-zinc alloys, tends
to produce long flowing ribbon chips
if the area of the uncut chip is large
and the chip is allowed to develop
unhindered. Tangled or snarled chips
tenwd to form at low or medium feed
rates, while corkscrew chips arise when
machining with small nose radii, small

Rz

M|

— Ir —

i

AL

Rmax:

% In *

| Sampling length 1<

F: i L

In: Evaluation length RZ,_;, 5 z Rz,

Rz; Individual roughness depth (peak=to=valley) Lt

Rz: Mean roughness depth (*ten-point height'): arithmetic mean of the individual

roughness depths Rz; measured for five consecutive sampling lengths
Maximum roughness depth: largest peak-to-valley roughness value within the
evaluation length

Fig. 15: Rowghness parameters (aocording to Mahr and DIN EN 150 4287)



depths of cut or |large cutting edge
angles. Corkscrew chips are particularly
unfavourable because of the injury

risk associated with their sharp edges.
Conical helical chips @an be expected
to form when machining with small
depths of cut and when only the nose
radius of the tool engages with the
workpiece. With increasing depth of
cut, the chips become longer and
tubular in appearance. This chip form
is not desirable as s bulkiness chip
makes it difficult to remove the chip
from the cutting zone and convey it out
of the machine.

The preferred chip forms are short=
breaking chips such as short tubular
chips, conical coiled chips and spiral
chips. Arc chips, discontinwous chips
and needle chips are also regarded as
acceptable when machining free=cut=
ting alloys such as free-cutting brasses,
provided that the chips do not blodk
the filters of the chip conveyor system.

Factors influencing chip shape include:
work materfal, tool material, machine
tool characteristics, chip breaking,

cooling lubricant, cutting conditions
and tool geometry. The taol geometry
recommendations provided de not
address the shape of chip breakers.

Assuming that all other cutting condi-
tions remain equal, shert-breaking
chips are generally more likely to

form in workpiece materials of greater
strength and with lower elongation.

A coarse microstructure can also help to
produce meve favourable chip shapes
when tuming. This is the reason why
cast alloys, particularly sanding—cast
alloys, exhibit batter chip formation
properties than wrought alloys.

The cutting parameter with the greatest

influence on chip formation is the feed.

The larger the feed, the shorter the
chip. A negative angle of rake leads to
a greater degree of chip compression,
which genesally promotes the forma-
tion of more favourable chip shapes.
In=creasing cutting speeds result in in=
creasing cutting temperatures and the
accompanying rise in the ductility of
thie waork material favours the forma=
tion of ribban and continuous chips.

It Is often not possible to alter cutting
conditians in order to modify the chip
shape, as the cutting conditions have
usually been set by other criteria. In
such cases, chip shape formation can
only be influenced by deploying chip
breakers.

Generally speaking, chip fermation is
relatively unfavourable when machin-
ing pure copper and solid-solution
high-copper copper allays. The plas-
tically deformed chip that is created
during the shearing process still has
a high elongation after fracture and
therefore tends not to break — a

fact that can cause problems for the
machining operation. The addition of
chip-breaking alloying elements such
as lead, tellurium or sulphur can sig-
nificantly improve the material’s chip
breaking properties {see Sec. 4.4}
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1 Ribbon chips
2 Tangled (or snarled) chips

3 Corkscrew (or washer-type helical) chips

L Conical helical chips
5 Laong tubular chips

& Short tubular chips
7 Conical coiled chips

8 Spiral chips

g Arc chips (or chip curls or short comma chips)
10 Discontinuous (or elemental or short comma) chips

fig. 16 Classification of chip forms (Source; [1a])



L Classification of copper-based materials into
machinability groups

&.1 Standardization of copper
materials

The EN standards provide information
on the chemical compasition, proper-
tles and main applications of copper
alloys, with a distinction being made
between standards for wrought alloys
and standards for casting alloys. For
each of these two main dasses of alloy,
the materials are further classified into
alloy groups {see Table 6 and Table 7).
Although the properties of copper
materials are mainly determined by
the composition of the alloy, this

compasition-based classification
scheme is unsuitable for categorizing
materials according to thelr machin-
ability because alloys In the same alloy
group often exhibit different machin-
ability properties,

5.2 Machinability assessmemt
criteria

As already discussed in Section 3, the
machinability of a material is a highly
complex property that cannot be de=
scribed adequately by any one term

or any single characteristic parameter,
as [s possibla for properties such as
mechanical strangth or hardness. Any
assessment of madchinability has to
take Into account a number of differ-
ent criteria. Which alteria are most
important will depend on the particu-
lar machining operation being consid-
ered — a fact that makes it impossibla
to eider machinability criteria into a
single generally applicable system.

It is also not enough to simply consid=
er ane or bwo assessment criteria as

- Designation

Copper

Low-alloyed copper alleys
{alloying elements < § %)

Copper-aluminium allovs

(opper-nickel alloys
(opper-nickel-zinc alloys

Copper-tin alfays

(opper-zinc ailoys, binary alloys

Copper-zinc alloys, multi-companent alloys

Aluminlum bronze

Multi-component ofuminium bronzes

Nicke! shver

Tir Bronze

Multi-component aluminium bronzes

‘Brass

Sfree-cutting bross

Special brass

Table 6: Wrought copper alloys (Hossification as per CENITS 13388)

2 BIQ ﬂnH i f" i Erd:!e.d’

topper

Copper-chramiwm casting alloys
Copper-zine casting alloys
Copper-tin casting allays
(opper-tin=zinc=lead casting alioys

Copper-aluminivm casting alloys

{opper-manganese-aluminium casting olloys

{opper-nickel costing olloys

unalioyed
Copper-chramium
Bross

Special brass

Tim bronze

Gummetal

Aluminium bronze

Table T; Copper casting alloys ((Jossification as per EN 1983)

axygen-contoining; oxygen-free;
nen-deoxidized; silver-bearing oxygen-free;
phosphorous deoxidized

nen age-hardenabie
age-hordenable

bindr (without other slements)
with additional Fe, Mn, Ni

without additional alloying elements
with added lead to improve machinability

binary alloy
with odditional zing

without ather alloying elements
with additional fead

with other alloying elements



complex relationships can exist be-
tiween the various criteria. As discussed
in Section 3, the main coriteria used to
assess machinability are tool wear, tool
lifie, chip formation, cutting forces and
surface quality.

Hevertheless, in order to provide prac-
titioners with a basic overview of the
machinability of the materials avall-
able, a machinability rating index for
copper and copper alloys has become
established in the literature and in the
technical documentation published

by copper producers. In Europe, the
reference material used for comparison
purposes is the lead-bearing free-
cutting brass CuZn39Pb3, while in the
USA it is the alloy CuZn36Pb3. These
reference materials have been assigned
a machinability index of 100. The rating
index ranges fram 100 for copper alloys
with exerllent machinability charac-
taristics down to 20 for those that are
very hard to machine.

The machinability index assigned to a
particular copper alloy Is made mainly
on the basis of experience and data
drawn from practical applications.
These values have received support from
a series of experimental studies. In 1977,
the American standardization body
ASTM developed a test that allows the

$25.4 mm
Bar stock

machining performance of different
steels to be compared under typical
production conditions.

The Copper Development Association
{COA) subsequently applied the test to
a variety of copper-based materials in
arder to assess their relative machin-
ability and to compare them with steel
and other alloys (see Fig. 1). The test

- generally known as ASTM EGIS - |s
based on the volume production of a
standard part, see Fig. 17. The standard
part itself s designed to be fabricated
using the most commaon operations

an awrtomatic screw machines: rough
tuming, fine tuming and drilling. The
goal of the test is to determine the
maximum number of standard parts
that can be praduced in eight hours.

& number of test runs are performed
te optimize the machining parameters
such that the form teol only needs to
be changed after eight hours. The as-
sessment criteria used are dimensional
accuracy and the surface finish of the
machined part. The maximum number
of parts produced Is determined for
each of the materials to be compared
and the values are then ranked. The
resufting machinability index is there=
fore a measure of the productivity level
achievable during volume production
operations using one material compar-
ed to when another material is used.

Finish farm
tool

L L L LL

Flg. 11y Standard part ased in tie ASTM E618 fest and the position of the form tool. For the tesis
performed on copper alfoys; the diomseter of the bar stock wars reduced o 19 mm and the geo-
metry of the port odjusted accordingly. This s permritted wrder ASTM BSI8 if the modificotion s

made for aif the materials being compared. [i]

However, as the test Is very time-con-
suming and as significant quantities of
material are required to perform the
test, data are not currently available
for all copper alloys.

In Europe, the copper alloy used for
reference purposes is the free=cutting
brass CuZn3oPb3; in the USA it is the
alloy CuZn26Pb3. These materials are
cansidered to exhibit optimum ma-
chinability and are therefore assigned
a defined machinability rating of 100.
Decreasing machinabllity is repre-
sented by reducing the machinability
index in steps of 10 down 1o the mini-
mum value of 20,

Machinability indices for copper alloys
are provided by the German Copper In-
stitute (DKI} in its material data sheets,
by the American Copper Development
Association and by copper produ-

cers. As a rule, machinability indices
are not based on specific measured
values, They provide a ranking system
based primarily on tool wear and chip
formation. A machinability index may
therefore vary slightly in magnitude
depending on source.

&.3 The effect of casting, cold
forming and age hardening on
machinability

When machining cast copper alloys, it
is important to realize that the proper-
ties of the casting skin are significantly
differertt to those of the core material.
Generally speaking, the skin of Ehe cast
alloy is much stvonger and harder than
that of the bulk material. This has a
detrimental effect on tool wear and
can result in a substantial worsening
of surface quality and dimensional
accuracy.

The hardness and tensile strength of
cast parts are generally lower than
rolled or drawn products of the same
composition, with elongation values
varyling within a broad band. If the
casting skin is ignored, it is generally
the case that casting alloys are more
readily machinable than wrought al-
loys because of their microstructure,

Microstructure inhomogeneities, pores
and non=-metallic inclusions all create



additional dynamic loads at the tool's
cutting edge and this can cause adge
chipping or frittering and signiflcant
reductions in toal life, Hard inclusions
of aluminium oxide (corundum, spi-
nel), silicon carbide, silicides, such as
iron silicide, or quartz are particularly
unwelcome when machining. Porosity,
e.g. gas porosity caused by small cavi-
ties or voids, can alse have a similarly
negative impact on ool wear, but the
effect is likely to be less pronounced
than that due to repeatedly inter-
rupted anting.

The cold working of copper alloys leads
to greater material hardness and ten-
sile strength and a reduction in elonga=
tion. These changes in the mechanical
properties have a favourable effect

on machinability. In particular, these
matarials show better chip breaking
characterislics than materials that have
not been strain hardened threugh cold
forming.

Cold forming of wrought alloys can
produce strain within the materal, as
the forming process frequently only
affects a portion of the material's
crosssection. For instance, when cold
drawing a rod, the owter layers of

the material are subjected to tensile
stresses while the bulk of the material
is in compression. A similar situation
is found in cold skin-rolled semi-fin-
ished stock. Completely removing the
outer layers of the material, as occurs
in turning, may in some cases result In
a lengthening of the rod, (onwversaly,
milling slots, grooves or keyways, of
indeed performing any other ma-
chining operation that removes only

a part of a material layer, can cause
twisting or bending of the workpiece.
Difficutties of this nature can also arise
when processing non-circular tubing,
e.2. in form tumning, or when planing
or milling cold-rolled sheet.

Daficiendes of this kind can, hiwever,
be eliminated by subjecting the nma=
chined parts to stress=relief annealing
for about one hour. Copper can be
treated at a temperature between 150
and 180°C, while copper-zinc alloys are
treated between 250 and 300°C. This
sort of heat treatment Is equivalent to
the procedure used to make copper-

zInc alloys Insensktive to stress corro-
sion cracking; impraving the material's
elastic properties Without any reduc-
tion in strength.

Due to the relatively low modulus of
elastidty of copper alloys, parts ex-
hibiting high resilience after under-
going majer cold forming should be
processed in machines that operate
withaut any play. If necessary, the
worlgpiece has to be supported. In
view of particularly pronounced strain
hardening that copper-based materals
undergn, they should, whenever pos-
sible, be machined in their hardened
state. This is in fact one of the reasons
why large differences in machinability
are sometimes observed for the same
material.

Machining of age hardenable (predpi-
tation hardenable} copper alloys is best
carried out on the cold-formed mate-
rial prior to precipitation heat treat-
ment, as cutting tool wear would be
too great after hardening has occurred.
The only operations favoured when the
material Is in its precipitation harden-
ad state are grinding and polishing.

To prevent material hardening due to
high cutting temperatures, cutting flu-
ids should be used to ensure adequate
cooling and lubrication,

&4 Alloying elements and their
effect on machinability

Pura copper is difficult to machine be-
cause of its high ductility and high cold
worlability. Tool wear ks very high and
chip formation very poor. As chip com=
pression Is substantial, the cutting
edge Is subjected to large mechanical
loads. The long tubular chips that form
when pure copper Is machined are
difficult to handle and remove, As the
cutting pressure remains uniform when
machining pure copper, chatter marks
tend not to form. There is however a
risk of built-up edge formation when
machining pure copper and this can
lead to a poor machined finish. The
tendency to form a built-up edge de-
creases with increasing autting speed
and greater feed rates.

As copper oxide does not dissolve In
capper, the oxygen-bearing copper

grades exhiblt a certaln degree of
microstructural inhomogeneity, which
to a small extent has a favourahble
effect on chip formation and a unfa-
vourable influence on tool life. While
the differences are not large, oxygen-
free coppers tend to exhibit a greater
degree of "stickiness’, making oxygen=
bearing coppers generally preferable
for machining purposes.

Chip formation can be improved by
adding dhip-breaking elements such as
lead, sulphur, tellurium and selenium,
The chips break into fine needle-like
fragments that are ejected from the
cutting zone. In Germany the prefer-
red alloys are CuSP with 0.2-079% 5
and CuTeP with 0.4=0.7 % Ta, whereas
internationally CuPb1P with 0.7-1.5 %
lead has established itself as the alloy
of cholce, The addition of tellurium
reduces the electrical conductivity only
by about 5—-8 %. These alloys are used
for electrical engineering applications
that require materials with both

good electrical conductivity and good
machinability.

As even races of tellurium can sub=
startially lower the hot forming prop-
erties of copper alloys, it is important
to prevent chips of CuTeP mixing with
other copper chips, The same applies
to CuSP, as sulphur impurities have a
detrimental effect on the cold forming
capacity of copper alloys.

In terms of chip formation and tool
life, alloys of copper with zinc, tin,
nickel and aluminium show machining
characteristics similar to those of pure
copper, provided that the microstruc-
tures of these alloys are composed of
hemegeneows mixed crystals (solid
solutions).

