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INTRODUCTION

Turning accounts for nearly 25% of world tool consumption for
metal cutting operations. Therefore, it is by far the most
common machining method in use today. The process is simple,
it involves the removing of metal from the outer diameter of
a rotating workpiece in order to create a circular shape
through the use of a single point tool. Under ideal operating
conditions, the tool is used to shear the metal from the part
in short distinct chips which are easily reclaimed, melted
and reused.

In the early 1900's turning tools were solid rectangular
pieces of HSS (high speed steel) with rake and clearance an-
gles ground on one end, which were clamped directly in the
tool post of a turning machine. When the tool became dull,
the machinist often resharpened the tool on a pedestal
grinder. Carbide cutting tools were introduced as small
pieces or blanks which were brazed to a steel shank and
ground with the same rake and clearance angles as those found
on the original HSS turning tools. The increased hardness and
wear resistance of these new tools provided improvements in
productivity and tool Tife which benefited all of the major
metal cutting industries. The greatest draw back to brazed
carbide tooling was the expense in expertise and diamond
wheels required to resharpen and maintain these tools. It
became impractical for machinists to sharpen carbide tooling
since the time required to grind an acceptable cutting edge
was much greater when compared to HSS due to the significant
difference in hardness. A1l these additional costs, however,
were offset by the dramatic increase in productivity which
resulted through the use of the carbide tools.

Today the predominant turning tools in use are coated carbide
inserts which are mechanically locked in steel toolholders.
These tools have almost entirely replaced the once common
brazed carbide stick tools. The inserts are manufactured to
precise tolerances with several available cutting edges. When
a cutting edge becomes dull today, the machine operator
simply unclamps and indexes the insert to the next available
sharp cutting edge and reclamps the insert in the toolholder.
Hence the name "indexable insert" or "indexable tooling". Our

discussions on turning will be exclusively centered around
indexable insert tooling.



TURNING MACHINES

The turning process involves the rotation of the workpiece
and the linear travel of the tool along (turning operations)
or across the workpiece (facing, grooving and cutoff opera-
tions). Turning machines are generally one of two styles,
either horizontal or vertical, indicating the direction of
the rotational axis of the workpiece. The turning machine
employing a horizontal working axis is generally referred to
as a lathe, while its vertical counterpart is commonly called
a VTL (vertical turning lathe). These machines are frequent-
ly tooled with single point square shank indexable turning
tools. Lathes can be either manually operated or CNC con-

trolled. The following drawings show the differences between
turning machines:

MANUAL LATHE

The manual lathe shown at
the right is typical of
lathes which are still
used in tool rooms or in
very low production appli-

cations. These machines Q§D X
are the gear driven pre- 0]0
decessor of the NC lathes 2
in use today. The major
difference between these
machines and NC lathes are
accuracy, productivity and )

complexity. Manual lathes Ti,
can machine many of the parts

which are currently manu-

factured with NC equip- \——_t;__VL__J§7
ment, but rarely with the L————J/
same efficiency or speed.

CNC LATHE (2 AXIS)

The greatest difference be-
tween a manual and CNC Tlathe
is the number of tools which
can be mounted in the machine,
and the fact that the posi-
tioning of the tool point is
done automatically by computer
control. The machine turret
houses eight to 16 tools in a
single setup, depending on the
machine used. CNC machines are
normally totally enclosed with
sheet metal to prevent chips
from escaping, as they are
machined from the workpiece.




CNC VTL (2 AXIS)

The vertical turning
lathe at the right is
also CNC controlled
with a turret full of
tooling. The predom-
inant difference be-
tween this machine and
the CNC Tathe is the
chuck (1) orientation
which is now vertical
instead of horizontal.
This is considered a
2-axis machine since
the tool can move up
and down (vertically)
or across (horizontally)
the workpiece.

CNC LATHE (4 AXIS)

The CNC lathe detailed at
the right is basically
the same as the one
mentioned previously
except for one obvious
difference. This ma-
chine has two independ-
ent turrets (1) instead
of one. Since the upper
moves independently of
the lower turret, the
machine is considered a
4-axis lathe, two axes
per turret.




INSERT CLAMPING SYSTEMS

Inserts are mechanically locked in square shank tooling
holders using a variety of distinct designs. Let's review the
most common clamping systems, their merits and limitations:

C-CLAMPING

This method of clamping utilizes a
top clamp on inserts without a hole.
The system has limited application
since it relies solely on friction to
hold the insert in place. C-Clamping
is normally used with positive rake
inserts on medium to 1ight duty turn-
ing operations.

M-CLAMPING

Negative rake inserts with a hole

are clamped using this design. The
insert is forced against the pocket
wall with a cam lockpin which se-
cures the protective insert pocket
shim. The top clamp is used to hold
the back of the insert from 1ifting
when a cutting load is applied on the
insert nose. This design requires an
excessive amount of hardware. This
system is designed for medium to heavy
turning operations.




S-CLAMPING

This system merely takes advantage

of a simple torx or allen head

screw to secure the insert in the
toolholder pocket. The inserts used

in this system either have counter-
bores or countersinks. When indexing
inserts in an application with intense
heat the screws sometimes seize and
are difficult to remove. The S-Clamping
system is designed for light to medium
turning operations.

P-CLAMPING

This style of clamping is the ISO
std. for turning tools thus very
popular in Europe and the Asian
markets. The design principle is

for negative rake inserts with
holes. The insert is forced against
the pocket walls using a toggle
lever which tips as the lever screw
is seated. This design is suited for
medium to heavy turning operations
but offers no means of preventing the
back of the insert from lifting dur-
ing the cut.




ANSI NUMBERING SYSTEM

The American National Standards Institutes system for
numbering turning tool holders is as follows:

Cc
M
]
S
C
D
Q
R
S
T
\Y

f‘x‘-—IO“mOOm)H

holding method

clamp only

clamp and locking pin
locking pin only
screw only

insert shape

80° diamond

55° diamond

deep grooving/cut-off
round

square

triangle

35° diamond

toolholder style

straight shank with 0° side cutting edge angle
straight shank with 15° side cutting edge angle
straight shank with 0° end cutting edge angle
straight shank with 45° side cutting edge angle
straight shank with 30° side cutting edge angle
offset shank with 0° end cutting edge angle
offset shank with 0° side cutting edge angle
threading and shallow |.D. grooving

offset shank with -3° side cutting edge angle
offset shank with 15° end cutting edge angle
offset shank with -5° side or end cutting edge
angle

straight shank with 40° side cutting edge angle
straight shank with -27/2° end cutting edge
angle

straight shank with 27'/2° side cutting edge
angle

offset shank with 15° side cutting edge angle
offset shank with 45° side cutting edge angle
offset shank with 30° side cutting edge angle
threading and shallow O.D. grooving

offset shank with 10° side cutting edge angle
straight shank with 50° side cutting edge angle
offset threading and O.D. grooving

holder rake

u.c—immvzgoﬂmcoml’m ° QH

second digit is the number of 1/4ths of an inch
of height—with the exception of 1'/¢* x 11/2"
holder shank which has number (91).

insert |.C. size

for inserts with 1/4"1.C. and over, this is the
number of 1/8ths of an inch.

for inserts with 1/4" 1.C. and under, this is the
number of 1/32nds of an inch.

shank qualification

qualified back and end, 4.0" long
qualified back and end, 4.5" long
qualified back and end, 5.0" long
qualified back and end, 6.0" long
qualified back and end, 7.0" long
qualified back and end, 8.0" long
qualified back and end, 5.5" long
qualified front and end, 4.0" long
qualified front and end, 4.5" long
qualified front and end, 5.0" long
qualified front and end, 6.0" long
qualified front and end, 7.0" long
qualified front and end, 8.0" long
qualified front and end, 5.5" long
all qualified surfaces are + .003" over proper

high positive
negative
neutral
positive
hand of tool

L left

N neutral

R  right

[6] holder shank size

e for are shanks, this is the number of 1/16ths i i
of aninch of width and height e nedais:

e for reclan?ular shanks, the first dgit is the
number of 1/8ths of an inch of width and the

- {8l




TURNING TOOL GEOMETRY

In metal cutting operations tool geometry plays a key role in
determining the ultimate productivity and tool 1ife of a par-
ticular operation. Most iow silicon aircraft aluminum is
relatively easy to machine and therefore the optimum tool
life is attained using the hardest possible carbide grade and
the sharpest shearing geometry. However, hardened steels,
cast irons and stainless steels are more difficult to machine
and hence require a much stronger tool. The additional
strength can be achieved with a different carbide grade or by
changing the shape of the tool to a stronger improved cutting
geometry. For now, we will concentrate on the geometric as-
pects of the turning tool and how it applies to a specific
workpiece material, leaving the subject of carbide grade
selection to another discussion.

TOP RAKE ANGLE

The top rake angle is formed -between the face of the cutting
tool and the line perpendicular to the workpiece when viewing
the tool from the side lTooking into the end of the part. See
the illustration below for clarification.

TOP RAKEj

: /1 2///;* ,v:/  7
A RS
RS

S

N

/

END WEDGE ANGLE

CLEARANCE
ANGLE




NEUTRAL TOP RAKE

The top rake is neutral
when the sum of the end
clearance angle and wedge .
angle is 90 degrees.

POSITIVE TOP RAKE

The top rake is positive
when the sum of the end
clearance angle and wedge
angle is < 90 degrees.

NEGATIVE TOP RAKE

The top rake is negative
when the sum of the end
clearance angle and wedge
angle is > 90 degrees.




SIDE RAKE ANGLE

The side rake angle is formed between the face of the cutting
tool and the Tine perpendicular to the workpiece when viewing
the tool from the end looking at the side of the part. See
the illustration below for clarification:

SIDE RAKE

WEDGE ANGLE SIDE

CLEARANCE
~— " ANGLE

SIDE RAKE
NEUTRAL SIDE RAKE ‘

The side rake is neutral
when adding the side
clearance angle and wedge
angle is 90 degrees.

WEDGE ANGLE

SIDE
| a— CLEARANCE




SIDE RAKE

POSITIVE SIDE RAKE

The side rake is positive
when the sum of the side
clearance angle and wedge
angle is < 90 degrees.

WEDGE ANGLE

SIDE
|@— CLEARANCE

SIDE RAKE

NEGATIVE SIDE RAKE

The side rake is negative

when the sum of the side

clearance angle and wedge

angle is > 90 degrees.

WEDGE ANGLE
SIDE
Lat— CLEARANCE

In addition to the side and top rakes there are two other
angles which describe critical geometry on the ANSI style
turning toolholder. These angles are evident when viewing
the holder from the top, lTooking down on the insert face.

10



SIDE CUTTING EDGE OR LEAD ANGLE

The angle formed between the insert side cutting edge and the
side of the tool shank. This angle leads the tool into the
workpiece.

5

o

SIDE CUTTING EDGE
/_ OR LEAD ANGLE

FEED

END CUTTING EDGE ANGLE

The angle formed between the insert cutting edge on the end
of the tool and a line perpendicular to the back side of the
tool shank.