Quite diffarent machining properties
are shown by heterogeneous cop-

per allays that do not contain any
chlp-breaking elements. The group of
heterogeneous copper alloys consists
of copper-based alloys containing the
elements zing, tin, nickel or aluminium
at concentrations so high that a second
mixed crystal is formed. The second
mixed crystal, which is usually harder
and mose brittle than the primary

mixed crystal, causes an increase in



the tensile strength and hardness of
the allay at the expense of Its elon-
gation and formability, particularly its
cold workability. In this regard here,
mention should also be made of the
multi-component copper alloys that
contain mere than two alloying com-
ponents,

The machinability of heterogeneous
{i.e. two-phase or multiphase) copper
alloys is significantly better than that
of the homogeneous single-phase
copper alloys. In alloys with low
elongation, such as the cast copper=tin
alloys, the chips break to form short
spiral chips. In alloys exhibiting high
elongation, such as (uZnkoMn2, the
chips formed are efther short spiral
chips or leng cylindrical chips depend-
ing on the feed rate deployed, with
the latter being formed at lovw feeds.

The process of chip formation can lead
to tool vibrations, which, if of large
enough amplitude, can cause chatter
marks on the workpiece. This can be
counteracted by using tools and tool
hialders of maximum stiffness and
minimizing tool overhang.

The machinability of heterogeneous
two=phase copper alloys is reduced as
a result of the presence of the second
harder mixed crystal. Increasing tin
content, e.g. in copper-tin casting
alloys, causes a drop In cutting speed
for the same tool life. Aluminium and
larger gquantities of iron and nickel also
have a detrimental effect on the ma-
chinability of copper alloys. The ma-
chining properties of mubi-com ponent
copper-aluminium alloys approach
those of steel.

As already discussed for pure cappes,
chip-breaking additives can increase
the machinability of copper alloys. The
sole chip=breaking alloying element
used in copper alleys is lead. Add-

ing lead to the alloy has only a minor
efiiect on the material's mechanical
strength. However, the ability of the
alloy to undengo cold forming and s
ability to withstand impact and shock
are both reduced significantly. For
these reasons and particularly because
the hot forming properties are im-
paired, lead is not added to high-

strength and impact-resistant copper=-
aluminium alloys.

Lead=bearing copper alloys are only of
limited applicability if the workpiece
undergoas subsequent soldering or
welding. The same applies to work-
pleces that, in addition to being
machined, are alse subjected to
extensive cold forming operations.

Alloys containing chip-breaking addi-
tives form fine, needle-like chips or
discentinuous chips. The manner in
which chips are formed when machin-
ing leaded copper alloys makes theim
mare susceptible to chattar marks than
lead-free copper alloys of the same
tensile strength. This can be counter-
acted by using machines that operate
without any play and by using tools
and tool holders of suffident rigidity.
On the other hand, the cutting forces
that need to be applied when machin-
Ing leaded copper alloys are low, as
can be seen In Table 3. The excellent
machinability of leaded copper alloys
is attriburtable to the ease with which
the material can be broken imto tiny
fragments. In addition to the low cut-
ting forces, the service life of the cut-
ting tools are also longer, being limited
only by the average flank wear.

It should, however, also be recalled
that fine needle-like chips can be
disadvantageous as they can block
the cutting fluid filters. {opper alloys
that produce longer chips may also

be preferable when drilling, as this
chip Form Is gasier to remove from the
drilled hole.

In what follows, we shall take a closer
look at the machinability of the indi-
vidual groups of copper alloys in arder
to better understand why copper alloys
are classified into three main machin-
ability categories.

In the case of copper-zine alloys (i.e.
the brasses), a distinction is made bet-
ween the single-phase solid=solution
a=capper-zine alloys (also known as
*alpha brasses' or ‘cold working
brasses'), which contain at least 63%
of copper, and the heterogeneous
two-phase [o+p)-copper-zine alloys
(*alpha-beta brasses’, ‘duplex brasses”

or *hot working brasses’) that con-

taln between 54 and 63 % of copper.
In their soft state, the single-phase
a-brasses behave similarly to pure
copper in terms of chip formation and
tool life. The hardness and tensile
strength of these materials increases
with rising zinc content or through cold
work hardening, leading to a slight
improvement in machinability.

Better machinability is shown by het-
erageneous copper-zinc alloys, such as
CuZnkd. The sa-called special brasses,
|.e. copper-zinc alloys that contain
other elements except lead, also show
somewhat better machining properties
than the single-phase a-brasses, This
is particularly true of chip formation,
though toal life is effected negative-
ly due ta the presence of the harder
components of the second mixed
aystal ftin, aluminium, nidkel, silican,
manganese).

Optimal machining properties in terms
of chip formation (see Fig. 18¢} and
tool life are shown by the so-called
leaded brasses, I.e. {o+p)-copper-zing
alloys that contain added lead. For
tumiing oparations, particularly those
carried out on automatic screw machin-
s, the alloys with the best machin-
ability are QUZn39Pb3 and CUZn&OPb2.

Lead is practically insaluble in the
copper-zinc alloy, and when finely
dispersed it acts as an excellent chip
breaker and in some cases even as

a friction=-reducing lubricant. A lead
content greater tham 3.5 % 1S uncam=
maon, as it then becomes too difficult
to achleve a highly dispersed distri=
bution of the lead within the copper=
zinc alloy. The small improvement in
machinability that could be achleved If
higher lead concentrations were used
does not provide sufficient justification
for accepting the associated deterio-
ration in mechanical properties. For
brasses that will not enly be machin-
ed, but will also underge cold or hot
forming, the lead content Is limlted to
about 1.5 %. Too high a concentration
of lead also impairs polishability.

Further the European Directive 2000/53/EC
restricts the use of automobile com-
ponents containing heavy metals and



the EU Directive 2002/95/EC rules the
lead content in electrical and electronic
equipment. However an exem ption
rule applies to copper-based materials
that allow a maximum lead content

of & percent by weight. The European
Directive 98/83/EC states that plumbing
materials must release no more than
25 pg of lead (Pb) per litre of drinking
water, and as of 2013, no mora than

10 pg Ph/l will be permitted.

Efforts ta find a sultable element to
replace lead as an additive In copper-
based alloys led to the development
of a lead-free silicon-bearing copper
alloy for use in sanitary fittings. The
machinability of this material is at a
level comparable to that of the leaded
brasses (Fig. 18b; machinability group I).
The silicon=rich phases in the micro=
structure {kappa phases) act as chip
breakers. Compared to lead, these
phases are *hard’ chip breakers [20].
As the silicon increases the strength of
the material and the k-phase acts as
an abrasive, tool wear is greater than
when machining leaded alloys.

In copper=tin alloys (i.e. the 'tin
bronzes') the boundary between
homogeneous single-phase and
heterogeneous two-phase alloys lies
at arsund only 8 %. Nevertheless, the
two—-phase cast tin bronzes with higher
tin content also tend to be less easy

to machine when assessed in terms

aof tool wear and chip formation (Fig.
18a). And while cast tin bronzes are
maore machinable than single=phase
wreught bronzes, the increase In ten=
sile strength and hardness that accom=
panies increasing tin content tends to

promote tool wear so that compared
with other copper alloys the cutting
speed has to be reduced.

The cast copper-tin-zinc alloys have
a heterogeneous micostructure and
those that contain added lead also
exhibit good machinability. The same
applies to the leaded cast copper-tin
alloy CuSn1Pb2-C. These materials are
solid lubricants to which the added
lead content may significantly exceed
3 % In order to achleva the desired
lubrication and casting properties.

Machinability that is as good or better
Is exhibited by the heterogeneous cast
leaded tin bronzes that contain up to
26 % of added lead to improve lubri-
cation properties.

The strengthening influence of nickel
in heterogeneous but lead-free cop-
per=nickel=zinc alloys (nickel silvers)
also tends to reduce tool life.

In contrast, the machinability of lead-
ad nickel silvers is almost as good as
that of the free-cuiting brasses. Tool
lives, however, are significantly shorter
due to the greater hardness of the
nickel silvers,

The single-phase copper-nickel alloys
are extremely difficult to machine due
to their strong propensity to form burrs
and very long, ductile chips.

Copper-aluminium alloys (‘aluminium
bronzes') exhibit a homogeneous sin-
gle-phase micro-structure up to about
8 % aluminium. The microstructure of
single-phase binary copper-alumin-
ium alloys consists of relatively soft

a-mixed crystals. Like other single-
phase copper-based materals, these
alloys are difficult to machine as they
tend to produce long, ductile dhips.
Better machinability is exhibited by
the two=-phase aluminium bronzes and
multi-component aluminium bronzes.
However, because of their high tensile
strength and hardness these materials
tause substantial tool wear. Compared
with cast copper-tin bronzes, an alloy
such as CuAlOFe5Ni5-C has to be ma-
chined at a much lower cutting speed
to maintain the same tool life, Sillcon-
bearing capper-aluminium alloys, such
as CuAl7si, may comtain hard inclusions
of iron silicdes as a result of contam-
ination with iron. Carbide tools are
therefore recommended when machin=
ing this type of material. The machin-
ability of the heterogeneous two-phase
aluminium bronzes is mane like that of
medium-hard steel grades than that of
other copper-based materials.

Cusnap CuZn215izp CuZn3orb3
f=0,12 mm ap=1 mm Mineral oil 150 ¥G 15
Fig. 18 (hip forms



&.5 Classification of copper and
copper alleys into main
machinability groups

Copper and copper alloys are con-
ventianally classifled Inte three main
machinability groups, with each main
group containing materials of similar
machinability. The broad classifica-
tion into the three main machina-
bility groups is based on estimations
of the assessment criteria discussed
in Section 3. For copper and copper
alloys, the main machinability criteria
of relevance are chip form and wear,
In addition to the attributes chip form
and tool wear, micro=structure is also
used to assist dassification as it too
has a significant influence on a mate-
rial's machinability. Table Table & lists
the attributes used to classify copper
and copper alloys into the three main
machinability groups.

Machinability group |

{"Type I' or “free-cutting’ alloys)

This group indudes copper-based
materials containing added lead, tel-
lurium o sulphur with a homogensous
or heterogeneous microstructure. The
excellent machinability of the type

| materials is due to the addition of
these chip-breaking elements.

Machinability group Il

{"Type " or ‘short—chip' alloys)

Type |l copper alloys are mostly lead-
free and exhibit moderate to good ma-
chinabllity. They are generally harder
than type | materials with a heteroge-
neous microstructure and are easier to

Attributes

cold form. The greater cold formability
of type |l copper alloys means that they
generally produce longer chips than
the type | alloys.

Machinability group Il

{Type NN or "long-chip’ alloys)

This group contains those copper-based
materials that are harder to machine
than the alloys in groups | and Il. The
single-phase microstructures of these
materials and their excellent cold work-
ability result in higher cutfing forces
and long, ductile ¢hips. The excellent
cold forming properties of law-alloyed
copper-basad alloys seriously impair
chip formation and result in accelerated
tool wear. Homogeneous {i.e. single=
phase, solid-solution) copper alloys
containing zinc, tin, nickel or alumin=-
ium also exhibit poor chip forming
qualities and low tool lives. Type Nl
materals also indude heterogeneous
alloys such as the high-strength copper-
aluminium alloys and the low-alloyed,
strain-hardened copper alloys.

Tables Table 9, Table 10 and Table
present the conventional classification
of standardized copper and copper alloy
materials into the machinability groups
I, Wl and |1l respectively. Classification
was based primarily on expected

chip formation, though for a number
of hard-to-machine type Il alloys,
classification was based on the more
prenounced tool wear.

As chip formation is strongly dependent
on lead comtent, the machinability of a

copper alloy with a lead content below
the madimum permissible limit depends
on the actual concentration of lead in
the alloy. Under certain conditions, the
lead content may justify reclassifying

a type |l copper alloy as type | arvice
VEIsa.

In each of the three main machinability
groups a distinction is made between
wrought and cast alloys. The machin-
ability of the copper alloys can vary
significantly, even between materiaks
in the same machinability group. The
tables have been supplemented by
machinability ratings for the individual
alloys {see earlier discussion). These
ratings enable the materials within a
main group to be distinguished more
precisely. The machinability matings of
the alloys in group | ange from 100 to
70, those in group Il vary from 60 to 40,
while the matarials in group Il exhibit
machinability ratings from 30 to 20. The
madchinability rating is based partly on
experimental evidence and partly on
experlence. tIs important to realize
that the machinability ratings listed
were determined using a variety of
different constraints and afteria. There
is therefore a degree of uncertainty and
imprecision associated with the quoted
rating values and with their applicability
to a particular machining situation. In
tuming waork, the applicability of the
rating figures is estimated to be around
T %.

Machinability group

1 ) m

Microstructure

Cold workability of genermlly poor
wrought moterials
Hot workobility of generally good
wrought moterials

homogereausihelerogeneows
structure with chip-breaking
particles {Ph, 5, Te)

Chip form sfrort
(discontinuous, brittle chigs)

Heterogeneous
{coarse particulate phase)
no Pb porticies

medium fength

{coiled cylindrical chips)
fredim

generally good

maderately good

Tabde 8 Cormentionol scheme for dossifying the machinebifity of copper and copper alifoys

al homageneaus
b} heterogeneous
{finely dispersed deposits)

long and ductile {tightiy coiled
cylindrical, tangled or ribban chips)
high

a very good
b} low

a) moderately good
b} good
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Table 9: Machinability classification of standardized copper-based materials

Madhinability group I: Copper-basad ourterials with excelfent mrachining properties

Tensile
strength B,
[Himm?]

250 = 360

510 - 680
0= 290
420 - 650
450 - 720
450 - 70
330 - G4
80 - 430

350 - 550

360 - 550

390 - 560

530 - 700

250 - 280

180 - 220
200 - 234
180 - 220
230 - 260
200 - 250
180 - 230
170 - 260
180
20 = 350

400 = 530

0,5% yirld

streagth Clongation

after froe-

ture A %]

Ru oy
[Nimme]

200 = 320 =7
Lo -a00 5-12
50 - 450 R
280 -800 B-20

350 - 680 1w

350 - 680 i}

150- 360 W -30
120 - 200 15-30
160 - &50 8-20
150 = 620 8=25
150 - 520 B-20
as fobricated
200 - 500 - 20
300 -450 10 - 20
&30 - 150 5
&5 - 100 =15
- 16 - 26
85 - 100 12:- 15
120 12-15
80 - 1o 6-1
80 - no I-8
B0 - 90 =8
m 12
B0 = 250 =15
430 = 370 =10

Hardness

[l

ga=10

150 - 200
160 - 190
130 - 180
150 - 219
150 - 210
9 - 130
80 - e

90 - 150

90 - 150

90— 150.

i1q - 160

&0 - 7o
-]
60 - 70
&0 - 70
50 - 65
60 - T0
&0~ 65
45~ 50
a5 =g

100 = 150

Fool

geometey
designatar

E#
:’l
AlA

Alar

Machima bty
roting

8
8o
&t
ai
&0
i

a0

a0

g0

20

Qo

a0

kL
aa
143

s0*

o
i
a0
9
90
o
90
B0
ao

mi



o
steength strength

Designation Wumber | Number Re Rt

- ruHﬂ lH.fmm“j !.fmprr—'l‘
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Taide 10; Mochinability classification of stondaordized copper-based materiaks
Machinability group li: Lopper-based murterials with good to moderate maechining propenties
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low=-alloyed copper alfoys,  (uBel7 CWTooc Crrogo = = = - A 20
harde-nable, solution- fuBez CWIOIC (17200 1150 - 1300 1000 - 1150 2 320 - 350 A 30
annealed, cold-worked and  ¢,0ap, CWIOGC (7500 700 - 800 630 -730 5 200 - 220 A 30
Eraciplctian e Cutrizr CWIDEE  CIBTS0 400 - 4700 J0-380 8 -12 135 - 180 ar 30
CuNisi oanosc - 500 -590 420-570 10-1 w0 - 160 Ae 30
CfuNi2Be W CIFsio 00 -800 630=-730 5 200 = 220 = 30
CunNizst CATIIC  CB4700 550 - 640 &30 - 620 10 155 - 180 a" k]
Cuzr CWI2OC (5000 280 - 350 180 -260 TE-20 90 -130 - 20
low=-alloyed copper olloys, {uBe2 CWane Crf2o0 580 - 650 450 -500 A-10 155 = M0 B! B* 20
horde-nable, sofution- Culo2fie CMIOLE  C17500 400 -500 F0-&30 2 &-10 g - 175 ] 30
annealed, cold-warked CuNitsi CWnosC 300-4i0 0-30 9-16  85-150 g 20
CUNi2sT Cwmc Co4F00 320 = 470 230 = 370 =15 ai = 165 A* E i)
CLNiIST CWN2C (70250  50- 580 390 -550 E-10 135 - 210 A 30
Low-alloyed copper allays,
5 harde=nable, solution= Culrtdr EWIosC (18150 200 60 kL] 65 - 90 B= 20
Ll annealed
; low-alloyed copper alloys —  LuSiaMnT CWTIsC (65500 380 - 9000 260 -880 8 -50 85 - 210 = £l
=y non-age-hardenable Cusrd,15 CWTIFE Cra2 o 250 - 420 J0-890 2-9 60 - 120 I 20
f‘-_: Cogper-aluminium alloys CuAlioFeiMng (W3ges - S90=690 -B[O-50 | &=12 1440 = 180 = 30
= CUANDNISFak CA3OFG. (53000 680 -70 480 -530 & -10 170 - 210 = 30
§ Copper-nickel olloys CuNi25 CWIsOH  Chaon i g [ili] - 70 =100 - 20
= CUNTOFeIMm CWasad  Foe00 280 = 35D 90 = 150 10 = 3 70 = 100 AlLA® 20
CUNZeMnTFe CWISaH (71500 340 - 4200 20-180° G- 30 80 - 1O Aae 20
Copper=-nickel-zinc alloys CUNIT2Zn2t: CWe03] (7500 380 - 640 0 -550 5-38 90 = 190 AL A" 20
CuNiTBZn20 cweosl - 400 - 650 280 -580 1 -35 00 -0 AlA" 20
Copper-tin alloys £LSrH CWLEOK  C5MO0. 320 - 450 MO -180 55 80 - 130 - 20
fusns LS C5top0 330 - 5400 220 - &4BO 20 - 45 &0 - 1H - M
fusng CWL52K (51900 3L - 550 PO -500 4 -35 15 = &5 A 20
usng CWus3K (52100 390 - 620 260 - 550 15 - &5 90 - 190 A 20
CusngPF CwasaK - 390 - 620 260 -550 15-45 90 = 190 A* 30
Binary copper-zine alloys fuing CWsgOL  Cpgy  240-350 60 -310  15-30 55 - 15 A" 20
CuZnio CWS0IL  C22000 X0 -380 BO-350  14-28 60 - 125 A* 20
(ulnis CW502L [23000 290 =430 W00 =399 R =37 75 =135 A* 30
fuZn2o CWS03L G000 300 -450 MO -WO W -2F 80 - 160 g 30
(ufn28 CW5S0LL = B* 30
Cudn3n CWS05L (28000 310 - 460 120~ w20 1o-2r B85 — 145 a8* 30
Cuin33 CWsDsL (26800 a* 30
{uln3é CWS0TL C2F200 AlB* 30
F cWsogl  Compg | OO 20-k00  12-30 70 - Wa e =
Multi-componeant copper- CUIn20AI24s CWTO2R  (88P00F 340 -390 120 - 150 40 - 45 65 - 95 A 30
zinc alloys fufn28Snids CWTOBR (L4300 320 - 360 100 - 140 45 =55 a0 = o A= 30
£ ﬂ;ﬂgﬂﬁ‘gg’“” CUANOFe2-C G316 (95200 500 -600 180-250 15-20 100-10  8° 20
£ lopper-nickel CUNROFeIMmI=C CCI80H C9&200 280 W = 120 0= 35 7o A= 20
E casting allays CuNiI0FeTMAINDSI-C  (C383H (96400 440 230 15 ns A 20
g. Copper-zine
Bl | istinia aliors [UZn2SAISMnGFeI-C (07625  CBSI00 &40 450 -480 5-8 180 - 190 An I0°

* the use of o atting tool with o chip breaker is recommended

Tabde 10 Machinability dossification of stondardized copper-besed motericls
Machinabiiity groop fil: Copper-based materials with moderate to poor machining properties



5 Cutting-tool materials

The principal tool materials used to ma-
chine copper-based materlals are high-
speed steels (HSS), cemented carbides
and synthetic diamond. Plain carbon
tool steels play no role in this field.

5.1 High-speed steel

High=-speed steels (H55)} are highly alloy-
ed tool steals. High=speed steels differ
from ather types of steel in that they
contain a high concentration of carbides
that gives these materials a relatively
high resistance to wear and gooad hot
hardness. The main allgying elements
are tungsten, molybdenum, vanadium,
cobalt and chromium. The hardness of
the high-speed steels is influenced by
both the hardness of the base material
= the martensite - and the presence of
the carbides. The tempering resistance
of H5S is determined by the alloying
elements dissolved in the matrix.

High-speed steels are designated in
accordance with an established scheme:
They are identified by the initials "HS™
fiollowed by the percentage content of
ungsten, molybdenum, vanadium and
cobalt. For example, the tool steel
H518=1=2=10 contains 18 % W, 1% Mo,
2% V and 10 % Co. Designations such as
“H55", "H55-[p" or other manufacturer-
specific designations are of little value
unless the compaosition of the HSS grade
is unambiguously stated.

The conventionally produced high-
speed tool steels that are used for
machining copper and copper alloys are
divided into the high tungsten-alloyed
steels, with tungsten concentrations of
above 12 %:

Designation in acc.

with DIN EN IS0 4987 ND.
a) HS518-1-2-10  1.3265
b} HS18-1-2-5  1.3255
d H518-0-1 1.3355
d) HSL2-1-4-5 13202
a) H51Z-1-4 1.3302
fi HS12-1-2 1.3318

and the molybdenum-alloyed steels:

g HS10-4-3-10  1.3207
h) HS2-9-1-8 13847
] HS6=5=2=5 1323

I H52-9-1 1.3346
k) Hs2-9-2 1.3348
)] H56-5-3 1.33048
m) H56-5-2( 1.3343

Cobalt (Co) is sometimes added to these
steels to improve their hot hardness
and their tempering resistance, while
vanadium (V) Is added to increase
resistance to wear. A number of these
steels, such as H56-5-2( {material no.
1.3343) have a higher carbon contant in
order to lengthen tool life.

The high-speed steel HS10-4-3-0 (ma-
terlal no. 1.3207; see above list) can be
recommended for many applications as
it exhibits high hot hardness and good
wear resistance and therefore pro-
longed tool life. However, a different
H55 should be selected if the machin-
ing process or tool gepmetry requires a
cuiting=tool material of greater
toughness. The toughest of the con-
ventional high-speed steels is the alloy
H52-9-1 {material no. 1.3346), which

iis why small twist drills, end milling
cutters, etc, are frequently manufac-
‘tured from this or a similar HSS. Milling
cutters and counterbores are produced
primarily from H56-5-2 {material no.
1.3243}, reamars are generally made
from H36=5=3 {material no. 1.3344).

In addition to the high-speed steels
produced by conventional metallurgi-
cal processes, H5S materials produced
by powder metallurgy (PM) are also
available commercially. Compared with
conventionally produced HSS materials,
those produced by PM generally exhibit
a greater degree of alloying. Because of
the much finer distribution of carbide
particles within the micostructure, PM
HS5 alloys have a considerably better
arttingedge hardness than HSS types
produced by conventional metallurgi-
cal techniques. They are also easler te
grind due to their finer grain structure
and the absence of segregation streaks.
Both of these factors help to improve
tool life when performing difficult ma-
chining operations, such as tapping,
profile reaming, gear hobbing and
gear shaping. The edge strength of the
cutting material is an impartant factor
in such operations as chip flow is aften
restricted or because the oulting edge
engages very suddenly with the work

material. For these applications, high-
speed tool steels produced by powder
metallurgical methods are preferred.

5.2 Carbides

Carbides are sintered composite ma-
terials comprising a metallic binder
{typically cobalt) into which the car-
bides (WC, TiC, TaC, etc.} are embedded.
The function of the binder is to bind
the brittle carbide particles together
to form a ralatively strong solid. The
function of the carbides is to create a
materlal with a hlgh hot hardness and
Wear resistance.

Copper alloys are machined wsing tools
made frem uncoated WC-Co cemented
carbides or using coated carbide tools.
Straight two-phase Wi-Co carbides
consist exclusively of hard grains of
tungsten carbide (WO embedded in
the cobalt (Co) binder. In tha allay-

ed W(-Co carbides part of the WC is
replaced by vanadium carbide {¥C),
chromium carbide {Cr;C;) of tantalum/
niobium carbide {{Ta, Nb)C). WC-Co
carbides are characterized by high
abrasion resistance. The various grades
of WC=Co carbides available differ in
the relative content of cobalt binder
and the size of the tungsten carbide
grains. With increasing cobalt content,
the toughness of the cemented carbide
rises at the expense of hardness and
wear resistance. The uncoated carbldes
used for finishing and semi-roughing
operations typically comtain about

6 9% wiw of cobalt (WC-6Ca). Tougher
cemented carbides with a higher cobalt
content (e.g. WC-9(o) are used for
roughing operations or interrupted
is.

In terms of WE grin size, a distinction
is made between the conventional fine
grain carbides with an average grain
size of 0.8-1.3 pm, the finest grain
carbides (0.5-0.8 pm) and the ultrafine
grain carbides {0.2-0.5 mm).

If the cobalt binder content remains
constant, decreasing the WC grain size
leads to an Indrease in hardness and
Transverse rupture strength. High-qual-
ity finest grain and ultrafine grain car-
bides exhibit superior hardness, edge
strength and toughness compared with
conventional fine grain carbides [21].



These high-performance carbides are
typically used for the production of
forming tools such as drills or and mill-
ing cutters. Cutting inserts for tuming
operations are usually made from fine
grain carbide with a grain size greater
than 0.8 mm.

According to the BIN IS0 513 standard,
copper-based work materials are in
main application group ‘N’ (see Fig. 18}.
Each of the main application groups
(DIN 150 513 distinguishes a total of six
main groups) is further divided into
application groups (see Fig. 19). The
number after the |etter ‘N* indicrtes
the toughness and wear resistance of
the cutting-tool material. The higher
this number is, the higher the tough-
ness and therefore the lower the wear
resistance of the cutting material.
Carbide manufacturers assign their
different carbide grades to one or more
suitable application groups depending
on the particular properties of the
individual coated or uncoated carbide.
Uncoated and coated carbides are
given the letter code designations "HW'
and "HC" respectively, Examples of such
designations are: HW-NI10 or HC-H20.

Carbides in application group N10
exhibit the broadest application
range when machining copper-based

materials. Carbides In the application
groups W15-N20 are preferred if the
machining operation requires a tool
material with enhanced toughness,
such as when turning with geome-
trically complex tools, or when the
turning method produces an uncut
chip of large area, or in uninterrup=
ted cutting. Compared with the N10
aarbides, the N15=N20 carbides have a
higher cobalt content and are corre-
spondingly tougher.

Coatings

The performance of {cemented carbide)
cutting tools can be further improved

by coating. Coatings make high-speed
machining possible and can significantly
axtend tool |ife. Coated carbldes were a
milestone in the development of cutting
tools that were both tough and wear-
resistamt. The most-important coating
materials are titanium carbide (Tig), tita-
nium nitride {TiK}, titanium aluminium
nitride (TIAIN), aluminium oxide (AR03),
titanium carbonitride (TiCN), diamond=-
like carbon (DLO) and diamond. By vary=
ing the coating material, the structure
of the coating layer, its thickness and
the coating method used, the properties
of the coated matedal can be adjusted
to suit the requirements of a specific
machining task,

Coated tools show reduced wear
bacause of increased wear resistance
and raduced intarfacial adhesion.

They also act as a diffusion barrier and
improve the tools thermal and chemi-
cal stability. The coatings used with the
cutting materials in main group N in-
clude TIAIN, TiN, AICrN, CriM, AITICHN, DLC
{a-C:H, a-C:Me) and diamend coatings.

5.2 Diamond as a cuiting material
Diamond is composed of pure carbon
and is the hardest of all known ma=
terials. However, Its extreme hardness
makes it very brittle and therefore very
sensitive to impact and thermal stress.
These properties effectively define the
areas in which diamond Is applied as

a autting material. Both natural and
synthetic diamonds are used in machin-
ing operations. Both monocrystalline
{DIN 150 5B code: DM) and polycrystal-
line diamond (DIW 150 513 code: DF)

are used. The abbreviation PCD Is also
frequently used when referting to tools
man Ufactured from palycrystalline
diamaond.

Monocrystalline diamonds are par-
ticularly well-suited for precision
machining operations and are widely
applied in the field of ultra-precision
machining.

Main application groups

Application groups

Code letter Colour code Workpiece material Hard cutting materials
Non-ferrous metals: NN NOS
N green aluminium and other M0 N15
nan-ferrous metals, K20 N
nan-metal materials N30 -

T increasing cutting speed

increasing wear resistance of tool material

l increasing cutting speed

increasing wear resistance of tool material

Fig. 19: Main application group N of hard cutting matedals (DIN 150 513}



PCD tools are used both for precision
machining and for roughing operations.
In some applications the rough machi-
ning and finish machining steps can be
combined into a single step [22].

5.4 Selecting the cutting material
The cost=effectiveness of a cutting ma=
terial depends on several factors. If no
restrictions are placed on the thickness
of the uncut dhip, the number of wark-
pieces machined per unit time depends
on the cutting material used and is
given by the product h = v, where h is
the thickness of the uncut chip and v, is
the applicable cutting speed.

IF larger amoumts of stock are to be
removed, depth of cut ap is another
factor that directly influences tool
productivity — though one that is only
slightly dependent on the choice of tool
material.

In nearly all practical cases, however,
the depth of cut a, is fixed by the stock
allowance, while the thickness of the
unaut chip h andior the feed f are
limited by the rigidity of the machine/
workpleceltool system or by certain
specifications regarding the roughness
of the machined surface, irespective of
the cutting material used. In such cases,
the Influence of the cutting materal

Is restricted simply to Its effect on the

cutting speed v,.

Another factor influencing the cholce of
cutting material is the cost per tool life,
which according to the VDI Guidelines
3321 can be approximated by:

K
Ku.—'r =y Kwn '{"'Km}

I

(22)

where:
Kgyr  Tool costs per toal life in €
Kwa  Purchase price of tool in €

nr Number of tool lives per tool
{for solid shank tools or
brazed inseris: n = number of
regrinds; for indexable cutting
inseris; ne = number of cutting
edges per insert)

Kpww  Cost In € assoclated with chan-
ging the worn tool

Kgs  Costin € for regrinding the tool
(not applicable if indexable
inserts are used)

Equation 22 shows that the cost of
purchasing the tool Ky, typically
represents only a small fraction of the
total costs Kyr associated with the
service life of the tool. The bwo ather
terms are generally larger.