END CUTTING
EDGE ANGLE

FEED

11



It is important to note that the clearance angles shown on
the end, as well as the side of the tools, are required to
allow the tool to enter the cut. Without clearance, it would
be impossible for chip formation to occur. While the end and
side cutting edge angles are absolute, the top rake described
earlier is for the toolholder only and it doesn't take into
account the effect of the geometry of the insert. For ex-
ample, an insert with a positive ground or molded chipbreaker
could change the effective top rake from negative to posi-
tive. See the illustration below for clarification:

Positive
Effective Top
Rake o
T Holder
Inclination
Angle
Clearance
—
Negative
Effective Top
Rake —1 *
— N\,
Holder
Inclination
Angle
> Clearance

As the illustration shows, top rakes refer only to the geome-
try provided by the inclination angle of the toolholder,
while the effective top rake considers the insert chip groove
geometry combined with the toolholder inclination angle.

12



TOOLHOLDER STYLES

The ANSI numbering system for turning toolholders has assign-
ed letters to specific geometries in terms of lead angle and
end cutting edge angle. The primary lathe machining opera-
tions of turning, facing, grooving, threading and cutoff are
covered by one of the 7 basic tool styles outlined by the
ANSI system. The designations for the 7 primary tool styles
are A,B,C,D,E,F and G. Of the 7 styles identified, the fol-
Towing 3 are not widely used:

C STYLE- Straight shank with 0 degree end cutting edge angle,
for cutoff and grooving operations.

D STYLE- Straight shank with 45 degree side cutting edge
angle, for turning operations.

E STYLE- Straight shank with 30 degree side cutting edge
angle, for threading operations.

The more commonly used toolholder styles of the 7 mentioned
are as follows:

A STYLE- Straight shank with 0 degree side cutting edge angle
for turning operations.

B STYLE- Straight shank with 15 degree side cutting edge
angle, for turning operations.

F STYLE- Offset shank with 0 degree end cutting edge angle,
for facing operations.

G STYLE- Offset shank with 0 degree side cutting edge angle,
this tool is an "A" style tool with additional

clearance built in for turning operations close to
the lathe chuck.

There are many other styles of turning tools available in
addition to those shown here, as detailed by the ANSI number-
ing system at the beginning of the manual. The seven basic
tools are shown in operation on the next page.

13



—  BASICTOOL STYLES

RIGHT AND LEFT HAND TOOLHOLDERS

The toolholder styles discussed on the previous page and
shown above represent a fraction of those standard styles
available from most indexable cutting tool manufacturers.
ANSI std. turning tools can be purchased in either right or
left hand styles. The problem of identifying a right hand
tool from a left hand tool can be resolved by remembering
that when holding the shank of a right hand tool as shown in
the picture below (insert facing upward), it will cut from
right to left. The left hand tool, when held by the shank as
shown in the picture below (insert facing upward), will cut
from left to right.

LEFT HAND TOOL RIGHT HAND TOOL

CUTS LEFT TO RIGHT == <= CUTS RIGHT TO LEFT

14



TURNING INSERTS

Indexable turning inserts are manufactured in a variety of
shapes, sizes, and thicknesses, with straight holes, with
countersunk holes, without holes, with chipbreakers on one
side, with chipbreakers on two sides or without chip break-
ers. The selection of the appropriate turning toolholder
geometry accompanied by the correct insert shape and

chip breaker geometry, will ultimately have a significant
impact on the productivity and tool 1ife of a specific
turning operation. Insert strength is one important factor in
selecting the correct geometry for a workpiece material or
hardness range. Triangle inserts are the most popular shaped
inserts primarily because of their wide application range. A
triangular insert can be utilized in any of the seven basic
turning holders mentioned earlier. Diamond shaped inserts are
used for profile turning operations while squares are often
used on lead angle tools. The general rule for rating an
inserts strength based on its shape is, "the larger the
included angle on the insert corner, the greater the insert
strength." The following 1ist shows the different insert
shapes from strongest to weakest:

INSERT INCLUDED
LETTER DESIGNATION DESCRIPTION ANGLE DRAWING
R Round N/A
0 Octagon 135
H Hexagon 120
P Pentagon 108
S Square 90
C Diamond 80
T Triangle 60
D Diamond 55
v Diamond 35

15



POSITIVE AND NEGATIVE GEOMETRY

Beyond their individual geometric shapes inserts are categor-
ized as being either positive or negative. Negative inserts
have square sides (90 degree included angle) relative to the
top face of the insert and, therefore, to obtain the appro-
priate cutting clearance, they must be mounted in toolholders
with negative top and side rake angles. Positive inserts have
angled sides. Thus, they can be mounted in toolholders with
positive top and side rake angles. See the illustrations

R
LY

- 5 DEGREES

5 DEGREES (CLEARANCE)
11 DEGREES

it #
+ 6 DEGREES
5 DEGREES (CLEARANCE)

EDGE PREPARATIONS

The performance of an indexable turning insert can be
enhanced by altering the cutting edge during the final stages
of the manufacturing process, from a perfectly sharp to a
more blunt or rounded edge. These small alterations are often
impossible to detect to the untrained eye, although in many
cases, they can be the difference between success and failure
in machining a difficult workpiece material. The bottom line
is that edge preparations provide additional strength. The
cutting edge can be prepared by honing, chamfering or
applying a negative land.

Hones are nothing more then the rounding of all the insert
cutting edges using mechanical methods. They are applied
using rotating wire brushes, rotating hard rubber wheels or
an abrasive mixture. Almost all of the inserts receiving
coatings are honed first. Chamfers are ground on all the in-
sert cutting edges from an angle of 20 to 45 degrees at a
width of .005" to .020". Negative lands are ground on inserts

16



from a few degrees up to 20 degrees. The width of a negative
land can range from .004" to .08". Heavy negative lands are
used under extreme machining conditions where interruptions
and shock loading is prevalent. The land acts to change the
direction of the cutting force from across the sharp edge
through a larger cross-section of the insert. Heavy negative
lands must be used under the appropriate cutting conditions,
misapplication can lead to excessive cutting force and in-

creased power consumption or vibration which will ultimately
reduce tool life.

HONED EDGE ;

i
o

1-20 DEG.

NEGATIVE LAND

CHAMFERED EDGE 005 - -02W

/ ////
0

17




CHIP BREAKING THEORY

The extensive use of CNC turning machinery has increased the
need for reliable chip control to maintain efficient produc-
tion. In those cases where highly ductile workpieces are
machined and poor chip control exists, long continuous
strands of metal are created which wrap around tools and the
part. This leads to premature failure due to chipping of the
tool an excessive number of times to change parts, ultimately
reducing the capacity of the machine tool by wasting precious
production hours. In the past, many turning tool setups
utilized a carbide insert mounted in an indexable holder with
a separate hardened steel or carbide chip breaker clamped to
the top of the insert. Today, most of the turning inserts
used in production situations have pressed and sintered or
ground chip grooves. The cutting tool industry is spending a
significant amount of research time and effort developing
chip breaker configurations for a variety of applications, as
well as workpiece materials.

The pictures above indicate that today's chip breaker designs
go well beyond the simple straight ground groove used in the
past. Flats, ridges dimples and sinusoidal wave forms are now
pressed into indexable inserts to provide many different op-
tions for chip control on turning applications.

In simplest terms, a chip breaker is the mechanical means
used to force a ductile material to bend to the break-
ing point. Chip control is a function of the following:

Workpiece Material Machinability
The Cutting Conditions Speed, Chip thickness & width
The Tool Geometry Rake angle, front clearance

edge prep., chip breaker,
nose radius

18



The strength of a ductile chip can be reduced significantly
by increasing the cutting speed of the operation to aid in
softening the material. In addition, the use of large lead
angle tools will thin the chip, thereby reducing its
strength. See the pictures below:

D.o.cC. -
!-I- IPR }i I
D.0.C
CHIP | CHIP
- THICKNESS THICKNESS

The key to chip breaking is to allow the chip to flow as
freely and unrestrained as possible while still breaking it
and thus, maintaining control. The force required to bend and
break the chip consumes machine horsepower; therefore, the
goal is to utilize the minimum required power to attain
acceptable chip control. The following pictures illustrate
unacceptable chip control:

IRREGULAR OR RIBBON SHAPED CHIPS

occur when an insert has too Tow

a feed rate for a specific depth ~—_ ﬁ,z"'
of cut, or too light a depth of \-_,,w~4”<:'
cut for a particular chip breaker ) "’)"
design. Since the chip has rela- ..\h.“

tively low strength, it will not
curl and break predictably.

FLAT SPIRAL CHIPS
these chips are often a result of
cutting an extremely light depth of

cut, generally very close to the insert: . Q 7
nose radius. To correct this condition: W‘A‘w
use a smaller nose radius, increase the

depth of cut, increase feed rate or use
a different chip breaker.

HELICAL AND LONG SPIRAL CHIPS
are a result of using a chip groove

that is too wide for a specific feed m
rate and depth of cut. To correct
this condition, either the feed should

be increased or the chip breaker should M

be replaced with a narrower grooved style
for lighter feed rates.

CRUMBLING CHIPS 2%
this type of chip formation is almost always v Y
a result of over feeding the chip breaker. ) - ¢ 5

¢
19



Remember, the goal is to break the chip to a manageable size

without creating any excess cutting force which could be de-

trimental to tool 1ife. The following groups of pictures ill1-
ustrate acceptable chip control:

fa <o
S920%
=L

The forces created during chip formation are directly
affected by how freely a chip is allowed to form. For
example, the crumbled chips shown in the picture on the
previous page result when the chip is crowded by the chip
breaker. This causes the feed and radial cutting forces to
rise significantly. When this situation is allowed to
continue, the wall at the back of the chipbreaker will either
erode, break away or cause catastrophic tool failure. Studies
have shown that the shape of insert chip grooves have a larg-
er effect on the radial and feed forces than on the tangen-
tial force component of a turning operation. This is why
ground or molded insert grooves are often preferred over flat
top inserts with mechanical chip breakers, since, for a
specific set of cutting parameters and toolholder geometry, a
ground or molded chip groove creates less vibration and tool
force on the workpiece. In addition, on a continuously chip-
ping material such as 1045 steel, tool life is often greater
on a molded chip groove or ground insert when compared to a
flat top insert with a mechanical chip breaker. The flat
topped insert will usually crater at a greater rate, leading
to deformation of the insert for a particular tool geometry,
causing the chips to flow less freely over the flat top
design. The depth of cut can also influence the effective-
ness of a chip breaker's ability to control chips. When the
depth of cut is approximately two times the insert radius or
less, the chip breaker will exhibit different performance
characteristics than if the depth were greater. In this type
of situation, the feed required for adequate chip control
will be greater than it would be at a larger depth of cut,
since at least half of the chip is being thinned by the
insert radius.
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Chip control is also a function of the machinability of the
workpiece material. Steels with carbon contents of .20% and
less are highly ductile in an annealed condition (less than
18 Rockwell "C") and therefore they present chip control
headaches especially when o.d. turning shallow depths of cut.
When these material's are machined in a heat treated
condition of 30-35 Rockwell "C", chip control becomes much
more predictable. A materials increased hardness will lower
its machinability rating in terms of tool life, but in
reality, the added hardness is a benefit in the practical
sense of chip handling and control. There is, however, a
point where an added material hardness is detrimental to tool
Tife and chip control even for low carbon steels. When this
point is reached, the chip will not increase in thickness as
it travels over the top rake surface of the tool to the same
degree as it would at a lower material hardness level, re-
sulting in thinner , harder to break chips for a given
machine feed. In addition, the added hardness makes the chip
stronger with a higher resistance to bending and is therefore
harder to break. The transition point in material hardness
from acceptable to unacceptable chip control for a specific
chip breaker geometry will vary by workpiece material.
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ONE- VS. TWO-SIDED INSERTS

Why would you ever select an insert with a chip breaker on
just one side when there are so many inserts available with
chip breakers on two sides? The key is in the type of turning
operation you're trying to process. You'll notice that most
of the single sided chip breaker geometries are recommended
for roughing applications. Therefore, these inserts will be
subjected to heavy tangential cutting loads and to prevent
insert rocking and movement the non cutting side of the
insert should be flat. The picture below illustrates that due
to the chip breaker size and shape, 30-40% of the insert
cutting edge is unsupported when a two sided chip breaker
insert is selected instead of a single sided design.