The tool costs associated with the pro-
duction of one part are therefore given
by the following equation:

KllT
Ky = {z3}

M

where:

Ky Tool costs in € for fabricating
ohe part

Numiber of parts machined in
one tool life

My

The total cost of manufacturing one
part is therefore given by:

Ky =t = R+ ey + Mgy = By + K + Koy {2

whera:

K Tolal fabrication cost per unit
product in €

th Machining time per part in
minutes

K  Fixed costs in € {independent
of cutting speed v}

Kaq  Machining costsin €

R Cost rate for aperator and
machine {exduding toal costs)
in €min

Choosing the right type of cutting-tool
material s almost impossible with-
out considerations of this kind, For
instance, a tool with a high purchase
price may be able to significantly
reduce unit fabrication costs either be-
cause it can produce a larger number
of parts during its service life {higher
value of Nyl or becausa it enables the

same number of parts to be machined
In a faster time.

Such considerations generally lead to
the conclusion that cemented carbide
cutting tools {typically, M0 grade car-
bide) are much more preferable than
HSS tooks. Indeed, carbide can remain
the material of choice even when cul=
ting speed restrictions mean that the
number of parts produced per unit time
is no greater than that achievable with
a HS5 tool. This is because the longer
service life of a carbide tool allows a
greater number of parts to be machin-
ed In one tool Iife, increasing the value
of nyr Tn Eq. 23, If indexable autting
inserts are used, Ky, the third term in
Eq. 22, is zero, which reduces the unit
production cost given by Eq. 2&.

The factors limiting the application

of carbide as a cutting matarial

are usually related to tool geomety.
Geometrically complex cutting tools
typically have to be made from
extremely tough cutting materials.
Cememted carbides are often unable to
meet these requirements or the cost of
manufacturing a complex tool shape
from carbide often proves prohibitively
expensive. Tapping is an example of

a aultting aperation that places high
demands on the toughness of the toal
material, as at the end of the opera-
tion the tap has to be unscrewed from
the hole. The resulting frictional forces
can generate high tensile stresses

at the tool's cutting edges. Taps are
therefare typically produced in HSS.



6 C(utting-tool geometry

6.1 Rake and clearance angles

Due to the large variation in the
machinability of copper allays, the
geometry of the cutting tool has to be
adjusted to meet the spedific character-
istics of the work material being ma-
chined, Matching the teol geometry to
the workpiece material is particularly
advisable if favourable chip formation
is to be achieved. Categorizing tool
geometry based on the main machin-
ability groups I=111 is unsatisfactory, as
it represents too great a simplification.
In order to classify tool geometry, the
three main groups are further divided
into three graups with the letter codes
A, B and € (see Table 12). For cutting
tools with a more or less fixed cutting-
edge geometry (e.g. milling cutters),
the DIMN 1836 standard distinguishes
between the culting teeth forms H,

N und W. Tooth shape H corresponds
approximately to class A, tooth shape N
to class B and tooth form W to dass G

The toel geometry designators assi-
gned ta the copper-bhased materials
are listed in tables Table 9 to Table 1.
The machinability of a copper alloy

can therefore be classified as in the
following example: Material CuZn39Pb3
= LA104 {I: main machinability group /
alloy type, A: tool geometry designator,
100: machinability rating}.

Copper and cooper alloys have a
pronounced tendency to form long
ductile chips, The resulting ribbon and
tangled chips can be hazardous to the

Tool geometry Corbide

designator

machine operator and can disrupt the
machining process. When perferming
cormtinuous tuming operations on
these materials it is therefore fre-
quently necessary to shape the chips
into shorter coiled chips. This can be
achieved by using chip breakers that
force the flowing chip imto a specific
form as soon as the chip has achieved
a minimum thidkness of about 0.2-0.3
mm. The tool geometry codes for tools
that possess a chip breaker are Tndi-
cated by an asterisk * in Table 12 (A*,
B*, C*). The table also lists the angle of
the chip breaker back wall,

Chip breakers increase the extent of
chip compsession, which induces
higher machining forces and reduces
tool life. The tougher the chip matetial
is or the greater the extent to which it
is deformed, the more pronounced this
effect becomes.

The degree of chip deformation
depends on the width of the chip
breaking element and on the angle
betwean the effective rake face and
the back wall of the chip breaker [23]:
the deeper the chip breaking ele=
ment and the steeper the back wall,
the more the chip is compressed. As

a general nule, a chip breaker helght
of 0.8 mm and an angle of 70° or 50°
between the back wall and the tool’s
effective rake face are recommended.
The fillet between the rake face of the
cuiting tool and the back wall of the
chiip bredaking element should have a

Angle of bock wall
of chip breaker”

25 a8 50 -70

¥ &n asterisk * after the tool geometry designator indicotes a fool with chip breaker.

Nate; The chip breaker dato applies only fo turning toofs or indexable inserts for turning or -
drillimg,; they do not apply to miilling cutters, drill tools, etc,

Tabte 12:Toof geometry dassiffeation scheme

radius roughly in the range 0.3-0.5
mrm. The width of the chip breaking
element is determined primarily by
the thickness of the uncut chip h,
which is itself detesmined by the feed
f and the tool cutting edge angle xr
{h = f = sin k1), and to a lesser extent
by the width of the uncut chip b. A
wide chip requires a wide chip breaker.
The following approximate guidelines
are genarally valid [23]:

] |

Flg. 207 Cross-section through a chip breaking

efement grownd frto the ool
Undeformed Width of chip
chip width b breaker b

in mm in mm

04%... 1,5 5+h

W6.. 17 g+h

75 .12 12+h

The dhip breaker can also be aligned

parallel to the tool's cutting edge or
aligned so that it widens or namows
towards the tool's nose.

Chip breakers that run parallel to the
cutting edge (alignment angle = 0°) do
not tend to direct chip flow toward or
away from the workpiece and there-
fare favour the formation of watch-
spring=like spiral chips. if the width
af the chip breaker decreases towards
the nose of the tool {allgnment angle
= (1°}, chip flow Is directed away from
the workpiece, favouring the creation
of cylindrical chips.

If the chip breaker is designed to wid=-
en towards the tool’s nose (alignment
angle < 0°}, the direction of chip flow
is toward the workpiece surface, which



Chip breaker
alignment angle

4

’_/_/___/"

Flg. 21: ANgnment angle of chip breaker

favours the formation of short chip
turls, provided that the chip is not too
ductile. There ks, howeves, the risk that
the chip can damage the newly machin-
ed work surface.

The effectiveness of a chip breaker is
generally dependent on the ductility
of the flowing chip, which itself is de-
pendent on the properties of the work
material and on the dimensions of the
cut chip: the thinner the chip is, the
harder it is to deform or break.

If same aspect of the machining oper-
ation, such as the roughness of the
work surface or the weakness of the
workpiece or tool, forces a thin <hip
to be produced, then chip form and
flow cannot be controlled with any
certainty. In such cases, machining
ductile copper-based materials will
almost inevitably kead to the forma-
tion of tangled chips. In order to limit
the operational disruption caused

by this type of chip, this stage of the
machining process has to ba carmed
out using a small depth of cut, as this
lowers the strength of the cut chip by
reducing its width.

Notwithstanding the above remarks, a
chip brealeer is unnecessany in situa=
tions in which it would be sither useless
(thickness of uncut chip is small) or
superfluous because the madhining
operation involves imterrupted cut-
ting (as in, for example, milling), or
because the chip is forced to flow in
a specific direction dictated by the
geometry of the artting operation {as
in drilling or tapping).



7 Cutting fluids

Some copper-based materials are ma-
chined dry whereas others are machined
while applying a cutting fluid, On some
machine tools, the use of a autting Auid
is essential as the cutting fluid also
serves to lubricate parts of the machine.

During machining, the cutting fluid
does not normally penetrate to the root
of the chip so that there is no direct
influence of the toal's cutting edge at
the tool-work contact zone. However,
the cuiting fluid can have an indirect
effect on processes at the contact zong
as cooling the workpiece and the tool
increases the temperalure gradient that
transparts heat away from the work-tool
interface. Additionally, the cutting fluid
can quench the upper side of the chip
and therefore facilitate the curvature
andlor fracturing of the chip. Finally,
the cutting fluid also flushes clean the
machining area.

Whether a cutting fluid functions more
as a coolant or as a lubticant depends
on the machining operation baing
performed and the cutting tool used. As
HSS toals only retain their hardness wp
to the tempering temperature of around
550=600 °C, cutting fluids are used
primarily as coolamts when machining

with HSS, In contrast, carbide tools can
maintain their hardness up to higher
temperatures,

If, an the other hand, the tool has sev-
eral regiens that are in direct contact
with the workpiece but that do not con-
tribute to the material removal process
{as is the case with reamers and taps),
then the cutting fluid is more important
as a lubricant than as a coolant.

If the machine tool manufacturer does
not specify the cutting fluid to be used,
emulsified oils are genesally preferred
when cooling is the predominant aim.

The Tavourable cooling properties of
these oil-in-water emulsions are due to
the high specific heat capacity of water.
If, though, lubrication is the primary
concern, cutting oils are prefered to
emulsions. Low viscosity oils are fa-
voured as they are easier to deliver

and remove from the cutting zone.

Cutting ofls with added sulphur can
show a propensity to react with copper.
Therefore, either a sulphur-free cutting
oll should be used or the workplece
should be rinsed Immediately after
machining [24].

In cases in which normal cooling-

lubrication by a stream of cutting fluid
{*flooding’} is not applicable, the fluid
can be applied as a high—-speed mist.

In mist application, the cutting fluid

is carried in a pressurized air stream
and deposited in the cutting zone. The
expansion of the air stream Is accom-
panied by a temperature drop that also
alds cooling (e.g. when tapping threads
using cutting oil on multistation ma-
chines, which are normally operated
with emulstfied olls).

Besides conventional flood-cooling,
copper-based materials can also be
subjected to neardry machining, in
which a minimum quantity lubrication
(ML) system is used, or dry machining
in which no cutting fluid is used [25].
Both approaches are technologically
feasible for machining copper alloys.

Which cutting fluid is used in practice
depends not enly technological feasi-
bility, but freguently also on Tactors
determined by the machine tool set-up,
such as chip removal, heat dissipation,
lubrication of machine parts, and the
possibility of influencing chip breakage.



8 (alculating machining costs

Cutting parameters can be optimized
using purely computational methods
provided that only one parameter Is
optimized at any time [26]. However,
if, as is often the case in practice, sev=-
eral cutting parameters can be varied
simultaneously, a purely mathemati-
cally based oplimization is not usually
possible.

Typically, the cutting parameters are
determined and eptimized by adopt-
ing a stepwise approach [26] that
begins by identifying those parameters
that can be regarded as fixed, Which
parameters these are depends on the
particular machining operation used, it
could ba the depth of cut ap, which is
limited by the specified stock allow-
ance, of, as is frequently the case,

the cutting speed v, which is limited
by the rotational speed range of the
machine tool and the diameter of the
part belng machined. A further ex-
ample of such a fixed parameter is the
number of teeth on the milling cutter
selected for use. These fixed valua
parameters are then adopted as such
in the caleulation.

Those parameters that are not prede-
termined are then armanged in order

of increasing size of their exponents in
the expanded Taylor tool life equation
{Eq. 8).

T =—— (8)
"ot dalls o

This usually results in the following
sequence of parameters: depth of cut
ap; feed f [or thickness of the uncut
chip h); and cutting speed v,.

The depth of eut ap should initially be
chosen to be as large as possible, pro-
vided, of course, that it was not iden-
tified as a fixed parameter (resulting,
for example, from a specified stock al-
lowance) in the first stage of the opti-
mization process. Further adjustments
to ap are then made in order to take
account of the constraints set by the
tool, work material and the machine
tool. Selecting the largest possible
depth of cut reduces the number of
cuts required. Having determined the
initial value of the depth of cut ap, the
feed f should then alse be selected to
be as large as possible. Here, too, the
value selected will be limited by factors
relating to the tool, work material and
machine used.

Total cost per piece

Cost per plece I
-
2
3

The optimizatien of the cutting pa-
rameters has thus been reduced to
determining the cutting speed v, as
a function of the spedified tool life T.
Generally speaking, the relationship
between cutting speed and tool life
can be expressed using the simple
Taylar equation {Eq. 6):

T=C,'v, {68

In the range of cutting speeds typically
used, the achievable tool life T de-
creases with increasing cutting speed v,
and vice versa. A higher value of v,
will also reduce the machining time t;,
thus lowering the machining time costs
per workpiece, but as it also reduces
the tool life T, it causes an increase

in the tool cost per workpiece Ky, As
these two costs evolve in opposite
directions, their sum per workpiece
passes through a minimum at a certain
cutting speed Vqg. Fig. 22 shows how
the various cost components vary as a
function of cutting speed and identi-
fies thie location of the cost-optimized
cutting speed v, Any deviation from
this cost-optimized astting speed vokK
will increase the unit cost of produc-
tion as either the machining time or
the tool costs will rise.

Taol costs

Machining time costs

Non=productive

(fixed) costs

Vc.ok

Fig. 22: Cost components plotted as a function of cutting speed (VDI 3321)

Cutting speed V.




The cost-optimized toal life T,y can be
derived with the aid of equations &
and 2. Differentiation and rearrange-
ment yields Eqg. 25:

=M {25)

T
ok R

where:

Tog = Cost-optimized tool life in
min

k = Gradiant of straight line in
toal-life plot

Ky = Tool costs per tool Iife in €as
defined in Eg. 22

Ku, = Costrate for operator and ma-
chine + labour and machining
overheads in €/h

te = Tool change time

Equation 25 shows how the cost-
optimized tool life Ty, depends on

the exponent -k, the tool costs per
tool life lyy, the cost rate for operator
and machine {induding labour and
machining overheads) Ky and the tool
change time tw. The magnitude of the
exponent -k depends on the work
materialftool material pair and from
the machining operation in use.

The exponent -k is large for H35 tools
andfor work materials that are difficult
to machine, but smaller for cemented
carbide tools andior work materials
that are easy to machine. It there-
fore follows that, all other machining
conditions being equal, a material that
is difficult to machine will require a
larger value of the cost-optimized tool
life Toll. It is, however, not always
possible to meet this requirement in
practice.

If the calculated value of Ty, and thus
Wy, lies outside the tool life range
typically used in practice, the optimum
value achievable under the given
eperating conditions is that value
which comes dosest to the ideal
caleulated value.

As a general rule, expensive taols
should be used in combination with
low values of the cutting parameters
and on machine tools that are eco-
nomical to run. On the other hand,
low—cost tools can be used in combi-
nation with the maximum techniclly
redlizable cutting parameters and en
machine tools that are mere expensive
o nun.

Similar calculations can be carried out
to datermine the ime-optimized cut-
ting spead vy, 1@, the cutling spead
that minimizes machining time per
workpiece [26]. This will not be dis—
cussed further here as there is gener-
ally no significant difference between
Vg and V.

If a number of {possibly different)

tools are being used simultaneously

to machine a part, Equation 25 has to
be modified as Kyr now represents the
sum of the toel costs for each of the
cutting tools being used simultaneous=-
ly. The value calculated for the cost=
optimized tool |ife Ty will therefore be
greatar than when a single tool Is used
[r, 28].



9 Ultra-precision machining of copper

Copper finds widespread pse in optical
systems. Ultra-precision machining of
copper can produce aptical compon-
ents with high-quality mimor surfaces
and high dimensional accuracy. In this
chapter we briefly explain the basic
principles of ultraprecision machining
and some of its applications, followed
by an examination of the quality
levels achievable and the technical
constraints of the technigue.

9.1 Principles of ultra=precision
machining

Ultra-precision machining (also com-
monly known as diamond tuming)
differs from conventional machining
techniques in the cutting material
used. Monocrystalline diamaond
enables tools to be fashioned with very
precise cutting edge geometry and low
wear. The nose radii of such tools are
typically around 50 nm. When com=
bined with ultra=precision machining
technology, diamond cutting tools can
be used to fabricate optical surfaces
with a surface roughness (R;) of only a
few nanometres [see Fig. 23).

One advantage of copper alloys and
other non-ferrous metals is that they
are very easy to machine with mono-
crystalline diamond tools. Steel cannot
be machined with these tools because

of the chemical affinity of iron for car-
bon [21, 29, 30].

The key features of ultra- precision
machine tools are the aerostatic or
hydrmostatic guide systems, air spindles
and linear direct drives. To achieve

a high level of thermal stability and
good damping characteristics, granite
is the preferred material for the base of
the ultra-precision machine.

Tha bwo main ultra-precision machin-
ing technigues used with diamond
autting tools are turning and fly cut-
ting. Turning enables a broad varlety of
geometries 1o be machined, and fast
tool servo [FTS) systems now allow the
fabrication of non-rotationally sym-
metric optical surfaces, Fly cutting can
be thought of milling with a single=
tooth milling cutter. The fly cutter
typically has a single=point diamond
cutting tool mounted on the periphery
of a rotating disc. Fly cutting is used to
produce flat surfaces or to create linear
grooves. The geametry of the groove or
slot is determined by the shape of the
cutting tool (radius, facetted, v-form),

The quality of a surface produced by
diamond cutting is slightly depen-
dent on the cutting speed. Generally
speaking, tuming operations are per-
formed at a constant spindle speed so

Fig. 23; Ultra-precision machining of o stctured plane brass supfoce

that at the centre of the workpiece the
cutting speed would be zero. Although
the cutting farces exerted in ultra-
precision machining are typically less
than 1N, machines of high rigidity are
regquired in order to avold vibrations
and to adchieve the required dimen-
sional precision of less than 6.1 pm.

The spindle speed chosen will depend
on the diameter of the component
being machined, the work material
and the dynamics of the additional
axes. Spindle speeds of up to 2500 rpm
are typically used in the production of
metal optics by ultra-precision ma-
chining. As in macro=-scale machining,
the feed is determined by the tool
nose radius and the specified surface
roughness. The depth of cut depends
on the work material. For non=ferrous
metals, recommended depths of cut
for turning operations are 20-50 pm
for roughing and about 3 pm for finish
machining.

Ultra-precision machining lathes are
generally equipped with a minimum
quantity lubrication system. Isoparaf-
fins are transported to the cutting zone
in a pressurized alr stream where they
are atomized. In addition to lubricat-
ing, the MQL system also ensures that
the chips are flushed from the cutting
zone, The lubricants have a high heat
of vaporization and do not therefare
influence the cutting process by evapo-
rative cooling [29].

9.2 Example applications inmvolving
copper alloys

Copper and copper alloys are used for
different ultra=precision machining
applications. Copper Is widely used
for fabricating optical components for
laser systems. Copper is chosen not
only because it parmits fabrication of
high—quality surfaces, but also, and
importantly, because of its high heat
capacity. Despite the high-quality
suirface finish and additional surface
coatings, the mirror material can heat
up thus deforming the shape of the
mirror. To avoid such impermissible
variations in form, the mirrors are
cooled by means of intemal cooling
channels. In order to produce the
best possible mirror surfaces, the



copper that undergoes diamond turn-
ing should have the highest possible
purity. The copper grade of chalce is
so=called OFHC {oxygen~free high=
conductivity) copper. The mirrors
produced are used not only to guide
and focus the light beams, but also to
shape the beams as well. By deploy-
ing FTS systems, non-rotationally
symmetric surface structures can be
created on the mirror surface. For
example, multifaceted mirmor sur-
faces can be created that act as beam
homogenizers. In addition, the focus
of the beam can be modified by using
free—formed mirrars.

Besides being used for mirror optics,
copper and copper alloys are also
used to make the moulds for the in-
Jection moulding of polymeric optical
components. Because of their greater
hardness, copper-beryllium alloys
are also used In such applications.
However, according to the Restriction
of Hazardous Substances Direclive
2002/95(EC {RoH5), beryllium-con-
taining components are subject to
labelling requirements. Brass is used
not only as a mould insert for the in-
jection moulding of plastics, but also
for the fabrication of micro-structured
masters. Brass plate is the starting
material for these structural mastess,
which can be up to one square metre
in size. Replication masters of this
kind are used, for example, in display
applications where the grooved ar
pyramidal structures are machined by
fly cutting.

9.3 Material properties and

their influence on witra=-predision
machining

The results of an ultra-precision
machining operation depend not
only on the cutting tool and the
machine characteristics, but also on
the properties of the wark material.
The copper and coppar alloys used
in engineering applications wsually
have a polycrystalline microstructu-
re. This has to be taken into account
when the required precision in=
creases or when the dimenslons of
surface features decrease. A number
of studies have been carried out on
polycrystalling copper to examing the

guality of the surface finish that can
be achieved and the cutling forces
that arise [29, 3]. The characteristics
of the machined surface are strongly
dependent on the material*s grain
structure and grain boundaries.

As a result of the so-called spring-

individual grains in the microstruc-
ture therefore respond differently
and this leads to the variation in
levels described above.

The effects of grain structure are also
apparent in the microstructuring of

Fig. 26: Diamond cut sifoce of OFHC copper f29]

back effect {compression of individ-
ual grains during the machining
process), diamend cuiting of a plane
surface of OFHC copper can yield level
differences of up to &0 nm between
neighbouring crystals {(see Fig. 24)
[29].

The formation of these surface struc-
tures is a result of the anisotropic
behaviour of the work materal. Due
to the face-centred cubie {fcc) lattice
structure of copper, the packing
densities within the individual lattice
planes differ, which results in elastic
and plastic material properties that
are strongly directionally dependent.
For example, the modulus of elasticity
of a copper single crystal varies be-
tween 62 and 190 kNfmm? depending
on the load direction. In polycrystal-
line microstructures, these effects
reinforce each other due to the differ-
ent. orientations of the grains in the
microstructure. When a polycrystalline
copper substrate is machined the

the substrate surface, particularly

the formation of burrs along grooved
structures, Figure 25 depicts V-shaped
grooves with a depth of T pm

that have been produced by plunge-
cut turning in the surface of a piece
of OFHC copper. The burr formatien
along the edges of the grooves varies
with the grain structure of the copper,
which has been made visible here by
etching.

As the material properties change in
the vidnity of the grain beundaries,
machining condiions and therefore
burr formation change accordingly.

In the material shown here, the grain
size Is In the range 50-80 pm. The
homogeneity of the microstructure

can be improved by redudng the

grain size. Microcrystalline copper
materials can be produced by severe
plastic deformation (SPD). One such
SPD technigue is the ECAP method
{Equal Channel Angular Pressing) with
which a high degree of defermation



burr-free groove edge

burred groove edge

Fig. 25: Groln-structure-dependent burr formation [32]

can be achleved thus generating se- microstructuring tests [32]. Neverthe-
vera dislocations within the material.  less, diamond cutting of OFHC copper
Samples of material produced by ECAP can produce surfaces with a roughnass
have already been successfully used in  parameter R, down to 3 nm [29].




10 Recommended machining parameters for copper
and copper alloys

The tables of recommended machin-
ing parameters list suggested cutting
speads for machining operations such
as turning and milling as a function
of the undeformed chip thickness. The
following procedure can be used to
identify the correct machining para-
meters:

If the material to be machined is stan—
dardized, locate the material in Tables
Table 9 to Table 1 and note down its
machinability rating and the tosl geo-
metry designator. If the material has
not been standardized, select the most
similar aftemative material based on
the main alloying components.

Use the material’s machinability rat-
ing to determine the recommended
machining parameters in Table 13 to
Table 19 for the machining operation of
interest.

Use the tool geometry designator to
determine the recommended tool geo=-
metry from Table 12.

As machinability depends on the
strength and hardness of the work
material, tensile strength and Brinell
hardness data are included in Table ¢
to Table 1. If the material strength or
hardness differs from the values given,
the recommended machining parame-
ter determined by the machinability
index will need to be interpolated or
extrapolated accordingly.

JMachinability

rating

1260
M50
1030
@0
500
G0
=
450

220

In the following sectlons we discuss
and explain the recommended ma-
chining parameters for a variety of
machining operations.

10.1 Turning of copper and copper
alloys

The values quoted in Table 13 are
estimatad to ba valid in about T0 % of
cases. They are based on a flank wear
land width of VB = 0.6 mm at the end
of the tool's life, and a toel life of
T=30-60 min for carbide cutting tools
in group W10 (N20}, or T = §5—90 min
for HSS cutting tooks (HS10-54-3-10).

If the toal life T is to be doubled, the
value of v, should be reduced by about
16 % for carbide tools and by about

10 % for HSS tools. However, in the
case of ductile, high copper content
materials, doubling the tool life Tof a
carbide tool requires a reduction in the
cuiting speed v of anound 30 %.

If the tool life is defined as the cutting
time to reach a flank wear land width of
VB = 0.4 mm, then to achieve the same
tool life T as that based on a value of VB
= 0.6 mm, the cutting speed v, would
need to be reduced by about 35 % Tor
carbide tools and by about 15 % for HS5
tools.

Uninterrupted cutting has practically no
effect on the service life of HSS tools; if
carbide tools are used, a reduction in

the cutting speed v, of about 10 % is
recommended.

When tuming is performed on a cast
part with a normal sand-textured skin,
the cutting speed should be reduced by
about 15 % when @rbide cutting tools
are used and by abeut 20 % for HSS
tools.

When machining copper materials with
a strain hardened skin, the machin-
ability of the material is determined by
the machinability of the skin, which is
itself depandent on the hardness of the
skin layer.

For tuming operations in which chip
flow is restricted, such as form tuming,
groove cutting, parting off and thread-
ing, the cutting speed v should be
lowered by about 60 % when carbide
tools are used and by about 50 % when
H&S tuming tools are deployed.

If ann HSS grade other than HSI0=4~3=10
Is used, the following correction factors

apply:

HSS Faktor for v,
H510=1=4=5 0,82
HS12-1-% 0,76
H56-5-2 o,

H52-9-1 0,65

it is not uneommen that the recommend-
ed cutting speeds in Table 1 cannot be
attained in practice due to constraints
such as limits to the maximum achiev-

Undeformed chip thickmess b [mm]

B0 154
910 e a2
00 &6 120
30 580 nr
63 510 105
S 430 93
() 50 81
360 284 68
:11) 120 35

Table 13 Recommended machining parameters for turning copper aond copper aioys
Recommended cutting speeds v, in mimin as a funrction of the vndeformed chip thickeess i ir mm ond the mochinability rating
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i il
63 28
63 6
5E 205
52 194
1] 183
W 17t
35 160

Toble W: Machining parameters for drilfing copper ond copper alloys
Recomurended tutling speeds v in mifmin for M55, solid carbide and index-alle-insert drills 05 a fundlion of the machimability rating

HES

Feed f [mmj
Carbide

Diameter O [mm]

Table 15 Feeds for drilling copper amd copper atloys

Recommrended feed os a funciion of dill dlometer

able spindle speed or when a workpiece
with a very small diameter is being
machined. In such cases, the machining

drills, indexable-insert drills and
{deep-hele) gun drills. Recommended
cutting speeds for HSS, solid carbide
and indexable-insert drills are listed in
Table 1&.

tool materal pairing, but primarily
on the drill diameter. The required
feed per revolution increases with in-
creasing drill diameter. Recommended
feed values are listed InTable 15 as a
function of drill diameter and the tool
material.

01 -D,16 0,96 - 0,25 0,25 - 0,32
0,08 - 0,12 0,12 - 0,18 0,18 - 0,23
Because the properties of copper-

based materials span such a broad
range, the choice of drill type andfor
cutting=-edge geometry depends on the
type of material to be drilled: Copper
alloys that yield short, fragmented
chips are drilled using type H diills (c
DIN 1414, sheet 1 and 2}, type N diills
are chosen for materials producing
longer curled chips, while type W drills
are used for those materials that yleld
extremely long continuous chip fonms.
The removal of long tough chips is
easierin type W H5S drills that have
polishied or chromeplated flutes.

Type H drills correspond to a class A
cutting-edge geometry, type N drills
to class B, and type W drills to dlass C
{Table 12},

Commercially available carbide drills
include drills with brazed carbide
tips, solid carbide drills or drills with
indexable carbide inserts.

Carbide indexable insert drills prove
to be the most economical tools when
drilling holes with diameters greater

Solid carbide .
[ inserts
“ 0 =3-20 [mm]
m
80 250

00
B
45
ana
290

263

0,32- 04 0.4 - 0,5

0,26 = 029 0,3 - 0,35

than about 18 mm {and lengths up to
about 2.5 = d). Type N and type H diills
can be used if the machine Is suffi-
ciemtly rigid and sufficiently powerful.
Whether these drill types @an be used
to drill copper-based materials that
produce long continuous tough chips
depends on the availability of index-
able inserts with chip breaker grooves,

Drills with Internal cooling holes are
recommended for drilling deep holes.
The cutting fluid flows through the
coolant hole and can therefore be de-
livered more easily to the drill's cutting
edges as well as helping to flush the
chips away from the cutting zone.

Gun drills are used to drill extremely
deep haoles (L = 10 = d) whenever high
demands are placed on the dimen-
sional tolerances, alignment and
surface quality of the bore hole wall.

Other rules apply when drilling with
gun drills but will not be discussed
further here. Suffice to say that the
geametry of the tool's cutting-edge
and the feed rate depend primarily on



achieving a chip form that can be easi-
Iy removed from the cutting zone.

In drilling operations, the range of
achievable cutting speeds is deter-
mined by the chip formation process.
Within this range, the cutting speed v,
is selected primarily on the basis of the
tool costs per tool life, iy, that itself
depends en the type of drill used,

its diameter and length. The cutting
speed also depends on whether the
margin of the drill rubs against the

vy [mimin]

walls of a drill guide bushing, and on
how esasily the culting fluid is able to
reach the cutting tip. This is why when
using a drill that does not have coolant
channels the choice of cutting spead

v, depends not only on the position of
the drill during drilling {horizontal or
vertical), but also on the depth of the
hole being drilled.

Finally, the choice of cutting speed
Is influenced by the werk material.
Despite higher inital purchase costs, a

cutting tool material with a longer tool
life can result in a significant reduc-
tion in the machining costs per hole.