Cutting
Force

Rocking

AT

Double Sided Insert
Can Rock Under

T T
HHETTHTRERH

Cutting
Force

Under severe cutting conditions, the use of two-sided inserts

can lead to vibration, tool breakage or a compromise in pro-
ductivity.
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CALCULATING CUTTING SPEEDS AND FEEDS

The turning operation is a combination of linear (tool) and
rotational (workpiece) machine movements. The rate in IPR
(inches/revolution) that the tool travels along or across the
workpiece is referred to as the machine feed. The SFPM (sur-
face feet/minute) or speed at which the part surface rotates
is known as the cutting or surface speed. These two important
criteria are selected to either maximize tool life and pro-
ductivity or to balance them.

The cutting speed in turning, is defined as the distance in
feet traveled by a point on the part surface being machined

in one minute. The formula normally used to calculate cutting
speed is as follows:

SFPM = (Workpiece Circumference) x (RPM)

Where :

SFPM

surface feet per minute, or the
distance traveled by a point on
the workpiece periphery (being
machined) in feet each minute.

Workpiece Circumference

the distance around the workpiece
periphery (being machined) in ft.

RPM

revolutions per minute

In the case of a workpiece, the circumference is:

Workpiece Circumference = /12 x (d) = .262 x d

Where :

Workpiece Circumference = the distance around the
workpiece periphery
(being cut) in feet.

™
d

is a constant, of 3.1416

the cutter diameter in inches

By substituting for the workpiece circumference, the cutting
speed can now be written as:

SFPM = .262 x d x RPM
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This formula can be used to determine the cutting speed at
the periphery of any rotating workpiece on the surface being

machined. For a more in depth explanation of cutting speed
refer to the " MILLING MANUAL".

EXAMPLE #1

If you were finish turning a steel axle shaft to a 3.25" dia-
meter at 1057 RPM, what cutting speed would this represent?

SFPM = .262 x d x RPM = .262 x 3.25 x 1057
ANSWER : SFPM = 900

EXAMPLE #2

What RPM would you select to maintain a cutting speed of 2000
SFPM on a cast iron brake drum with a finished outer diameter
of 7.2"?
RPM =  SFPM = 2000 = 1060
.262 x d .262 x 7.2

ANSWER : RPM = 1060

The prevalent use of CNC lathes with constant surface speed
control has virtually eliminated the need to manually cal-
culate surface speeds. The machine operator or programmer can
select a surface speed, and the machine will automatically
determine and alter the RPM as the turning tool traverses the
different diameters along the workpiece's outer profile. The
ability to calculate cutting speeds, however, is a continued
requirement to determine cycle times for part processes.

Once the cutting speed is selected for a particular work-
piece material and condition, the appropriate feed rate must
be determined. When we establish feed rates for turning
tools, the goal in roughing applications is to attain the
maximum metal removal rate possible with the available part
rigidity and machine horsepower. In finish turning opera-
tions, feed rates are established to produce the surface fin-
ish specified on the part blueprint. Feed in turning is mea-
sured in inches per revolution, or IPR. This represents the
linear distance the tool moves in inches for each revolution
of the part. The feed is also expressed as the distance trav-
eled in a single minute, or IPM (inches per minute). To
calculate the feed in IPM, use the following formula:

IPM = IPR x RPM

Where :
IPM = inches per minute
IPR = inches per revolution
RPM = revolutions per minute
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The selection of feed rates is often based on prior test work
and the establishment of a chip form diagram which indicates
where acceptable chip control can be attained when using a
specific chip breaker at various depths of cuts and IPR
settings on a workpiece material. The picture below shows an
example of a chip form diagram, with the shaded area high-
Tighting where acceptable chip control exists:
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Chip control diagrams make the assumption that the IPR set-
ting is equal to the actual chip thickness; therefore, these
diagrams make no provisions for the chip thinning that occurs
when using lead angle turning tools. The illustration below
shows the ratio of actual chip thickness to IPR (feed/revolu-
tion in inches) when using a lead angled turning tool:
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" ST

C.T.=.71

x IPR
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Theoretical surface finish - microinches

SURFACE FINISHES IN TURNING

The surface finish produced on the part during a turning
operation is dependent on the rigidity of the tool, machine
and workpiece, as well as the relationship between the
machine feed (IPR) and the nose radius on the insert. To
obtain the theoretical surface finish for a turning operation
in microinches, use the following chart:
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(Source : Mark's Std. Handbook For Mech. Engr.'s)

This chart can help you select a specific feed to attain a
blueprint finish specification once the tool radius has been
selected or it can be used to select a radius size given a
machine feed and finish requirement.

26



CUTTING ANGLES & FORCE AND WORKPIECE MATERIALS

In general, the softer and more ductile the workpiece mater-
ial, the greater the top rake of the turning tool. Ductile
workpiece materials demand high positive shearing angles
while harder tougher materials require more neutral or nega-
tive geometries. The following general recommendations are
for the top rake angles normally associated with the ma-
terials listed:

Recommended

Material Top Rake
Aluminum 20 positive
Titanium, Inconel 10 positive
Low Carbon Steel 5 positive
High Carbon Steel 0-5 negative

The selection of the appropriate clearance angle for a par-
ticular workpiece material is just as critical as determining
the proper top rake angle. Single point turning tools need
end and side clearance angles in order to enter the cut, thus
starting chip formation. Tools without clearance will push
away from the workpiece and, therefore, will not allow chip
formation to take place. The following 1ist of general
recommendations are for the clearance angles normally
associated with the materials listed:

Recommended

Material Clearance
Aluminum 10
Titanium, Inconel 6
Low Carbon Steel | 5
Alloy Steels 4

CUTTING FORCES IN TURNING

The tangential, radial and axial cutting forces are the three
primary loads which act on the workpiece in a turning opera-
tion. The tangential force has the greatest effect on the
power consumption of a turning operation, while the axial or
feed force exerts pressure through the part in a longitudinal
direction. Finally, the radial force tends to push the work-
piece and toolholder apart. When these component forces are
added together a resultant cutting force is established. The
following picture illustrates the relationship of these
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forces as they act on a workpiece:

\ F| I F = RESULTANT CUTTING FORCE

\ | |Ft — TANGENTIAL CUTTING FORCE

F. = RADIAL FORCE (D. 0. C)

The ratio of the cutting forces in turning is, 4:2:1 for a
zero degree lead angled tool. In other words, if the tan-
gential force was 1000 1bs. then the axial (feed) force would
be 500 1bs. and the radial force 250 1bs. This is a rough
guideline, but it illustrates -that the tangential force is
always the largest component of the resultant cutting force.
The axial force is normally the second largest of the three
component forces and the radial is often the smallest
component. The magnitude of the radial and axial force is
altered as the toolholder lead angle is changed. The greater
the lead angle, the larger the radial cutting force and the
smaller the axial (feed) force in a turning operation.

LEAD ANGLE

The lead angle of a turning tool is often selected based on
the geometry of the workpiece or on the material condition.
For example, when cutting through scale, interruptions or a
hardened surface, a lead angled tool will allow you to main-
tain a reasonable rate of productivity without subjecting the
insert edge to severe shock, thereby minimizing the effects
of notching. This results by taking advantage of the chip
thinning properties of the lead angle mentioned earlier.
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This benefit, however, must be balanced against the
possibility of increased part deflection or vibration due to
the larger radial force created by the lead angle. The radijal
force increases as the lead angle of the holder becomes larg-
er as stated earlier and illustrated by the picture below:

F:

Radial

ol

Radial

Fixml Fixhl

LEAD ANGLES AND CUTTING DEPTHS

Zero degree lead turning tools produce chips that are equal
in width to the cutting depth of the turning operation. When
a lead angle tool is introduced, the effective cutting depth
and corresponding chip width will exceed the actual cutting
depth of the workpiece. This phenomenon should be considered
when using chip formation diagrams for specific chip breaker
styles. See the pictures below for a complete explanation of
the relationship between effective cutting depth and lead
angles:

RADIAL
D.O.C.

EFFECTIVE CUTTING
DEPTH
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PRODUCTIVITY

Productivity in a turning operation can be improved by in-
creasing the depth of cut, feed rate or cutting speed provid-
ed the appropriate level of machine horsepower is available.
We will examine the effects of increased productivity on the

cutting edge and workpiece as these parmaters are increased
individually.

DEPTH OF CuT

The easiest cutting parameter to alter is the depth of cut.
Doubling the depth of cut in a turning operation will double
productivity without any increase in cutting temperature,
cutting force per square inch of material removed (specific
cutting force) or the tensile strength of the chip. The
horsepower consumed will virtually double without any re-
duction in tool life (specific wear per inch of cutting edge
length) assuming the cutting edge can withstand the added
tangential cutting force. However, it is not always possible
to increase the depth of cut to gain additional productivity,
since there might not be any remaining material to remove.

FEED RATE

The feed rate is often very simple to alter, therefore, it is
the second most likely parameter to increase to gain added
productivity. Doubling the feed rate makes the actual chip
twice as thick thus making it much more difficult to curl and
bend. However, the tangential cutting force, cutting tempera-
ture and horsepower increase, but they aren't doubled. This
occurs because the tool is cutting more efficiently and less
power is being wasted in heat generation per cubic inch of
material removed. Tool life is reduced, but not halved. The
additional force impeded on the cutting edge often causes
cratering of the top rake insert surface due to the increased
temperature and friction generated during the cut. But, the
cutting force per square inch of material removed (specific
cutting force) is actually decreased. Obviously, if the feed
is increased without monitoring the effect on the tool cat-
astrophic failure of the insert will result when the chip
becomes stronger than the cutting edge.

SPEED

Increased cutting speed imposes numerous detrimental effects
on the cutting edge. In addition to a significant rise in
cutting temperature, doubling the cutting speed requires more
power and imposes a substantial reduction in tool Tife (by
more than half) in turning operations. The tangential and
specific cutting forces actually diminish under this scenario
as more power is consumed in heat generation per cubic inch
of workpiece material turned. Therfore, the actual load on
the top rake face of the insert is less, but cratering can
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still result due to the higher cutting temperature.