In addition to the above criteria, the
geometry of the hole to be produced
must also be taken in to account

when selecting v, and f. When drilling
through-holes, the outer comers of the
drill tip are subject to increased wear
during drill breakthrough. It is there-
fore advisable to reduce the cutting
speed and the feed rate by about 5 %

Hole diameter o {mm]

i wnwoes | wuea | s | 0w | w6 [ s | w | o |

I [mim]

T - 1
B - z
- v
" 1
B s
B 0
R - n
5 g
- m

0,15 o2 0,25

0,2 0.3 0,35

04 Ok

o5 o5

Tabde 16; Recommended mochining porameters for reaming copper and copper alioys with H55 reamers
Recommended cutting speeds v, it ivfmin as o fivrction of the machinability rating and recotmended feeds £ in mm o5 @ function of the hole
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during exit; this restriction does not
apply when drilling blind holes.

For countersinks and core drills (as
detailed in DIN 343, 344, 222 and in

DIN 8043, 8022), the machining data
can be derived from the corresponding
data for HSS drills: the cutting speed v,
should be reduced by 30 %, while the
feed f should be increased by 100 %.

10.3 Reaming copper and copper

alloys

The service life of a reaming tool
depends more on the dimensional tol-
erances of the hole to be machined than
on the work material. Under favourable
conditions, the most cost-effective

tool life Tog can be achieved down to a
tolerance grade of IT 8. If tolerances ane
tighter, it is generally not possible to
achieve the optimum tool life.

The cost-optimized cutting speed vy Tor
reaming operations is therefore signif-
icantly lower than the valuas that are
typically recommendad. Recommended
values for reaming operations are listed
In Table 16 and Table 17.

In contrast, quite high feeds f can be
selected for reaming because the tood
feed has only a relatively minor effect
on the number of holes that ¢an be
reamed per tool life, on the comformity
to prescribed tolerances and on the
surface roughness of the hole wall.

Carbide

I

Mochinobility rating

The spedified reaming allowance should
not be too small and should be reughly
equal to the allowance typically assum=
ed in countersinking. A tool cutting
edge angle k. of about 45° is generally
selected for shart-chip alloys, while an
angle of approximately 30° is fypicl

for lomg—chip materials. Smaller angles
tend to cause the reamer to seize, re-
ducing tool life without improving the
quality of the surface finish. It is im-
portant that the reamer runs sufficiently
true at tha start of the cut and that the
transition from the lip to the margin is
slightly curved.

The end of the tool life should not

be determined by the dimensional
accuracy of the reamed hole, but rather
by a flank wear land width of VB = 0.3
mm at the lip. Failure to adopt this
wear criterion will result in a significant
reduction in the number of regrinds
possible, thereby substantially increas=
ing the tool costs per piece.

The roundness of a hole produced by a
muttifiute reaming tool tends to adopt
a multi-cornered polygonal profile with
one ‘comer’ more than the number of
cutting edges on the tool. Choosing a
reamer with an odd number of cutting
edges does not, however, eliminate
this problem, though it can be reduced
significantly by using reamers with very
irregularly spaced flutes. When reaming
ductile materials, or when reaming
through-haoles, the surface finish of

the hole can be improved by using a
1ol in which the direction of the fAute
helix is epposita to that of the cut (e.g.
left-hand helix, right-hand cut) as
this ensures that the chips are pushed
ahead of the tool as it progresses into
the hole.

(utting oils are recommended when
performing reaming operations.

Tooling costs can be reduced if a reamer
with an Indexable cutting inseri can

be used instead of 3 solid multifiute
reamer for the reaming operation of
Interest.

10.4 Tapping and thread milling
copper and copper alloys

Selecting the right type of tap is crucial
if a tapping operation is to be suc-
cessful. The choice of tap depends on
the work material and the geometry
of the required thread. Recommended
cuiting speeds are listed in Table 18.

Straight-flute taps are generally used
for shori-chip alloys and spiral-point
taps are usually chosen when tapping
through—-holes as they tend to eject
the chip ahead of the tool. This Is not
possible when tapping blind holes,
for which taps with bottoming style
chamffers are used.

Straight-fluted, spiral-point taps with
a pitch of up to about 2 mm are also
used to cut threads in through-holes
or relatively desp holes in long-chip
materials. However, taps with a right-
hand helix are used to cut {right-hand)
threads in blind holes. Helix angles of
about 15°, 35° and 45 are readily avail-
able commerdally. The greater the Lid
ratio and the tougher the chip formed,
the larger the helix angle should be.

Besides tapping, internal threads can also
be cut by thread-milling. Coated carbide
thread mills can cut threads in brass at
cutting speeds of 200—4%00 mimin. IF
uncoated taols are used, the cutting
speads should be reduced by

25 %. The feed per tooth fz is typi-
cally in the range 0.05 to 0.15 mm.
The lower end of the range should be
selected if machining long=chip
brasses. Cutting speed and feed in



thread milling operations also depend
on the diameter of the thread: the
greater the thread diameter, the higher
the cutting speed and the larger the
feed per tooth that can be selected. If
unalloyed copper is being machined,
the cutting speeds can be Increased by
about 25 % and the feeds doubled.

10,5 Milling copper and copper
alloys

In face milling, the machined surface
is produced by the culting edges on
the end face. If the surface is produced
by the cutting edges on the outside
periphery of the cutter, the technique
is known as peripheral milling. If

the peripheral cutting edges are not
straight, but profiled, the so-called
form milling cutter generates a shaped
surface determined by the form of the
tool's peripheral cutting edges.

If both types of milling operation

can be used for a particular job, face
milling is generally more econoimical.
In face milling an uneut chip thickness
of zere does not usually arise. Very thin
chip thicknesses at the start of the cut
can cause rubbing between the cutting
edges and the workpiece surface, spoil-
ing surface quality and promoting tool
wear. Furthermore, the minor cutting
edges dull more quickly than the major
cuiting edges whose wear during face
milling Is not of primary importance

in determining the roughness of the
milled surface,

In contrast, peripheral milling has the
advantage that it can produce geo-
metrically complex shapes in a single
pass. However, in peripheral milling
the roughness of the machined sur=
face is directly determined by the state
of the major cutting edges.

We can distinguish two types of pe-
ripheral milling depending on the di-
rection of rotation of the milling cutter.
In *up milling' the direction of mation
of the cutter's teeth when they engage
with the work is opposite to the feed.
In *down milling® or *climb milling" the
direction of motion of the teeth when
they cut into the work is the same as
the feed direction.

If the work material dees not have

a hard, wear-inducing skin, down
milling is normally preferred to up
milling as down milling results in less
rubbing between the cutting teeth
and the work surface, and the cutting
forces are more favourably distributed.
Howewver, when copper and copper al-
loys are being machined, the resulting
difference in tool life is not large.

The cutting materials typically used for
milling copper-based materials are the

Foce milling with Indexable inseris

HM = N10 wncoated

P - Nas

Mochinability roting

Table 197 Mochining parometers for foce miliing of copper-bosed materials uslvg in-dexable tecth

Recommended cutling speeds v in m/min o5 @ function of the undeformed chip thickness h; in mm and the machinobifity rating



Peripheral milling with ar end milling cutter

Machinability
rertfing

1 i3
kL &7

e
5

solid corbide

T T R i
&5 Bl T 280

120 230
1o 20 0,004-0,008
T 200
96 190
92 180
&7 75
85 165 B
&0 160

Diameter of mill cutter In mm

Roughing

0,01-0,62 0,04-0,5 0,05-0,07
Finishing

0,010,008 0,04-0,5 0,05-0,07

Table 20: Machining parameters for peripheral milling of copper-based materials using end milling cutters
Recommended cutting speeds v, in mimin ond feeds per tooth £ in mm of a furction of the diemeter of the millkeg astter and the machinabliity

§

carbide application groups N10 and
N20, and the HSS grades HS6-5-2, HS6-
5-2-5, H52-9-1-8 and H512-1-4-5.

In milling operations, the undeformed
chip thickness per tooth and per
revalution by, is typically in the range
0.1-0.35 mm. Face milling cutters and
heavy cutting tools tend 1o be at the
upper end of this range, while periph=
eral and wealer tools are located in
the middle to lower region. The unde-
formed chip thidkness in a face milling
operation is determined by the feed
per tooth and revolution f; and the
cutting edge angle « as follows:

h, -“q;if-f, ssinfic)s )

In peripheral milling, the chip is curled
somewhat like a comma with one of
its ends having, in theary at least, zero
thickness. The average thickness of
the undeformed chip is given by the
following equation:

A8 1,2 (o)

h = j
P, D

where:

hy = Undeformed chip thickness per
tooth and revolution

f; = Feed per tooth and revolution

K¢ = Tool cutting edge angle

ip ¢ = Angle of cutter engagement

hy = Average thickness of undeformed
chip

ap = Depth of cut (feed)

Down milling

Up milling

Fig. 26: The “down’ and “up’ fovms of peripheral mifilng

a, = Working engagement
(radial depth of cut}
b = Diameter of milling cutter

As milling cutters vary significantly in
terms of the number of cutting teeth
they have and the associated tool costs,
the recommended cuiting speeds v, can
provide anly broad guidance. The values
listed in Table 19 refer to face milling
operatiens using indexable inserted
tooth cutters made from uncoated
carbide or polyorystalline diamond.

If the cutting speed v, Is reduced by
about 10 %, the tool life can be
effectively doubled; if the cutting
speed is increasad by 10 %, the tool
life will be halved.

If milling a material with a typical sand-
cast skin, the cutting speed of a carbide
milling cutter should be reduced by
about 15 %, that of a H5S tool should be
lowerad by around 20 %.

The recommended speeds are based on
a flank wear land width of VB = 0.6 mm
at the end of the tool's life {rough mill=
ing). If the tool life is defined to be the
machining time to reach a flank wear
land width of VB ~ 0.4 mm, then to
achieve the same tool life as that based
on VB = 0.6 mm, the tabulated values
would need to be reduced by about 50 %
for carbide tools and by about 30 % for
H5S tools,



1 Appendix

1.1 Sample machining applications

Designation Number Number processability
{EN) {LINS)
CWaL 5700

Mochinohility
rating

Typical opplications

Alloy group

Table 21 a; Machinahility classificetion of standardized copper-hased materials

Machinability group & Copper alloys with excellent mochining properties

ollay

Low-allayed copper CuPh1P - - 85 (no F)
Eg‘g’m;:;” 2 fusp oVTIGE 700 Good machinabil-  Screw-mochine prod- 85
ity: free-cutting ucts, machime=turned
copper DOrts; SCrews; nuts;
nozzles for welding
and cutting torches;
valve seals for fittings
CuTepP Cwnat CHS00 Good machinabil-  Nozzles for welding as
ity; free-cutting and cutting torches;
copper SCFEWS
Copper-nickel-zine alloys  CuNIFIn3oPb3Mnz  CWG00) - - - -
CuNIT0Ins2Pbz w0/ reB00 - = -
CuNIT2Zn30PhT (We0s) (79300 - - -
CuMNI18ZnI9PLt CWho8) 76300 - - -
Lopper-tin-zinc alloys Cusnarbring (84600 - - a0
CuSniZniPha CHLSEN C5uL00 - General plain bearings; B0
electrical connectors;
contacts; toggle lever
bearings
Leaded binary copper-zine  CuZn3sPh2 CWaaTN Osgen = = s
oy CuZn3sPbads twsoaN  Gsm0 - Sanitary fittings (85)
fuin3aPh3 CWeaIN (35600 Good machinability  Screw-maching prod- 100
: and cold workable;  ucts, machine-turned
5 main ailoy in US4 parts; pins; precision
= Jor use on screw machined parts for
5 muachings and clocks, watches and
g machining centres opticol applications
E CuZn3rPbo,s CWE0LN 33500 - - &0
%‘ {uZn3SPbo,5 (WelION  Geso0 - Contact pins 60
L fuin3apbl CWamTN L3000 - - o
CuZn3gpba CWGOBN 3700 Good machinability  Valve components, 80 {v0)
and cold workable:  optical and precision
machined parts
Culnaarba TWe12N - Excellent moching=  Waotch ond clock move=  [(85)
billity and drilling/  ments; terminal strips;
milling guality; electrical connectors
good stamping/
punching guaiity
CuZnigeb3 CWEILN (38500 Excellent maching-  Form turmed ports; 30 {100)
bility; main alloy in  precision machined
Furope for use on parts; clock and watch
screw mochines and  components;
mochining centres;  electricol applications;
Jform turmed parts bl pen tips
fuinLoPpl CWerrn 3rrog Excellent ma- Farm tumed parts of &0 {95)
chinabliity; good all kinds; precision
hot warkability; machined parls; clock
extruded sections ond watch components
Cufnb3Pb2al CWEIuN - - - =
Multi-component copper-  CUZnsOMnIPh CWT20R — = Roller bearing cages; =
finc olloys screw-maochine prod-
uets
Culn2rsiap CWraeR fag300 - lead=free machining -



Ailoy group Hu!erml Machinability and | Typicol applications Machinability
Deslgnation HNumber processabiliy rating
(EN)

Copper-#ine costing alloys  CuZn33pha-C Gas and water valie -
bodies

Cufn3sPhiAl-C  CC7545 - - Valves for gos, -
waoter and sanitary
installotions

Copper-tin and copper- CusniingPhs-C  ((LI0K = Medium=hard Thin=walled valves 20
tim-zinc casting alloys structural materiol;  {wall thickmess up fo 72
good castability; mm) suitable for appli=
corrosion-resistent  cotlons up te 225 °C
to fresh water ever

at raised tempera=
tures
g CusnslnsPbs-C  CCL9IK {83600 Structurgl material;  Water and steam valve 90
= good castability; bodies for applications
% good solderability,  up to 225 °C; regular-
= moderaie braze- duty pump housings;
B ability; good corro-  thin-walled castings of
- slon resistance complex geometry
= CusniZnkPbi-C  CCWS3K (93200 Medium-hard Moderote-duty plain 70
e material with bearings
good anti-selzure
progerties
CusnsZnSPha-C  CCL9SK = Structural moterial;  Fittings, valves and i)

qood castability; pump housings par-
good solderabliity,  ticularly for drinking
moderale braze- water applications
ability: good cormo-
sion resistance
CuPpIOSMIO-C (ransk Cazrng Good self-lubricat-  Plain bearings with 20
ing properties high surface pressure
Copper-leod and copper-  CuSnTPRIS-C CLag6k ffoaspn - Plain bearings; com- 80
tin casting alloys. posite beorings

Table 2tb: Machinability clessifiartion of standardized cpper-based materials
Machinaliiity growup I Copper alfoys with excelfent nrachining properties



Alloy group Hl:rtarfni
Designotion Number Numbar
{EN) {UNs)

low-allayed copper alloys
(olloying elements < 5%}

= Nodenchie fneold= {uCo2Be WDl {17500
worked stofe
CuCrlir CWIEL ig150°
Standard does
not define state
Jor stamped, cold
formed material
CuMitsi i =
Cupiasi twnic LaLTng
CuMIzsiT CWnzc {ro250
_E* Llow-alloyed copper alloys:  CuSiaMnl CWNSC LB5500
S (alioying elements < 5 %)
E_ = non-gge=-hardenobie
i Copper-tin alloy Cusn5eh CWLSEK  C53400
% Blnary copper-zine alloys  (W2n3é CWsoRL 7200
= fuZn37 (WsoaL (2700
CuZnio WsoaL {28000
Multi-component copper-  CuZa3ts CWTO8R L89800

zinc alloys CuZnasNiEMnalPh  CWTIOR o

CuZn3TMn3ALZPDST  CWTTER "