These three methods of increasing productivity are summarized
in the chart below:
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RIGIDITY IN BORING

Part geometries can have external turning operations as well
as internal operations. Internal single point turning is
referred to as boring, and can be utilized for either a
roughing or finishing operation. Single point boring tools
consist of a round shaft with one insert pocket designed to
reach into a part hole or cavity to remove internal stock in

one or several machine passes. The picture below shows a typ-
ical boring bar:

The key to productivity in boring operations is the tool's
rigidity. Boring bars are often required to reach long dis-
tances into parts to remove stock. Hence, the rigidity of the
machining operation is compromised because the diameter

of the tool is restricted by the hole size and the need for
added clearance to evacuate chips. The practical overhang
limits for steel boring bars is four times their shank
diameter. When the tool overhang exceeds this limit, the
metal removal rate of the boring operation is compromised
significantly, due to a lack of rigidity and the increased
possibility of vibration. If we consider a boring bar as a
round beam we can approximate its deflection using the
formula on the following page:

L L L L LS

NN N NN
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3
DEFLECTION = 6.79 x W x L

4
ExD

Where : D = The diameter of the beam in inches
E = The modulus of elasticity of the beam (PSI)
L = The Tength of the beam in inches
W = The load on the beam in pounds

The purpose of discussing the beam formula is to illustrate
some basic concepts, not to calculate specific deflections.
Since one of the major keys to successfully applying boring
tools is to provide the most rigid setup possible, it is
important to understand what effects the stiffness of a
boring bar and thus limits its deflection. The beam deflec-
tion can be minimized for a given load by altering either the
beam length, diameter or material (modulus of elasticity).
The beam diameter has the greatest effect on its stiffness or
resistance to deflection. This is shown in the formula since
the diameter is to the fourth power. A 15% decrease in the
beam diameter will reduce rigidity by 48% and increase beam
deflection by 92%, while a 15% increase in length will reduce
rigidity by only 34% and increase deflection by 52%. There-
fore, it's obvious that in terms of dimensional changes to a
round beam (boring bar), a change in diameter will have a
greater effect on rigidity than a change in length.

Diameter Length | Change In

Change | Change | Deflection
-15% 0 +92%
0] +15% +52%
+15% 0 -43%
0 -15% -38%
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However, the beam material also plays an important role in
its rate of deflection. This material characteristic is known
as the modulus of elasticity (E) in the beam equation. The

following list shows the modulus of elasticity for common
boring bar materials:

MATERIAL MODULUS (E)

Steel 30,000,000 psi
Heavy Metal 45,000,000 psi
Carbide 90,000,000 psi

A beam made of steel will deflect three times as much as one
made from carbide, assuming they are identical dimensionally,
since the modulus of elasticity for steel is one third the
value of carbide. The modulus of elasticity is a material
constant, characteristic of the material and independent of
its hardness. Therefore, heat treating a steel boring bar
will have no effect on its modulus of elasticity nor its
resistance to deflection (stiffness). The effect of changing
the material in a boring bar is illustrated by the graph
below, where increased beam deflection is plotted against a
decreasing modulus of elasticity:

Increased Deflection vs Decreased Elastic
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The key points to rigidity in boring applications are:

1. Changes in length will have less effect on rigidity
and deflection than changes in the diameter of round
beams or boring bars.

2. Changes in the beam or boring bar material will pro-
duce Tinear changes in rigidity and deflection.

3. Heat treating a steel beam or boring bar will not
change its modulus of elasticity (E) and, therefore,

its rigidity and rate of deflection will remain
constant.
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TURNING OPERATIONS

The following pictures illustrate the different types of
single point external turning operations:

o ‘
Threading
Grooving |
: Facing
O.D. Turning
Profiling

A11 turned workpieces will utilize one, a combination or all
of these operations to produce a finished part. It is inter-
esting to note that the operations shown above are all exter-
nal turning operations, these same operations can be perform-
ed using boring bars on the internal diameters of workpieces.
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INTERNATIONAL MATERIAL COMPARISON

Material USA Germany
Number AISI# DIN Description
1.0401 C1015 Cl15 Plain St1. C < 0.2%
1.0402 C1020 C22 Plain St1. C .2-.3%
1.0501 C1035 C35 Plain Stl1. C .3-.4%
1.0503 C1045 C45 Plain Stl1. C .4-.5%
1.0601 C1060 C60 Alloyed Steel
1.0715 1213 9SMn28 Plain St1. C < 0.2%
1.0718 12113 9SMnPb28 Plain St1. C < 0.2%
1.2080 D3 X210Cr12 Alloyed Steel
1.2341 P4 X6CrMo4 Alloyed Steel
1.2344 H13 X40CrMoV51 Alloyed Steel
1.2436 D6 X210CrW12 Alloyed Steel
1.2550 S1 60WCrvV7 Alloyed Steel
1.2601 D7 X165CrMoV12 Alloyed Steel
1.2842 01 90MnCrV8 Alloyed Steel
1.4006 410 (G)X10Cr13 Stainless Steels
1.4016 430 X8Crl7 Stainless Steels
1.4021 420 X20Cr13 Stainless Steels
1.4017 431 X20CrNil7 Stainless Steels
1.4104 430F X12CrMoS17 Stainless Steels
1.4112 4408 X90CrMoY18 Stainless Steels
1.4301 304 X5CrNi189 Stainless Steels
1.4306 304L X2CrNi189 Stainless Steels
1.4404 316L X2CrNiMo1810 Stainless Steels
1.4541 321 X10CrNiTi189 Stainless Steels
1.6511 9840 36CrNiMo4  Alloyed Steel
1.7035 5135H 41Cr4 Alloyed Steel
1.7228 4147 50CrMo4 Alloyed Steel
1.8159 6150 50CrVva Alloyed Steel
HASTELOY X same Heat Resistant Steel
INCONEL 625 same Heat Resistant Steel
INCONEL 718 same Heat Resistant Steel
INCONEL 901 same Heat Resistant Steel
NIMONIC 80A same Heat Resistant Steel
NIMONIC 105 same Heat Resistant Steel
NIMONIC 118 same Heat Resistant Steel
WASPALOY same Heat Resistant Steel
3.7025 Ti 99.8 ASTM B381 Titanium
3.7164 TiAl6V4 MIL-T-9047 Titanium
3.7174 TiA16V6Sn2  MIL-T-9046F Titanium
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HARDNESS COMPARISON TABLE

Tensile Strength Tensile Strength
(PSI) (N/mm) BHN Rb Rc (PSI) (N/mm) BHN Rc
60,200 415 124 71.2 - 172,600 1190 352 37.7
65,300 450 133 75.0 - 176,900 1220 361 38.8
69,600 480 143 78.7 - 182,000 1255 371 39.8
74,000 510 152 81.7 - 187,000 1290 380 40.8
79,000 545 162 85.0 - 191,400 1320 390 41.8
83,400 575 171 87.1 - 195,800 1350 399 42.7
88,500 610 181 89.5 - 200,800 1385 409 43.6
92,800 640 190 91.5 - 205,900 1420 418 44.5
97,900 675 199 93.5 - 211,000 1455 428 45.3
102,200 705 209 95.0 - 215,300 1485 437 46.1
107,300 740 219 96.7 - 220,400 1520 447 46.9
111,700 770 228 98.1 - 225,500 1555 456 47.7
116,600 800 238 115.1 - 231;300 1595 466 48.4
118,900 820 242 23.1 236,400 1630 475 49.1
123,300 850 252 24.8 241,400 1665 485 49.8
127,600 880 261 26.4 246,500 1700 494 50.5
130,500 900 266 27.1 252,300 1740 504 51.1
134,900 930 276 28.5 257,400 1775 513 51.7
137,800 950 280 29.2 262,500 1810 523 52.3
144,300 995 295 31.0 267,500 1845 532 53.0
149,400 1030 304 32.2 272,500 1880 542 53.6
153,700 1060 314 33.3 278,400 1920 551 54.1
158,800 1095 323 34.4 283,500 1955 561 54.7
163,100 1125 333 35.5 289,300 1995 570 55.2
167,500 1155 342 36.6 294,400 2030 580 55.7
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REVIEW QUESTIONS

. Why would you select an insert with a chip breaker on just

one side when several inserts are available with chip
breakers on two sides?

. What is top rake?

. Why are side and end clearance angles required on turning

tools?

. What is the relationship between lead angle and the radial

force generated during turning?

. What is the cutting speed when turning a 4.5" finished

diameter at 640 RPM?

. Why is a square considered stronger than a triangular

shaped insert?

If you wanted to increase productivity in a turning

operation, why is increased feed preferred over increased
speed?

. How does a lead angle influence chip breaking?

. How can you distinguish a right from left hand turning

tool?

Why are hones, negative lands and chamfers used on
inserts?

What has the greatest influence on the rigidity of a
round tool, changes in length or diameter?

What factors influence chip breaking?

Which Hertel chip breaker would you use to finish turn
a steel shaft at .005" IPR?

Why should feed rates be increased to provide adequate

chip breaking when the depth of cut approaches the insert
radius?

What are the four primary turning tools, and what types
of operations are they used on?
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INTRODUCTION

Milling is a complicated metal removal process which normally
involves a multiple tooth rotating cutter body and a clamped
workpiece fed in a Tinear direction against it. While turning
is often used to create round surfaces with a single cutting
edge, milling frequently uses several cutting edges in a
single tool, to create flat or contoured surfaces. In mill-
ing, unlike turning, the cutting edge is cyclically entering
and exiting the cut. This phenomenon alone adds to the
complexity in application of the milling process and tools
since it requires the machine operator or tool engineer to
have an excellent working knowledge of cutter geometry,
cutting edge density, horsepower and the rigidity required to
effectively apply the process.

The range in use of the milling process is extensive in terms
of variation in machining operations. For example, it is used
to reduce the thickness of a 6 Ft. wide by 20 Ft. long ingot
of aluminum by one inch in a single machine pass or to con-
tour the radius on a titanium turbine blade. The versatility
and efficiency of the milling process is best illustrated by
the variety of industries in which it is commonly used in-
cluding aircraft, automotive, power generation, oil field and
machine tool manufacturing. Our focus for this material is to
concentrate on milling in terms of modern indexable tooling
with replaceable carbide inserts.
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MILLING CUTTER STYLES

Milling cutters are generally defined by one of the three
categories outlined below:

FACE MILLS

The face mil1l is normally defin-
ed as that milling tool in which
one row of periphery mounted in-

serts is used to mill stock at a [ | 1
depth of cut equal to the amount ( |
of material removed from the S [ }— 1
workpiece perpendicular to the Z/

axis of rotation. Face mills are S

generally designed to remove

large volumes of material in a
single machine pass on a wide
flat workpiece surface.

END MILLS

The end mill is normally defin-
ed as that milling tool in

which the surface machined with
the end of the cutter is perpen-
dicular to the axis of rotation
and the surface machined by the
tool periphery is parallel to
the axis of rotation. The cutting
edges on an end mill are located
on its face and periphery and ex-
tend along its length parallel e
to the axis of rotation. This
milling tool is generally used

to perform intricate operations
where limited clearance prohibits
the use of a face mill or where
slab milling is required.

el

ARBOR OR SLOT MILLS

Arbor mills or slotting cutters

are normally defined as those mill-
ing tools used to machine three
surfaces simultaneously in a sin-

gle machine pass. The slot produced
using these tools has two sidewalls
perpendicular to the axis of rotation
and a bottom surface parallel to the
axis of rotation. A slotting mill has
cutting edges which mill on two faces
and its periphery. Arbor mills are
preferred over end mills, since they
often are more rigid and productive on
slotting operations.
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MILLING MACHINES

The CNC Machinery used to mill today's intricate workpieces
is often more powerful and versatile than its manual counter-
parts of 10-15 years ago. However, there is still a signifi-
cant amount of manual machinery in production applications.
Let's take a look at the differences between these machines
and their distinct features.

RAM TYPE MILLING MACHINES
This type of Tow horsepower
(1.0-5.0) manual milling mach-
ine has been the most common
machine for tool rooms in the
past 30 years. The ram, table
and knee of this simple
machine have adjustment, thus
providing several options for
1ight duty machining with its
vertical spindle.

KNEE TYPE MILLING MACHINES

This manual machine has a cast
column which holds the spindle
fixed in a stationary position.
The machine's saddle, knee and
table are all adjustable under

its horizontal or vertical spindle.
The knee mill is a general purpose
roughing machine for medium duty
metal removal with spindle power
from 5-50 horsepower.

PLANER TYPE MILLING MACHINES

A planer mill may have a fixed bed
or a combination of moveable heads
and table instead of the fixed spindle
arrangement common to the knee type
machine. This style of machine is
designed for heavy duty machining
due to its rigid construction.
Planer mills are often used to

make long machine passes on work-
pieces which require a moderate
number of simple machining opera-
tions. Planer mills have been built

% :'3-.'\77 R
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with up to 100 plus horsepower
spindles.
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The CNC machine tool is a product which is available in a
multitude of configurations. The word "axis" refers to any
rotational or linear machine move that can be controlled

by a CNC command; this, however, does not include the spindle
rotation which is never considered as an axis.

VERTICAL CNC MACHINING CENTER (3-AXIS)

The development of computer numerical controlled machinery (CNC)
has led to the virtual standardization of a variety of machine
tools. The vertical 3-Axis machining center can move in the x
(front to back), y (right to left) and z (up and down) planes
while under computer control. These machines are available in
a broad range of workpiece cube (x,y, and z movement ranges)
and horsepowers which are selected based on part require-
ments. The movement of the machine is accomplished in a
variety of ways depending on the manufacturer. The head
containing the spindle can be fixed and the machine table

will move in all three axises x,y and z. There are three

axis machines where the table is stationary and the spindle
moves in the x,y and z planes.
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VERTICAL CNC MACHINING CENTER (5-AXIS)

The 5-axis machine tool normally has multifunctional tables
which often provide two additional axes over the 3-axis
machine. For example, if the stationary table on the 3 axis
machine from the example above were replaced with a table
that both rotated and tilted, we would have created a 5-axis
machine tool. The x,y and z movements of the spindle would
represent the first three axes, while the tilting and rotary
movements of the machine table would account for the fourth
and fifth axes. The movement of the machine can be provided
at the spindle only, or at the table exclusively, or any
combination of the two. There are grinding machines which
have as many as 8-axes under CNC control, so the flexibility
and complexity of the multiaxis machine tools are virtually
without Timitation.

|||II|
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MACHINE SPINDLE ADAPTION

A face, end or slotting mill are rotating cutting tools which
require a high degree of mounting accuracy and rigidity for
optimal performance in terms of tool 1ife and productivity.
Therefore, the adaption of the tool to the machine spindle
face is critical. This can be accomplished either by mounting
the tool directly to the spindle face or by using an inter-
mediate tapered adaptor. Many of the adaption systems used
today are based on some type of tapered adaptor which is held
in the machine spindle by either a threaded drawbar or a
drawbar which grips the retention stud at the back of the ad-
aptor. The adaptor is then driven by keys mounted on the
spindle face. See the illustrations below:

Spindle
Threaded :
Drawbar Drive Keys -

Force

CATERPILLAR TAPERED SHANK ADAPTORS

The Caterpillar taper shank adaptor mounts directly into a
machine spindles tapered hole and is secured by a draw bar
which grasps the retention stud (knob) at the back of the
adaptor. This system is available in a 30, 35, 40, 45 or 50
taper and is covered by ANSI Standard No. B5.50. The physi-
cal taper size is normally selected by the machine builder
based on the available horsepower of the machine or the total
Tength of the tools to be used on the machine. The unique
feature of these holders is the design of the flange (V)
which is used by the machine tool change device to pick the
tool from the tool chain or magazine (storage system) and
place it in the tapered spindle hole. The rear of the adaptor
is threaded so a variety of retention studs can be used in a
single holder to accommodate different machine grippers. This
system is the American Standard. See page 48:
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Retention — .
Stud Thread

L Toolchange Groove

BT TAPERED SHANK ADAPTORS

This adaptor system has the same type of taper configuration
as the CAT V system except the tool change gripper groove is
different. This system also has a threaded section for inter-
changing retention studs (knobs). However, the threads on a
BT adaptor are often metric and therefore, the retention
studs are rarely interchangeable with those used in the CAT V
system. The BT system works under the same principles as
those described for the CAT V system except this system is
the Japanese standard. See the illustration below:

Retention — .
Stud Thread

e

— Toolchange Groove
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NMTBA TAPERED SHANK ADAPTORS

The NMTBA (national machine tool builders assoc.) tapered
adaption system has two distinct differences from the CAT V
standard. First, instead of pulling the tool from a retention
stud, the machine draw rod threads into the back of the adap-
tor to secure the tool axially in the machine. The second
major difference is the fact that the system is used on
machines without automatic toolchangers and therefore, the
tool has no tool change groove, but has a flange ahead of the
machine taper. See the jllustration below:

No Toolchange
Y Groove

~

Internally Threaded
For Machine A
Drawbar Retention

FLAT BACK DRIVE

In some cases milling cutters can be mounted directly to the
spindle face. When this occurs, the drive keys and threaded
bolt mounting holes on the spindle match the keyslots and
align with the bolt hole pattern on the cutter. The cutter is
then mounted directly on the spindle face after inserting a
centering plug in the spindle taper. This type of drive sys-
tem is called flat back drive, and it provides the maximum
rigidity possible since it has no extension or overhang from
the spindle face. When the flat back drive of a face mill is
different than the spindle design an adaptor or rotary tool-
holder is used to mount the cutter to the machine.
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GEOMETRY OF THE CUT

The milling process is a combination of rotary and linear
movements which are used to remove excess workpiece material.
The selection of the milling cutter style is often dependant
on the part configuration and the machine type. For example,
a slot can be produced using either an end mill or an arbor
mill. In either case, the workpiece is fed linearly into a
rotating tool, but in the case of an end mill the direction
of the feed is radial while the feed direction would be tan-
gential with an arbor mill. Although the direction of feed is
different, in either case the tools axis of rotation is per-
pendicular to the feed direction. Arbor mills have periphery
mounted inserts which stretch across the width of the too]
while face mills possess a single row of periphery inserts
mounted on the outer corner of the tool.

The distinction between face and arbor (periphery) milling
can be made by establishing the direction of cut or stock
removal. Face mills reduce the size of a workpiece by remov-
ing stock in an axial direction in Tine with the axis of
rotation. Therefore, the depth of cut (D.0.C.) in facemilling
is in an axial direction relative to the tool. Arbor mills,
however, remove stock in a radial direction relative to the
axis of rotation, and ,therefore, the depth of cut establish-
ed using an arbor mill will always be a radial depth.

The width of material removed perpendicular to the axis of
rotation in a facemilling operation establishes the radial
width of cut (W.0.C.). In arbor millihg, the width of cut is
measured in line with the axis of rotation and therefore is
the amount of stock removed from the workpiece in this
direction. Please review the pictures below:

AXIAL

r»—X>

RADIAL
D.O.C.

RADIAL
B ——

AXIAL
D.O.C

W.0.C.

FACE MILL ARBOR MILL
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INSERT CLAMPING SYSTEMS

There are a variety of commercially available clamping sys-
tems for indexable inserts in milling cutter bodies. The
examples shown cover the most popular systems now in use:

WEDGE CLAMPING

Milling inserts have been clamped using wedges for many years
in the cutting tool industry. This principle is generally ap-
plied in one of the following ways: either the wedge is de-
signed and oriented to support the insert as it is clamped or
the wedge clamps on the cutting face of the insert forcing
the insert against the milling body. When the wedge is used
to support the insert, all of the force generated during the
cut must be absorbed by the wedge. This is why wedge clamping
on the cutting face of the insert is preferred, since this
method transfers the loads generated by the cut through the
insert and into the cutter body.

The wedge clamping system, however, has two distinct dis-
advantages. First, the wedge covers almost half of the insert
cutting face thus obstructing normal chip flow while produc-
ing premature cutter body wear and secondly, high clamping
forces causing clamping element and cutter body deformation
can and often will result. The excessive clamping forces can
cause enough cutter body distortion that in some cases when
Toading inserts into a milling body, the last insert slot
will have narrowed to a point where the last insert will not
fit in the body. When this occurs, several of the other in-

serts already lToaded in the milling cutter are removed and
reset.

CLAMPING

WEDGE CLAMPING
WEDGE

50



SCREW CLAMPING

This method of clamping is used in conjunction with an insert
that has a pressed countersink or counterbore. A torx screw
is often used to eccentrically mount and force the insert
against the insert pocket walls. This clamping action is a
result of either offsetting the centerline of the screw
toward the back walls of the insert pocket or by drilling and
tapping the mounting hole at a slight angle thereby bending
the screw to attain the same type of clamping action. Screw
clamping is excellent for small diameter endmills where space
is at a premium it also provides an open unhampered path for
chips to flow free of wedges or any other obstructive hard-
ware. Screw clamping produces lower clamping forces than
those attained with the wedge clamping system. However, when
the cutting edge temperature rises significantly, the insert
frequently expands and causes an undesirable retightening

effect increasing the torque required to unlock the insert
screw.

e —"

INSERT 77

INSERT 7
SCREW e

CLAMP STUD CLAMPING

This clamping system utilizes a clamp stud (bent nail) and

a screw to mount countersunk inserts in insert pockets with
dovetail walls. This system is especially suitable for rough-
ing operations since there are no protruding clamping ele-
ments to hamper chip flow since the clamping screw is not in
direct contact with the insert, this system avoids the un-
desirable thermal effects which are common to the screw
clamping system. The clamp stud pulls the insert down to the
pocket floor and back against the pocket walls as the clamp-
ing screw is tightened. The unique pocket geometry and insert
designs associated with this system (system Fix-Perfect) re-
sult in milling cutters designed to generate optimum cutting
action and thus performance.
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MILLING CUTTER GEOMETRY

The predominant angles most often used to describe milling
cutter geometry are the Radial and Axial Rake and Lead. The
peripheral Clearance and Bevel Angles are generally consider-
ed as being of secondary importance. The radial and axial
rake in combination with the lead angle have a significant
effect on the cutting edge entry into the workpiece, chip
formation and flow, the tool 1ife and the magnitude and
direction of the resultant cutting force. Rake angles are
normally described as being either positive or negative in
orientation with respect to some reference. When the outer
radial insert edge leads, the radial rake is positive. In the
case of the axial rake, when the lowest point along the axial
cutting edge leads, the axial rake is positive. Changes in
the axial rake influence chip formation while alterations in
the radial rake can effect the power consumption. Let's
examine these different angles individually:

RADIAL RAKE ANGLE

When a face mill is mounted on a machine spindle and we look
at the major diameter of the tool with its rotational axis as
the center point, we are observing the tool in its radial
view. In this view we can determine whether the radial rake
is either positive or negative. If we extend a line from the
center of the cutter to the outer most point on any cutting
edge in this view, we can distinguish positive from negative
radial rake. Positive radial rake is described in the picture
below on the left, where the entire cutting edge is behind

the radial Tine passing through the outer-most point (cutting
diameter) on the insert.