CuZn3gMmal CWTIER =
CuZnigsnt CWTTeR Chs400
CuZnadMnifFel CWraiR -

Table 22az Machinabifity dassification of standardized copper-bosed materiols

Hnrhfnuhﬂily amd
processability

High-temperature
stability

High-temperature
stability

High tensile
strangth

High tensile
strength

-

Maln alley for cold
winrking
Good solderability,

weldabifity and
cold workabliity

For sliding loads

Structural material
of high strength for
sliding applicotions

Structural material
of medium strength
for sitding applica-
tions

Mochinahifity group i: Copper-based moteriols swith good fo moderate mrochining properties

Typicol opplicotions

High-strength ports

Resistance weiding
elactrodes

Resistance weiding
electrodes: contoct
elements

Heavy-duly serews,
nuts and bolts; roller
bewring coges; spray
nozzles; bearing
bushes; applications
Jor hardened states

In hordened state

Mould inserts

-

Deep-drown ports

Screws; hollow riveting

Clock and watch coses
Bearing bushes;: guides
Marine propelier shajfts

Synchranizer rings;
plain bearings, valve
bearings: gear compo-
nents; piston rings

Piain bearings; shiding
elements

Tube plates for
condensers; marine
propeller shafts

Valves; damper bars

Machinability
rating

3o

35



Alloy group Hurenul Hl:rl:hlnubr'ir'i].- and
Numbar Number | P P by
{EN) [UMS)

Copper-zine casting CuZmigSib-C High-strength

allays parts for electrical
engineering
applicotions

CuZnZ5AISMnaFe3-C (7625 86100 =

E. CuZni2AlaMn2Fer=C (07635 = B
E CuZndeMnIAlZFel-C L7645 - -
=
g CuZnITan-C L7665 - -
b
&
g
CuZm3sal-C LETETS = =
topper-tin casting olloy  CuSnllPb2-C LA :F] g = Good anti-selzure

properties

Table 22b: Machinabillly dassification of stondardized copper-based meterlals
Machinability group N; Copper-bosed materials with good to modermte machining properties

Tvpical opplicotions

High-strength and
thin-wolled parts for
glectrical engineering
applications

Warm wheel rims;
inner parts of high=
pressure valves

Valve parts: control
elemaents; faper plugs
Perrnanent mould
costings for precision
englneering appllca-
tioms

Permaonent mould cast-
ings for electrical and
mechanical englneer-
ing applications
Heavy-duty ploin
bearings (high perma-
nent and impact logds)

Mochinobility
rating

3



Alloy group

Low-aolloyed copper alfoys
— non-age-hordenakle

Low-alloyed copper alfoys

{alioying ele=-ments < 5 %)
- hardenable in cold-
worked and precipitation-
hardened stote

Several stotes —
varigtions as per the
EN 12163 standard -

sev unhardened state

Kupfar-Knetwerkstaffe

Copper-aluminium alloys

Hﬂt!nu!

Al'umher Number
(EM) {Lins)

Cu=HOP

Cu-DHP

CuAgo,10

Cudgo, 1P

fusnd, 15
Cubel, 7
fuBe2
Cuto2Be

CulriZr

CuNisi

CulNizBe

CuNizsi

CuNiZSicr

a1 TELTH

Curdr
Cendl5As

CudlgFad

CuAlTe FedMnd

CerlTONISFel

CuAlTFaGNiG

CWoosa

CWo21A

CInTed

Cwooc
e
e

fwael

cwWioel

cwoc

e

owmae

Cnnzoc
CWA0DG

CWIgsE

CW30rG

CW30eG

Croman

12200

Cnaog

oo
(rro0
L7500

(18150

CIrstg

2

(15000
CE0E00

CEIG00

[63000

Tabla 230: Machinahility dassificatian of stondardized copper-based materlals
Machinabifity group HI: Copper-based materials with moderate to poor machining properthes

Machinability and
processability

Highest electrical
conductivity

High electrical
canductivity; good
weldability and
brazeability

Goad weldability
and brazeability

Good solderobility,
brazeabillty and
weldability

High-temperature
stability

High~temparature
stability

Medium tensile
strength; goed
electricol condue=
Hity

High tensile
strength; good
electricol conduc-
tivity

High tensile
strengih

High tensile
strength

Particularly good
corrosion resistance
o salt sefutions

Salt-waler resist-
ance; resistance
to sulphuric and
acetlc aclds; anti-
magnetic

Enging and. gear
parts subject to wi—
bration and wear;
seafe-resistant,
high-strangth nuts
and bolts, shafts,
spindles, warh
drivies, gear wheels

Hard; shock re—
sistant; high lood
strength, good
salt=water resis=
tance

High tensile
strength

Typical opplicotions

Vocuum and electronic
opplications

Slip rings for electric
matars

Fuel and oil pipes

(ontacts; commotator
rings

Contacts; commutator
rings

fennector pins

High-strength springs
Resistance welding
electrodes

Resistonce welding
electrodes; continuous
casting moulds

fdentical to CuNis

Current carrying com=
ponents in overhead
lines (screws, bearing
bushings, contacts)

Holts

Welding applications;
die-cast alwminium
and magresium

Mould inserts

Valve seats and com-
tustion motors

Begring bushings, me-
chanical englneering
and process eguipment
opplications

Tegale lever bearings;
shafts; serews; wear-
ing parts for combus=-
tion engines; mowld
making

Journal bearings;
valves: forming dies

Machinobility
reting

20

20



Alloy group

Copper-tin alloys

-]
-
LY
1
=%
g
~
=
En
g
E

zinc allays

Copper-nicke! allays

Copper-nickel-zinc alloys

Binary copper-zinc afloys

Multi-component coppar-

Culizs CW350H
CuNilOFeIMn CW3Is2H
CuNi3oMmiFe CW3SLH
CuNiain2e wao3)
CuNi18In20 W09l
CuSnd. CWLsoK
Cusns CWasTH
Cusné RSN
Cusns CWas3N
LuSnap CWLEIK
CuZns CWsool
Culmio CWsaTL
CuZmis CWsoaL
CuZnag CWs03L
CuZn2g CWsOLL
fuZn3o CWs0sL
tuZnia CWs0sL
CuZn2oaizas CWrO2R
CuZnZBsniAs CWFOGR

Moteriol

Designation Numbrer Number
{EN) {UNs)
ran

[ros00

rnson

L5100

(51000

(51900

52100

Caoog

L2000

C3g00

24000

L2600

(26800

CAETON

Ch4200

Table 23b: Mochinability cassification of stondardized copper-based materials
Machinability group M: Copper-based meterials with moderate to poor machining properties

Mochinability and
processability

Wear resistant;
silver-white colour

Excellent
Sformatbility

Excellent cold
workabiiity

Excellent cold
workability

Excellent cold
workability
Excellent cold
workability
Excellent cold
warkability
Excellent cold
workability

Excellent cold
workebility

Typicol opplicotions

Brake pipes;
intercoolers

Electrical contocts

Optica! ard precision
engineering compo-
nents

Spectecle frome ports;
membranes; connectors

Lead frames;
connectors

fonnecting rod
bearings

Gear wheels; bushings;
pump parts; cleck!
watch components;
connectors; hose tub-
ing; Bourdon tubes

Worm gears; gear
whesls' bolts: serews:
small-end bushings;
rocker bearings; cotter
pins

Warm gear wheels;
geor pans; heavy-
duty plain bearings;
toggle levers! volve
guides in exhaust gas
systems; smofl-end
bushings, com shoft
bearings; rocker bear-
ings; hydraulic cylinder
bearings; pump com=
panents .

Components for electri-
col instailations; rator
hars; companents for
the watchmaking
industry

Watchmaking industry
Flexible bellows
Pressure gouges

Bellows; musical
instrument parts

Connectors; radiator
trirm

Tubing condensars;
heat exchangers

Heat exchanger tube
sheets

Machinohbility
rating

30



Alloy group Mnd?rnuhm:y and Typical opplicotions Machimability
nrﬂcutaurf:nr rating
Designation Nurnbrer
ftins)

Copper costing alloys Cuerr-C Welding electrode
halders; comtact
cannectars

Lopper=tin Cufmig-L CCLB0K {a=lvrle] Salt-water proof Volve and pump bod- 20
costing alloys les; stators, rotars and
impeilers for pumps
and water turbines

Cusmz-C CLhEaR [R0800 Saoit-water proof, Bearings for Cardan
wear resistant Jolmts, couplers; ball-
screw nuts for heawy
loads; worm wheels
and helical gear
wheals

CuSni2Ni2-C CCwBuK (9Fa0 Salt-water proof, Bearings for (ardan 20
wear resistant Jjoints, couplérs; ball-
screw nuis for heavy
loads; worm wheels
and kelical gear
wheels; bevel gear
wheels; worm wheel
rifs

Copper-aluminium CuAitoFel-C 3G 95200 - Beve! gear wheels, syn- 20

costing olloys chromizer rings; gear
sefector forks ond gear
selector parts

Cudifoni3Fed-C (03326 = = =

CuAlmFesSMIs-C (3336 {95500 Goad saft-water Heavy=duty crankshaft 50
resistonce bearings and toggle
tever bearings; heavy=
duty worm and helical
gegr wheels; marine
prapelfer components

(opper-nickel costing  CuNROFelMml=C CC3R0H [o8200 - - o]
alteys CUNIZDFeIMAINGSI-C  CO383H tosu0n - 2 0

(opper casting alloys

Table 23 Machinability dassification of standasdized copper-based materals
Mochimability group iz Copper-based materials nith moderate to poor mochining properties



12 Mathematical formula

12.1. Equations
In numerical equations, the dimen-
sions of the quantities to be entered

are given.

1} Geometrical relationship between
the dearance, wedge and rake angles
(tool-in-hand reference system):

a0 + Bo +yo =90° (1)
2) Chip thickness compression:
ht:h
=10
h

3} chip width compressian:

lJT"‘::-I {3)

i) Equation of a straight line:
y=m-x+n {4

5) Equation of Taylor tool-life plot
{log-log plot of ve vs. T):

logT =logC, +k-logv,
6} Taylor function:
T=C, v, (6
where:
T:  Tool life In minutes
v.:  Cutting speed im m/min

k: aGradient of the straight line in
the tool-life plot {k = tan{a))

C;: Tool life T for unit cutting speed
{v. =1 mimin.}

The Taylor equation can be rearranged
to yield:

|

7} ¢, G, and k are quantities that
characterize the cutting conditions:
[

C,=Ct- @
8) Extended Taylor equation:

fa

where:
T: Tool life in minutes

v, Cutting speed in metres per
minute

f  Feed in mm per revolution

dg  Depth of cut in mm

k  Gradient of the straight line in
the tool-life plot
(k=1tan a)

§; Dimensioned, empirically
determined constant

C; Dimensionless constant:
exponent of the depth of cut

G Dimensionless constant:
exponent of the feed

9} Cutting farce formula (Kienzef
Victor}:

F = b‘hﬂ-u')kzl.l (9)
F,  Cutting force in N
b Chip width in mm

h  Undeformed chip thickness
in mm

1-m. Dimensloniess index reflecting
the increase of the specific
cutting force

Kaq Specific cutting force in Mfmm?

10) Approximate magnitude of feed
force:

Fr=03F. (i0)

i) Approximate magnitude of feed and
passive force:

Fp= Fr=0,3F (1)

12) Effective cutting power:
Pe=F-ve =P+ P {2
13) Cutting power:

Pe=Fe v, f13)

W) Feed power:
Pr=Fe- vy ()

15) Met machine power:

F -
F‘I-_, i 2 ¥ S {15}
60000

Py Met machine power in kW
F.  Cutting force in N

Ve  Cutting speed in metres per
minurte

60000 Canversion factor in (N » m)/
(kW = min)

16) Approximate net machine power for
multipoint tools:

V
o= {
v {16)

i

Per  Het machine power in kW

V,, Stock removal rate (volume of
workplece material remaved per
unit time in cm3/min)

Vup Spedfic stock removal
rate * volume of workpiece ma-
terial removed per unit time and
per unit of power supplied

in ar®/{min * kW) )
17} Specific stock removal rate;
v Ay Ay |
Vo g T
P Frv, koAwv, k, )

[

18} Numerical equation for spedific
stock removal rate:

V. 60000
V =% = {18)
wp PL, kl__
Viup Spedfic stock removal rate in
an3fimin - kW)

Y, Stock removal rate in cm?imin
P.  Cutting power in kW

k. Spedfic cutting force in Nfmm?



60000 Conversion factor in an® = N/
{mm? » min » kW) (= 0 » mAkW » min))

19) Theoretically achievable peak-to-
valley roughness:

R, =1 = rz-—f‘—-

{111 E E 4

20) Approximate expression for theo-
retically achievable peak-to-valley
roughness:

(19}

¥

f‘_

RII i =
je Bt

(20}

21) Theoretical feed setting required for
a specified peak-to-valley roughness
and a given nose radius:

f=81-R, @

22) Tool costs per tool life:

KM '%"'wa ("’Km) @)
T

where:
Kyr Tool costs per tool life in €

Ky Purchase price of tool in €

nr  Number of tool lives per tool
{for salid shank tools or brazed
inserts: ny = number of regrinds;
far indexable cutting inserts;
rr = number of cutting edges
per insert)

Cost in € associated with
changing the worn toal

Cost in € for regrinding the tool
(not applicable if indexable in-
serts are used)

23} Tool costs for fabricating one part:

K,
K, =—"" (n)
<7
where:
Ky Tool costs in € for fabricating one
part

fwr Number of parts machined in one  where:
tool life hy =

24) Total cost of manufacturing one

part: f =

K =t R+ K # Vg = Ko # K+ Ko (28)

where: g
K; Total fabricatlon cost per unkt higy
product in €
tiy Machining time per part In ap
minutes
a
Kg: Fixed costs in € (independent of
cutting speed v,
D
Mg  Machining costs in€

R Cost rate for operator and
machine {excluding tool costs)
in €'min

25) Cost-optimized tool Iife:

(-k=-1-K,
To=r—p @
where:
T = Cost-optimized tool life in min
=k = Gradient of straight line in
tool-life plot

Tool costs per toal life in € as
defined in Eq. (22)

Hm:

Cost rate for operator and
machine {excluding tool costs)
in €min

26} Undeformed chip thickness in face
milling operations:

114,6°

ik -]

£, 'Ein(ﬁ}aﬁ' (26)

77} Undeformed chip thickness in
peripheral milling operations:

h

h, =28 g 2 o
P, D

Undeformed chip thickness per
tooth and revolution

Feed per tooth and revolution
Tool cutting edge angle
Angle of cutter engagement

Average thicknass of
undeformed chip

Depth of cut {feed)

Working engagement
{radial depth of cut)

Diameter of milling cutter



12.2 symbels and abbreviations

Symbaol or z

ay mim Depth of cut

Ba mm Waorking engagement {radial depth of cut)

A mm* Area of uncut chip

ABS - Built-up edge

A % Elangation after Mractu e

b mm Undeformed chip width

Bepy mm Chip width

by i Width of chip breaker

Ly = Constant in the extended Taylor equation: exponent of the depth of cut
Ly min Constant In the extended Taylor equatlon: exponent of the feed
€] mimin Constant in the Taylor equation; » v, when T = 1 min
G min Constant in the Taylar equation: & Twhen v, = 1 mimin
Ly dimensioned Constant in the extended Taylor equation

d mm Diameter {of delll hole, drill, milling cutter ete.)

] %o Degree of deformation

E Himm? Modulus of eleasticity

§ mmil Feed per revolution

Ii = Correction factor that accounts for the influence of the uncut chip thickness on the cutting force
f; mmitooth Feed per tooth

E N Total cutting force

Fa L] Active force

F. ] Cuitting farce

Fei M Perpendicular (mormal) cutting force

Fa N Effective fonce

Fan N Perpendicular (nomal) effective force

Fs M Feed fonce

Fin M perpandicular (normal) feed force

Fa W Perpendicular (normal) foroe

Fe W Passive force

Fy N Tangential force

h mmm Undeafarmed chip thickness

Fighy mm Chip thickness

figy mm Wormalized uncut chip thickness, hg, = 1mm

hiy mm Depth of chip breaker

hi mim hverage thickness of undefdrmed chip

B mm Minimum thickness of undeformed chip

i mmitoath Uncut chip thickness per toath

HE - Brinell hardness

HM - Carbide

HM-PLD = Carbide with polycrystalline diamond coating

H5S = High-speed steel



Symbol or : 7]

HY = Vickers hardness
HRL = Rockwell hardness
k - Gradient of straight line in Taylor tool=life plot
b Wimm? Specific cutting force
Kq Himm? Principal value of the specific cutting force
K. = Crater ratio
KE mm Crater width
KL mm Crater lip width
KM mm Distance of centre of crater from tool edge
KT i Crater depth
Kpix: £ Fixed costs (independent of cutting speed)
Ky dimensioned Constant, dependent on type of drill, toof material and work material
Keng € Machining time costs
Ky £ Purchase price of toal
K £ Tool regrinding costs
Ky € Tool costs per tool life
[ P € (osts associated with changing the warn toal
Ky £ Tool costs per tool
Ky £ Total fabrication costs par unit product
L mm Hole depth, length of drilled hole
Mg Km Torgue
n rev. imin Spindle speed, rotational speed
Number of tool lives
M . {for a-solid tool ny = 1; for an indexable cutting insert n; = number of cetting edges)
p bar Pressure
Pe KW Cutting power
P kW Effective cutting power
Pat o Het maching power
Py kW Feed power
Ta i Nose radius of cutting tool
R £/min Cost rate for operator and machine
Rg pm Mean roughness depth
Ra Himm? Yield point
R Himm? Tensile strength
Rpaz Kimm? 0.2 % yield strength
Ry pm Maximum roughness depth
Re,eh pm Theoretically achievable peak-to-valley roughness
5 mm Displacement of cutting edge
W mm Flank-side displacement of culting edge
W, i Face-side displacement of cutting edge
£ min Cutting time
i min Cutting time of tool per part



Symbaol or M

T
Tan
Ve
Ve
Vi
Vak

Ven

VB

Vop
W,

P

-

E &« 2 = =

min

min
mimin
mimin
mimin
mimin
mimin
mm
mm
emmin
cmimin kW
Mm
mm

degree
degree
degree
degree
degree
degree
degree
degree
degree
degres
degree
degree
W
degree
degree
degree
degree
da Mimm?
degree
degree
degree
degree

s

Teol life

Cost-optimized tool Hife

Cutting speed

Resultant cutting welocity

Feed velocity

Cost-optimized cutting speed
Time-optimized cutting speed

Wear volume

Width of flank wear land

Material removal rate or stock removal rate (velume of work materfal removed per unit thme)
spedficstock removal rate (material removal rate per unit of maching power)
Cutting energy

Height offset, height mismatch

NHumber of teeth on milling cutter
Number of workpleces machined per tool |ife
Hellx angle of straight line

Orthogonal clearance {or relief] angle
Chamfer clearance {or refief} angle

Minar flank clearance (o relief) angla
side clearance {or relief) angle
Orthogonal wedge angle

Chamfer wedge angle

Side wedge angle

Orthogonal rake angle

Chamfer rake angle

Side rake angle

Tool included angle

Degree of deformation In the shear plane
Cutting edge angle

Minor cutting edge angle

Cutting edee inclination

Drill paint angle

Shear strength

Angte of feed mation

Angle of approach of milling cutter teeth
Angle of cutier engagement

Chizef edge angle

Angular velocity
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Aufbohrer mit Schneldplatten aus
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Kupfer und Kupferiegierungen Uber-
sicht liber Zusammensetzungen und
Produkte, [Copper and copper alloys
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products.] Berlin: Beuth Verlag
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Kupfer und Kupferlegierungen - Block-
metalle und Gusssilicke, [Copper and
copper alloys — Ingots and castings.]
Berlin: Beuth Verlag

DIN 6580

Begriffe der Zerspantechnik; Bewegun-
gen und Geometrie des Zerspanvor-
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Beuth Verlag, Berlin

DIN 6583

Bagriffe der Zerspantachnilk; Stand-
begriffe, [Terms of cutting procedures;
tool life criteria.] Beuth Verdag, Barin

DIN 6584

Begriffe der Zerspantechnik; Krafte,
Energie, Arbeit, Leistungen, [Terms
of cutting procedures; forces, energy,
work, power.] Beuth Verlag, Berlin

DIN 150 513

Klassifizierung und Anwendung von
harten Schneidstaffen fiir die Bezeich=
nung der Hauptgruppen und Anwen=
dungsgruppen Metallzerspanung mit
geometrisch bestimmien Schnefden
[Classification and application of hard
cutting materials for metal removal
with defined cuiting edges — Designa-
tion of the main groups and groups of
application]

DINM EN 150 &957
Werkzeugstihle, [Tool steals.]
Bawth Verlag, Berlin

DIN EN 150 &28T

Geometrische Produktspezifikation
{GPS) — Dberflichenbeschaffenheit:
Tastschnittverfahren — Benennungen,
Definitionen und Kenngrifen der
Oberflichenbeschaffenheit, [Geo-
metrical Product Spacifications (6P5)
- Surface texture: Profile method -
Terms, defi-nitions and surface texture
parameters.]

Bewth Verlag, Berlin

DIN 1837

Werkzeug Anwendungsgruppe zum
Zerspanen, [Groups of tool application
for chip removal.]

Bewth Verlag, Berlin

ASTM E618

Standard Test

Methoed for Evaluating Machining
Parformance of Farrous Metals Using
an Automatic ScrewfBar Machine,
ASTM, 2007

TrinkwV 2001

Verordnung iiber die Qualitst

von Wasser fiir den menschlichen
Bebrauch

Diractiva 2002/195/EC

of the Enropean Parliament and of

the Council of 27 January 2003 on

the restriction of the use of certain
hazardous substancas In electrical and
alactronic equipment. = ROHS -0fficial
Journal L 037 , 13/02/2003 P. 0019 - 0023

Directive 2000/53/EC

of the European Parliament and of the
Councdil of 18 September 2000 on end-
of life vehicles. —ELV- Official Journal

L 269 , 217102000 P. 0034 — 0043
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Blatt 1: Optimierung des Spanens =
Grundlagen.

VDI=Verlag GmbH Diisseldorf
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LEAD-FREE PROPERTIES

Lead-free brass afloy products have gained importance these
days for reasons of human - and emvironmental health, EKOSAR
is totally lead free, therefore all worras in this connection have
besen dispedled. EKOSAR is especially used in the production
of drinking water - and Ltility water pipes, water meters, waler
fixtures and fittings etc,




The innovation: lead-free brass

It s produced as round, hexagon, square and rectangular rods and hollow rods
in gections and in the form of Ingots by continuous and gravity dis casting. The
Ingots are usad for sand casting, gravity die casting in metal moulds and for
low-pressure Gasting.

Lead is very dangerous to human health and the imit allowed in water today is 10
parts per bilion (10 ppb, 10 micrograms per fre, EU-TS 285, 2005 standard). From
1 January 2012 the imit lead value will be reduced from 10 micrograms per ire
to 5 micrograms per litre (NSF Standard 61).

This standard was introduced in the USA and Japan in 2010 and itwill be implemented
in Burope in 201 3. Efforts in our country o integrate Buropean Union legislation ane
ONGOINg.

The compatibiity of Ekosan-Ecobrass/Ecocast/Cuphin and Federalloy allovs ars
micnitored by institutions such as EPA (Environmental Protection Agenoy), MNSF
(Mational Science Foundation), WHD World Health Organization) in accordance with
acts like the SOWA (Safe Drinking Water Act).




Recycling

Like other copper alloys Ecosan alloys are recyclable.
Due to the sliican content, shavings should not be
mixad with other brass shavings.

Cold Working
Cold working properties are very good. It shows
high resistance qualities along with sufficient

Surface Treatments

Polishing and electroplaiing properties are good,
glmllar to those of standard brass.

Cole riveting; good.

Casting Properties and Grain
Refining

Casting methods and grain refining practices known
from leaded brass are appicable to Bosan-Ecocast

Cospdal and adeguate thinness of microstructures
can be obtained.

Ekosan-Ecobrass/ Ecocast/ Cuphin
= High mechanical resistance and abrasion resistance
» Excellent casting properties
* Good machinability
*» Good cold and excellent hot working properties
= Comosion reststance (excellent dezincification,

resistant to sea water and stress comosion)
» Fecyclable
» | ead-fres
* Artimicroblal

Machining
Ecobwass's machinability is comparable to leaded brass.
Industrial findings show that shavings are shoit and brittle.

Forging

It displays good forging qualities comparable to the
standard forging brass, CuZnd0PH2.



EKOSARI-ECOBRASS/ECOCAST/CUPHIN
GENERAL AREAS OF APPLICATION
* The aLtomotive sector

Sansor bodies, thermostat parts, louid
connactors

» Industry

Muts, bolts, valves, autoratlc screw machine
parts, water valve bodies, condensation ube
shests, pneumatic fittings and pump parts.

* Marine Industry
Marine industry products, propeller shafts
* Instaliations

Taps, tap systems, installadion fittings and waksr
meter bodies

Ekosan - lead-free brass;

A constant antimicrobial activity occurs which
kills germs.
Theara Is no need to use any chemicals,

Harmiess to humans and the ervironmeant.




LEAD FREE BRASS ) Bhosar-Ecobrass/Ecocast/Cuphin, lead-free brass plays an active
" rolein combating hospital infections such as MRSA and Clostridium
EKOSARIAND HYGIENE i, 1t has been proved that these pathogens that spread by
touch die within a few hours on antimicrobial hygienic brass surfaces.
This doss not happen on stalniees steel or plastc.




WHY ANTIMICROBIAL
LEAD-FREE BRASS?

Ag organisiné resistant to antiblotics ane
espaclally plentiul In school and hospital
equipment, in fumiture, 1aps, meters and
fittingys, in public ransports, public buildings
and sports faciliies etc. Bkosan is
Increasingly chosan and used for
commonty touched surfaces,




EKOSARI-FEDERALLOY . In Fedaralioy kead s replaced by Bismuth, achieving
~ maximum pressure tightness and characteristics that

. have working properties comparable to leaded brass.
- The homogeneously distributed Bismuth in the alloy
faciitates the: polishing of the product. Thus a shiry and
podished appearance is accomplishad, |t has betier

. machinability than leaded brass and therefore machining
- coste are lower, A dezincification version ke sleo avalable,

Casting Properties

Lead melts at 327 *C. Bismuth melts at 271°C and
appears after lead on the periodic table. Consequentty
the casting temparaturs of tha alloy ks lower and reducing
cost. Low melting temperature affords better casting
features. Federalloy with Bismuth guarantees elongation
and duatility ecual to lkaded acuivalants, Cleaning costs
decrease, cycle pace increases. The composition of
Federalloy ks a non-evaporating struciure. Federalloys
have the characteristics of good quality microstructures,




Federalloys are cast sccording to the practices know from leaded brass,

Coaxlal and sufficlent thinness In microstructures can be abtained. The femperature
affects the characteristics of the alloy greatly when casting larger and amaller leaded
brass paris. Federaloy alloys can be cast at higher temperatures than leaded brass yet
this cioes not impair casting quality.
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THE HISTORY OF BRASS

Brass was being used together with copper since the discovery of copper. During the last millennium,
brass is started to be used separately from the copper for the special engineering purposes. In the
beginning, copper and tin were being used together and kitchenware such as pots and pans made of
bronze were being produced. The ancient Egyptian civilization knew copper very well and it was shown
by the symbol ankh in the Egyptian hieroglyphs, which is also the symbol of eternal life. Ancient
Egyptians were appreciating the long physical life of copper and copper alloys. Tin was obtained more
easily and as a result of this bronze was used more in daily life. Since brass resembled gold, it was used for
visual purposes. Ancient Greeks called brass "oreichalcos” which is farmed by the words “oros”
{mountain) and “chalcos” (copper). Then names the brass as a type of white bright copper.

Romans called brass “aurichalum” and were using it in the production of golden colored helmets and
jewelry. They were using alloys with 11-28% of zinc in order to produce valuable accessories from the
bright golden colored brass. They had determined the alloy with the best ductility for metal work and
ornamentation as the composition with 18% zinc. This is very close to the 20/80 gilt metal which is used
for the same works today.

It was in the 18" century that it was discovered that zinc melts at 420°C and boils at 906°C, and that the
zinc oxide forming can be purified by taking the slags with the wood charcoal. When pure zinc was not
available, smithsonite ore, which is found in the nature as the zinc-carbonate crystal and copper was
being melted in the crucible in order to produce brass. When the heat melted the ore and liquid metal is
produced, the copper was remaining as unmelted. Zinc vapor was penetrating from the surface of the
copper and was converting into brass form, Afterwards, the ally was re-melted in order to provide
homogeneity.

In the Middle Ages, still pure zinc could not be obtained. Brass was produced from calamine mineral,
which is a zinc ore and which contains zinc oxide and very little amount of iron oxide in its structure. Thin
brass plates were laid in between the stone floor laying in the church monuments and this way the
remembrance of death was emphasized. In general, zinc ratios of 23-29% and sometimes the addition of
lead were being used. At the same time, brass was started to be recycled and re-melted.

Use of brass materials in the preduction of wool spread more with the industrial revelution. Afterwards,
the needle trade gained importance. In the needle production, little amount of lead and tin were added
in order to facilitate cold forming with 15-20% zinc ratio. The simple production qualities of brass, easy
pracessing capability and corrosion resistance provided it to become the standard metal in the
production of many moving parts. Now, large or small, all watches, marine direction finding devices were
started to be produced of brass.

In the beginning, the brass wires were being drawn manually and brass plates were pressed. In 1697 the
first rolling benches started to shape the brass. Needles were being produced of brass plates of 30 kg.
Rolling mills were turned by the water power. Before drawing the wires, the materials were being heated
with intermediate thermal process. These systems were used until the mid 19" century.

Ms60 brass was started to be used after the year 1832 and this spread the brass plates which were cheap
and had easy hot processing capability. It replaced copper and was used to cover the ship boards in order
to prevent them from getting waormy.
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