The right hand picture below illustrates negative radial
rake, which occurs when the inside edge of the insert
projects beyond the radial line passing through the outer
most point (cutting diameter) on the insert.

AT S

\

K—I_J Negative

Radial
Rake
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AXIAL RAKE

When we observe a face mill from the side with the mounting
surface at the top of the picture and the thickness of the
tool along its rotational axis, the face mill is in its axial
view. If we extend the centerline of the face mill through
the point on an insert which defines the cutter thickness, we
can determine whether the axial rake is positive or negative.
Positive axial rake is described by the picture below on the
left, where the lowest point along the axial cutting edge
will lead the insert into the cut. Negative axial rake is
shown on the right in the picture, below where the lowest
point along the axial cutting edge trails the remainder of
the insert edge as it enters the cut.

2§§$ve Negaﬁve
I 1 [ Bk |
—
LEAD ANGLE

The Tead angle is shown in the picture below and is defined
as the angle which is described between a line drawn paral-
Tel to the cutter centerline through a point on the insert at
the effective cutting diameter and a line projecting through
the rake plane of the insert.

LEAD
ANGLE

BEVEL
ANGLE
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The complementary angle to the lead angle is called the bevel
angle. Therefore, the total of these two angles for any given
cutter is 90 degrees. The lead angle for ANSI standard mill-
ing cutters is normally 0, 15, 20, 30 or 45 degrees. As the
Tead angle increases for a given milling operation. the axial
force component of the cut increases, but the actual chip
thickness becomes a smaller percentage of the feed per in-
sert. In high production face milling operations, large lead
angle cutters are used to minimize breakout by taking advan-
tage of the chip thinning effect of these tools. Milling
tools with 0 degree lead angles generate higher feed forces
and greater chip loads and, therefore, have a tendency toward
creating vibration in the machining system. The pictures

below show the effects of lead angles on the axial and feed
forces.

—

» T

> T1

> T1

E

E = FEED FORCE E= AXIAL FORCE
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COMBINATIONS OF RAKE ANGLES

The four combinations of rake angles produce a variety of
cutting actions which are favorable for some workpiece
materials but detrimental to others. We will discuss these
combinations of rake angles starting with the strongest
geometry and progressing toward the weakest.

AXIAL AND RADIAL RAKE NEGATIVE

This combination provides the strongest insert geometries
with the greatest number of available cutting edges or index-
es. However, double negative geometries produce the highest
cutting forces and, therefore, they generally require more
rigid fixturing, parts and machine tools. This geometry is
very popular in high production applications for roughing of
grey cast iron components. These tools are often used on
harder workpiece materials where a strong insert crossection
is required to survive the extreme impact loading and stress
delivered by hardened steels and cast iron. However, this is
a poor choice in geometry for deep wide cuts on long chipping
ductile materials, since the chip normally welds and crushes
against the cutting edge and will not flow smoothly away from

the cutting zone, thereby making it difficult to evacuate and
hence reducing insert life.

Negative
Radial ]
Rake

C g -g‘::r;'-‘i—

AXIAL RAKE POSITIVE-RADIAL RAKE NEGATIVE

This geometry produces spiral chips which are easily evacuat-
ed in deep wide cuts on long chipping workpieces while also
taking advantage of a very strong stable cutting edge. The
cutting geometry of this angle combination is well suited to
low carbon steels, die steels and a wide variety of ductile
ferrous materials.
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—— X Rake
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AXIAL RAKE NEGATIVE-RADIAL RAKE POSITIVE

The "Fix-Perfect" cutting system is designed around this com-
bination of angles. When this geometry is combined with the
clamp stuc insert mounting system, high productivity milling
is achieved. The negative axial rake protects the insert
corner from the impact normally experienced at the entry of
the cut, since the upper portion of the insert contacts the
workpiece first. The positive radial rake provides low
cutting forces and power consumption, making this a very
efficient cutting geometry on steels and cast irons. The
angle combination produces spiral chips which are easily
evacuated on long chipping workpiece materials.

/
~ C
Negative
Axial
Rake
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AXIAL AND RADIAL RAKE POSITIVE

This angular combination produces the lowest cutting forces
but it also uses the weakest most fragile cutting edge geo-
metry. Productivity on ferrous workpieces is low with double
positive geometry in comparison to other angle combinations.
This geometry produces long spiral chips on long-chipping
materials. Double positive geometry is often used on light
metals such as low silicon aluminums, magnesium etc.

] Positive
Axial
\ N oy —— £
Positive
Radial
Rake
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CONVENTIONAL AND CLIMB MILLING

The application of the milling tool in terms of its machining
direction is critical to the performance and tool life of the
entire operation. The two options in milling direction are
described as either conventional or climb milling.

CONVENTIONAL MILLING

Conventional or up-milling occurs when the cutter rotation
pushes against the direction of the workpiece feed. The in-
sert enters the workpiece at zero chip thickness and exits
the cut at a maximum chip thickness.

CONVEN. MILLING (FACE MILL)
FEED

DIRECTION
OF
ROTATION

DIRECTION
OF
ROTATION
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Therefore, the insert enters and slides until a minimum chip
thickness is attained to produce chip formation. This phenom-
enon hardens the surface of the part and thus each successive
insert has to work its way through the hardened Tayer which
ultimately reduces tool Tife. Conventional milling is unde-
sirable in those cases where chip welding is a problem since
if a chip is welded to an insert and carried around to the
entry point of the cut it will be wedged between the work-
piece and the insert, resulting in breakage.

Up-milling is recommended for materials with a hard scale
or flame cut surface. Using this method, the insert enters
below the part surface and thus avoids any increased impact
loads which could be detrimental to tool life.

THE INSERT EXITS THROUGH
THE SURFACE SCALE

=5

5" HARD SCALE
,/ PRODUCED BY
THE FLAME CUT

THE INSERT ENTERS BELOW
THE SURFACE SCALE
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CLIMB MILLING

Climb or down-milling occurs when the cutter rotation pulls
in the same direction as the workpiece feed. The insert en-
ters the workpiece at a near maximum chip thickness and exits
the cut at zero chip thickness. This is true whether the
milling cutter selected is a face or an arbor mill.

CLIMB MILLING (FACE MILL)

DIRECTION
OF
ROTATION

< FEED

DOWN MILLING (ARBOR MILL)

DIRECTION
OF
ROTATION

FEED IO >

Climb milling is preferred over conventional milling because
it causes less heat and requires less feed drive power which
reduces overall power consumption for the operation. Since
there is no sliding action at the entry of the cut, climb
milling produces better tool life than conventional milling.
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Climb mil1ling should be avoided only when the feed drive
system has backlash which will cause momentary fluctuations
in the actual feed per insert and insert breakage due to
increased chip thickness. Climb milling is the preferred
method for high-nickel alloys, titanium and stainless steels

to avoid the disastrous effects of workpiece workhardening on
tool life.

MILLING DIRECTION

CLiIMB| CUTTING PARAMETER CONV.

HEAT
GENERATION

< POWER >
CONSUMPTION

EFFICIENCY

61



MILLING CUTTER POSITIONING

In milling, the position of the cutter relative to the work-
piece can influence the level of vibration and the ultimate
tool life of the operation. Milling inserts are subjected to
impact shock lToading every time they enter the cut. The
severity and magnitude of these loads can be controlled by
properly selecting the appropriate cutter geometry, diameter
and position which best suits the machining condition.

Cutter Centerline

—P [&— Outside Of

Initial Insert workpiece
Impact Through
Outer Edge FEED

In the picture above, the initial impact of the cut is ab-
sorbed by the outer edge of the insert, since the centerline
of the cutter is outside the workpiece. In this case the im-
pact shock load is entirely concentrated on the most vulner-
able point on the insert which often leads to fracture or
premature wear through micro-chipping.

Cutter Centerline

—P i— Inside Of
workpiece

Initial Insert i et =y 1
Impact Through -, - - FEED
Insert Center | A =
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The picture on the bottom of page 26 illustrates proper
cutter positioning with the centerline of the cutter inside
the workpiece and the entry impact load transmitted through
the center of the insert. As a general guideline, 1/4 to 1/3
of the cutter body should overhang the workpiece on the entry
side of the cut to insure that the appropriate entry angle is
maintained. This is illustrated in the picture shown below:

” Overhang = .‘
D/4to D/3

FEED

/
\
2> JL
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CALCULATING CUTTING SPEEDS AND FEEDS

The measure of how easily a workpiece material can be machin-
ed is often called machinability. This measure is a compari-
son of the actual time it takes to machine a volume of a
particular material, and, therefore, it is used to compare
the relative machining rates of one material versus another
(i.e. 1045 steel versus 6A1-4V titanium). Machinability is
dependant upon the cutting speed and hence the ultimate feed
rate that is attained to remove the appropriate volume of
material required to satisfy the test conditions.

Cutting speed is defined as the distance in feet that is
traveled by a point on the cutter periphery in one minute.
This can easily be illustrated by imagining the length of
string (in feet) that would wrap around a rotating shaft in
one minute. If we select a shaft of 3.82" in diameter, the
periphery or circumference of the shaft would equal 1 FT.,
since the circumference of something round is equal to:

CIRCUMFERENCE = T x (d)

Where :
T = a constant of 3.1416
d = diameter in feet
d=3.82"
RPM Circumference =
d =1 foot

- : ~

L = (1 foot) x (RPM)
L = The length of string wrapped in one minute
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Therefore, a 3.82" diameter shaft is .318 feet in diameter,
and when we multiply the shaft diameter in feet by 1y, the
result is a shaft circumference of 1 foot. In this simple
example, if we rotate the shaft at 50 RPM (revolutions per
minute) the shaft periphery would travel 50 Feet each min-
ute and 50 feet of string (L) would have wrapped around the
shaft diameter, or in other words, we would have attained a
speed of 50 SFPM (surface feet per minute). If the same test
was repeated at 500 RPM, the shaft periphery would travel 500
feet in one minute and 500 feet of string (L) will have wrap-
ped around the shaft diameter, or we would have attained a
peripheral speed of 500 SFPM.

SFPM RPM String length (L)

—ﬁ—-“— 25 feet
25

100 —>'— 100 feet —-}4—

500 » 500 feet

-l —

The formula normally used to calculate cutting speed is as
follows:

SFPM = (Cutter Circumference) x (RPM)
Where :

SFPM

1}

surface feet per minute, or
the distance traveled by a
point on the cutter periphery
each minute

the distance around the cutter
periphery in feet

RPM = revolutions per minute

Cutter Circumference
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In the case of a cutter, the circumference is:

Cutter Circumference = W/12 x (d) = .262 x d

Where :

Cutter Circumference

the distance around the cutter
periphery in feet

is a constant, of 3.1416

the cutter diameter in inches

™
d

By substituting for the cutter circumference, the cutting
speed can now be written as:

SFPM = .262 x d x RPM

This formula can be used to determine the cutting speed at
the periphery of any rotating tool, or in the case of turning
at the outer workpiece diameter.

EXAMPLE #1

What surface speed would you be running if you milled a mild
steel casting with a 4" diameter cutter at 525 RPM?

SFPM = .262 x d x RPM = .262 x 4" x 525 = 550

ANSWER : SFPM = 550

EXAMPLE #2

What RPM would you select to maintain a cutting speed of 4000
SFPM on a low silicon aircraft aluminum using a milling
cutter with an 8" diameter?

RPM = SFPM = 4000 = 1908
.262 x d .262 x 8
ANSWER : RPM = 1908
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Once the cutting speed is established for a particular work-
piece material, the appropriate feed rate must be selected.
Feed rate is defined in metal cutting as the linear distance
the tool moves at a constant rate relative to the workpiece
in a specified amount of time. Feed rate is normally
measured in units of inches per minute or IPM.

This concept is best explained by considering the time it
takes for a person to travel between two airline terminals.
If terminal "A" is 300 Ft. from terminal "B", and it takes 3
minutes to ride a moving sidewalk from "A" to "B", than we
could say the sidewalk is transferring people at the rate of
100 Ft./minute (FPM) or 1200 inches/minute (IPM). Please
review the following simple cases shown below:

Time leaving Time arriving
Terminal “a” = 12:00 P.M. Terminal “b” = 12:03 P.M.
Feedrate = —20f€€t _ 100 Ft. / Min. = 1200 In. / Min.
3 minutes
time of
travel distance resultlng feedrate
3 minutes 300 Feet 100 Ft./Min. = 1200 In./Min.
6 Minutes 300 Feet 50 Ft./Min. = 600 In./Min.
10 Minutes 300 Feet 30 Ft./Min. = 360 In./Min.

When we establish feed rates for milling cutters, the goal is
to attain the greatest feed per insert possible to achieve an
optimum level of productivity and tool Tife consistent with
efficient manufacturing practices. The ultimate feed rate is
a function of the cutting edge strength and the rigidity of
the workpiece, machine and fixturing. To calculate the appro-
priate feed rate for a specific milling application, the RPM,
number of effective inserts (N) and feed per insert in inches
(IPT or a.p.t.) should be supplied. The concept of feed per
insert is illustrated by the pictures on the following page.
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a.p.r.=.024" a.p.t.=.006"

FEED

The milling cutter shown above in the left hand picture

(1 insert) will advance .006" at the cutter centerline every
time it rotates one full revolution. In this case, the cutter
is said to have a feed per insert or an IPT (inches per
tooth), a.p.t. (advance per tooth) and an a.p.r. (advance
per revolution) of .006". The same style of cutter with 4
inserts is shown above in the right hand picture. However, to
maintain an equal load on each insert, the milling cutter
will now advance .024" at the centerline every time it
rotates one full revolution. The milling cutter on the right
is said to have an IPT and a.p.t. of .006", but an a.p.r.
(advance per revolution) of .024" (.006" for each insert).
These concepts are used to determine the actual feed rate of
a milling cutter in IPM (inches per minute) using one of the
following formulas:

IPM = (IPT) x (N) x (RPM)

or

IPM = (a.p.t.) x (N) x (RPM)

where:
IPM = inches per minute
N = # of effective inserts
IPT = inches per tooth
a.p.t. = advance per tooth
RPM = revolutions per minute
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EXAMPLE #3

If you were milling automotive grey cast iron using a 3" dia-
meter face mill with 6 inserts at 400 SFPM and 30.5 IPM, what
a.p.r. and a.p.t. would this be?

RPM = _ SFPM 400 = 509
.262 x d 262 % 3

30.5 = .060"

RPM 509

[
©
=
n
L |
©
=
"

.060

.010"

-
n

ANSWER : a.p.r. .060"

.010"

o

©
(ad

n

EXAMPLE #4
If you were milling a 300M steel landing gear with a 4" dia-
meter 45 degree lead face mill (containing 8 inserts) at 320

SFPM and a .006" advance per tooth, what feed rate should you
run in IPM?

RPM = _SFPM__ = 320 = 305
.262 x d .262 x 4

IPM = a.p.t. x N x RPM = .006 x 8 x 305 = 14.6

ANSWER : IPM = 14.6
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The following basic 1ist of formulas can be used to determine

IPM , RPM, a.p.t., a.p.r. or N depending on what information
is supplied for a specific milling application:

IPM

inches per minute
N = number of effective inserts
a.p.r. = inches of cutter advance every revolution

a.p.t. = inches of cutter advance for each effec-
tive insert every revolution

RPM = revolutions per minute

Find Given Using
IPM a.p.r.,RPM IPM = a.p.r. x RPM
IPM RPM, N, a.p.t. IPM = a.p.t. x N x RPM
a.p.r. IPM, RPM a.p.r. = IPM/RPM
RPM IPM, a.p.r. RPM = IPM/a.p.r.
RPM IPM, N, a.p.t. RPM = IPM
N x a.p.t.
N IPM, RPM, a.p.t. N = IPM
RPM x a.p.t.
a.p.t. IPM, N, RPM a.p.t. = I1PM
RPM x N

Note : In the formulas shown above IPT can be substituted for
a.p.t. and IPR can be substituted in place of a.p.r..
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THE LEAD ANGLE EFFECT ON CHIP THICKNESS

Face mills are often available commercially in a variety of
lead angles to satisfy part feature requirements and to pro-
vide geometry options for different machining situations and
conditions. For example, in the high production machining of
large cast iron surfaces such as the pan rail, ends or
cylinder head joint face of an automotive engine block lead
angle cutters of up to 30 degrees are often used to minimize
breakout on the exit side of the cut. This is accomplished
because the actual chip thickness at the cutter centerline is

less than the advance per tooth as shown in the pictures be-
Tow:

- ¢ ct=ap.t. u

In the left hand picture above, the actual feed per insert or
chip thickness is equal to the a.p.t. at the cutter center-
line because the cutter has a zero degree lead angle. How-
ever, in the right hand picture the actual feed per insert or
chip thickness is only 71% of the a.p.t. due to the forty-
five degree lead angle on the face mill. The chip thinning
effect produced by the lead angle will in many cases allow
for an increase in the feed rate (IPM), since the net load on
an individual insert is less than the advance per tooth at
the cutter centerline. The picture on the following page
shows the relationship between the chip thickness (c.t.) and
the advance per tooth (a.p.t.):
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LEAD LEAD
ANGLE ANGLE

< /\— c.t.
"""‘:155, i, “""

< K
a.p.t: ’ . L— a.p.t.

c.t. =cosine (lead angle) x a.p.t.

The relationships between c.t. and a.p.t. are shown below for
some of the more common lead angles now in use:

0 20° 45°
LEAD LEAD LEAD
ANGLE ANGLE ANGLE
c.t.= .94 xa.p.t. 713211,

] R | A |

When catalog recommendations for milling cutter chip thick-
nesses are used, they are often only considered as a way to
establish what the a.p.t. should be without any regard for
chip thinning due to a lead angle effect, the following ex-
ample will show how significantly productivity can be in-
fluenced when this effect is overlooked:

EXAMPLE #5
What feed rate should you mill a 300M steel landing gear at
with a 4" diameter face mill (containing 8 inserts) if you

want to maintain a .006" chip load and the cutter has a 45
degree lead angle?

From example #4:

RPM = 305
a.p.t. = .006
IPM = 14.6
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For a 45 degree lead face mill c.t.=.71 x a.p.t.

IPM = c.t. x N x RPM = .006 x 8 x 305 = 20.6
.71 et

ANSWER : IPM = 20.6

Note : This represents a 41% increase in feed rate over ex-
ample #4 where we didn't consider the lead angle and
its effect on actual chip thickness.

EXAMPLE #6

In example #5 what feed rate would you use if the lead angle
of the cutter was 20 degrees?

From example #5:

RPM = 305
c.t. = .006"
N = 8 inserts
For a 20 degree lead face mill c.t. = .94 x a.p.t.
IPM = c.t. x N x RPM = .006 x 8 x 305 = 15.6
.94 .94

ANSWER : IPM = 15.6

Note : This example demonstrates that the lead angle effect

is much smaller with a 20 versus a 45 degree lead
angle.
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THE WIDTH OF CUT EFFECT ON CHIP THICKNESS

The width of cut in a milling operation can reduce the actual
chip thickness an individual insert is subjected to, relative
to the a.p.t. at the cutter centerline. This concept is best
explained by the following two illustrations:

- w.o0.C. e

Based on the pictures above the following rules apply:

Rule #1 When the width of cut (w.o.c.) of a milling

operation is greater than or equal to the cutter

radius, c.t.=a.p.t.
Rule #2 When the width of cut (w.o.c.) of a milling

operation is less than the cutter radius,

c.t.<a.p.t.

74



ITMA4MZT>—0 I?IMAA4CO

The amount of chip thinning which occurs is dependent on the
percentage of the cutter in use in terms of width of cut as
stated by rules #1 and #2. The smaller the percentage of the
cutter in use the greater the chip thinning effect. This is
illustrated by the graph shown below for different cutter
diameters and widths of cut (face milling) or radial depths
of cut (arbor milling).
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EXAMPLE #7

Use the graph on the previous page to determine the chip
thinning factor for a 10" diameter face mill cutting a 2"
width of cut?

ANSWER : .8 (c.t.=.8 x a.p.t.)

EXAMPLE #8

If you were milling 6000 series aircraft aluminum at 5089 RPM
using a 3" diameter face mill with 3 inserts and you wanted
to maintain an .008" chip thickness at a .75" width of cut,
what feed rate should you use?

a. If we didn't consider the chip thinning effect, the
feed would be:

IPM = a.p.t. x N x RPM = .008" x 3 x 5089 = 120

IPM = 120

b. If we consider the chip thinning effect, than the

feed would be:

From the graph c.t. = .85 x a.p.t.

IPM = c.t. x N x RPM = .,008 x 3 x 5089 = 141
.85 .85

ANSWER : IPM = 141
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HORSEPOWER REQUIREMENTS IN MILLING

In metal cutting, the horsepower consumed is directly pro-
portional to the volume (Q) of material machined per unit of
time (cubic inches/minute). Metals have distinct unit power
factors which indicate the average amount of horsepower re-
quired to remove one cubic inch of material in a minute. The
power factor (k) can be used either to determine the machine
size in terms of horsepower required to make a specific
machining pass or the feed rate that can be attained once a
depth and width of cut are established on a particular part
feature. To determine the metal removal rate (Q) use the
following:

Q = D.0.C. x W.0.C. x IPM

where:
D.0.C. = depth of cut in inches
W.0.C. = width of cut in inches
IPM = feed rate, in inches/minute

The average spindle horsepower required for machining metal
workpieces is as follows:
H.P. = Q x k

where:

H.P.= horsepower required at the
machine spindle

Q = the metal removal rate in cubic
inches per minute

k = the unit power factor in
horsepower/cubic inch/minute
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The following unit power factors for milling are average
values which were established and published by METCUT
RESEARCH:

HARDNESS UNIT POWER FACTOR

3
MATERIAL (Bhn or Rc) (k = H.P./In./Min.)
Steels, Wrought & Cast 85-200 Bhn 1.25
Plain Carbon 30-40 Rc 1.70
Alloy Steels 40-50 Rc 2.00
Tool Steels 50-55 Rc 2.90
Cast Irons 110-190 Bhn .70
190-320 Bhn 1.25
Stainless Steels,Wrought 135-275 Bhn 1.55
& Cast 30-45 Rc 1.70
Precipitation Hardened 150-450 Bhn 1.70
Stainless Steel
Titanium 250-375 Bhn 1.25
High Temperature Alloys 200-360 Bhn 2.25
(Nickel & Cobalt base)
Nickel Alloys 80-360 Bhn 2.15
Aircraft Aluminum Alloys 30-150 Bhn .25

Note : These values are based on milling feeds of .005-.012"
a.p.t..

EXAMPLE #9
What feed rate should you select to mill a 2" wide by a .25"
depth of cut on aircraft aluminum utilizing all the available

horsepower on a 15 H.P. machine using a 3" diameter face mill
at 5089 RPM?

H.P. =Q x k

3
k = .25 H.P./In./Min. for aluminum
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The maximum possible metal removal rate (Q), for a 15 H.P.
machine running an aluminum part is:
3
Q =H.P. =15 = 60 In./Min.
k .

(8]

3
Q = 60 In./Min.

3
To remove 60 In./Min., we will need a feed rate of:

FEED (IPM)

Q = (D.0.C.) x (W.0.C.) x IPM

IPM =

Q 60 = 120
(D.0.C.) x (W.0.C.) 2D X 2

ANSWER : IPM

120
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SURFACE FINISHES IN MILLING

Surface finishes in milling are generally a combination of
roughness superimposed along a wave pattern on the workpiece
surface. In turning only one insert produces the surface
while in milling several inserts overlap as they feed across
the workpiece to produce the final surface profile. Since the
axial and radial location of all the inserts in an indexable
milling cutter are never in perfect alignment, the final sur-
face produced has waves. The portion of the wave produced by
the cutter can be exaggerated even further if the machine
spindle has runout. The wave produced by the machine spindle
is easily observed in the part surface as a repeated mark or
pattern dependent on the feed rate of the milling cutter.

RADIUSED INSERTS

The actual shape of an insert cutting edge will be machined
into the part surface in both milling and turning operations.
Radiused inserts produce grooves in the workpiece surface
and, therefore the final finish is dependent on the size of
the radius (r) and the feed per insert (a.p.t.), assuming all
inserts are exactly in the same plane both radially and
axially. Since this type of precise location requires signi-
ficant setup time and cost, radiused inserts are used on
roughing operations.

Groove Depth

2
R=125000 &-L:t) (.
r

—a.p.t.

CHAMFERED INSERTS

Inserts with small chamfers or wiping flats are often used
when surface finish requirements are a magnitude of 125
micro-inch or less. The chamfer runs parallel to the work-
piece surface, and its width must exceed the face mills feed
per revolution (a.p.r.). In those cases where the feed per
revolution exceeds the width of the chamfered flat, two or
more inserts will produce the final surface finish profile
and, therefore, it will be totally dependent on the accuracy
of their alignment in the axial plane.
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C.F.W. = chamfer flat width

For a 125 rms finish,
the a.p.r. should

not exceed 80% of
the C.F.W.

Lcrw.

WIPER INSERTS

Wiper inserts are used to obtain fine surface finishes when
the feed per revolution greatly exceeds the width of the
corner chamfer. In this situation a periphery wiping insert
is installed in the cutter body to reduce waviness and mini-
mize the peak to valley height in the surface profile. Wiper
inserts are ground with slight crowns (R = 7.8"-15.6") so
differences in spindle camber or tilt from application to
application will eliminate the typical saw-toothed profile
associated with a lack of parallelism between the workpiece
and the insert edge. The wiper cutting depth is normally
.002-.004" below the other inserts in the cutter. The feed
per revolution should be less than the length of the wiper.
In most cases the a.p.r. should be 50% of the wiper length.
Wipers in large cutter diameters should be aligned axially to
insure proper overlap. Cutters using wiper inserts should be
used on short chipping materials such as brass and cast iron.
The use of wiper blades on steel often causes large axial
forces and vibration due to the difficulty in forming a wide

chip of only .002-.004" in height.
a.p.t.
r .002-.004"

R
S

A e
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PERIPHERAL MILLING

Arbor slotting cutters produce bicurve workpiece profiles on
flat surfaces. The depth of the wave produced, using this
machining method is dependent on the cutter diameter and the
feed per revolution in inches, assuming the tallest insert in
the radial plane produces the final machined surface. The
equation shown below gives an approximate value of the
surface finish in microinches for a surface milled with the
periphery of an arbor cutter. If more than one insert acts to

produce the final surface, the finish would be better than
the calculated value.

¢—a.p.r.—pl

a I‘.2

p. _
Wi = 250000 —=—  (pin)
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SPINDLE TILT

The spindle centerline of most dedicated milling machines is
not perpendicular to the machine table. In many cases the
spindle is tipped a small amount so the trailing edge of
the cutter clears as it is fed across the workpiece. This is
referred to as "spindle tilt" and is normally measured in
inches/foot. Spindle tilt is used to eliminate "back-cutting
or re-cutting" which causes unacceptable surface finishes and
reduces tool Tife due to rubbing. It is important to note

that a surface milled on a machine with spindle tilt is not
perfectly flat.

£ Titt (q)

i

?_W

T

/

Effective Dia .

——I f
The pictures above show the part dish (f) created by a mach-
ine with spindle tilt. This effect (f) is a function of the
width of cut, spindle tilt and the effective cutting dia-
meter. Spindle tilt is used mainly on dedicated machines
which cut in one direction. Dedicated milling spindles are
often found in the automotive industry on cylinder head and
block transfer lines and therefore these machines frequently
have finish milling spindles with tilt. The amount of spindle

tilt required for a given operation vary, however, typical
values are .003-.007"/foot.
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MILLING OPERATIONS

Milling can be performed on a variety of machines with a vast
array of tooling and workpiece configurations. The types of
operations performed using milling tools are widespread and
they are often dependent on the complexity of the workpiece
and the flexibility of the machine tool. For our purposes, we
will describe the basic styles of cuts performed with milling
tools in order to build a working knowledge of the options
available in terms of machining methods, once a part and
machine are selected. The pictures shown at the right of each
operation description, provide a visual image of an imaginary
machined workpiece at the completion of each milling pass.

FACE MILLING

This operation is used to mill

wide surfaces in a single machine
pass perpendicular to the axis of
rotation or parallel to the cutter
face. The face mill can also be
used to machine a wide surface in
several overlapping passes, if the
cutter diameter is smaller than the
finished surface width. In general,
when performing a face milling oper-
ation the cutter with the largest
lead angle and appropriate geometry
for the workpiece material should
be selected first.

SQUARE SHOULDER MILLING

This operation is the same as face
milling, except the workpiece re-
quires a 90 degree shoulder to be
cut as a part of a blueprint spec-
ification. This type of cut requires
the use of a zero degree lead cutter.
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CHANNEL MILLING

This type of milling operation
is performed when the entire
cutting diameter of an end or
face mill is engaged to machine
a 90 degree groove in the work-
piece. Therefore, this operation
involves the use of the end and
some or all of the side cutting
insert stations on an end mill
and all the insert stations on a
face mill. In general, when per-
forming this operation with an
end mill, the cutting depth each
machine pass should never exceed
40% of the end mill diameter.

SLOT MILLING

The arbor mill is used to produce
slots with its periphery and face
mounted inserts. The arbor style
mill can produce a variety of slot
widths and depths, depending on the
workpiece requirements. Although

an end mill can perform the same
type of operation, an arbor mill is
often selected due to its high
rigidity and productivity.

SLAB MILLING

This type of milling is performed
with the periphery of an end mill,
normally around the outer profile
of a workpiece. In a slabbing op-
eration, The surface cut by the

end mill is parallel to the cutter's
axis of rotation. In general, the
radial cutting depth of a slab
milling application should never
exceed 50% of the end mill diameter.
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10.

1.

12.

13.
14,
15.

REVIEW QUESTIONS

. Explain the difference between conventional and climb

milling.

. How can you distinguish between a left and right hand

milling cutter?

. What benefit is an insert hone or T-land to a milling

operation?

. Why would you select an arbor mill instead of an end mill

to machine a slot?

. What is the difference between a bevel and lead angle?

. If a 3" diameter face mill is rotating at 636 RPM, what

cutting speed does this represent in SFPM?

. How does a lead angle effect chip thickness (c.t.) rela-

tive to the advance per tooth (a.p.t.) of a face mill1?

. Why is climb preferred over conventional milling for most

applications?

. Under what conditions should conventional milling be used?

Does the width of cut (w.o.c.) have any effect on chip
thickness in milling operations?

What are the differences between NMTBA, CAT & BT tapered
adaptors?

What percentage of a milling cutter should overhang the
workpiece to provide the appropriate entrance angle?

Why is spindle tilt used on some machines?
What influences horsepower consumption in milling?
How should the feed rate of a milling cutter relate to

the wiping flat on a milling insert if a fine surface
finish is required?
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INTRODUCTION

Metals continue to constitute a majority of the base mater-
ials used in the products which dominate our daily lives.
They possess many unique properties which over the years have
enhanced their value and use by the world's product design-
ers. Some of these properties include strength, toughness,
corrosion resistance, hardness and electrical conductivity.
Many,or all of these properties might be considered during
the material selection stage of a product design process.
Therefore, it is essential to comprehend the effects of these
or other material properties on machinability (relative ease
with which a part can be machined) once a new product design
is introduced to the machine shop in the form of a workpiece.
In our previous discussions, the workpiece is the piece of
metal which has been modified by removing metal chips in one
of a vast array of machining methods to arrive at a final
part or component shape. The initial piece of metal might be
a bar, plate or casting and the final machined component

could be an axle shaft, machine table or an automotive
cylinder head.

The previous training manuals focused primarily on various
cutting tools and machining methods. This manual will ex-
amine the effects of specific material properties and con-
ditions on the machining process. In addition, we will com-
pare and index the ease with which different material groups
such as cast iron, steels, alloyed steels, aluminum, copper,
nickel based alloys, titanium and refractory alloys are mach-
ined, along with recommendations in terms of cutting geometry
for these groups. Our goal is to present and recommend tool
geometries to machine a comprehensive cross-section of metal
workpiece, materials which are currently in predominant use
in the worlds industrial based economies. In addition, we
will review the effects of specific alloying elements on the
machinability of a workpiece material, as well as provide
reasons for their use in terms of either finished part
performance or enhanced manufacturability. This exhaustive
overview will encompass workpiece materials which are
commonly used in the automotive, aerospace, machine tool,
nuclear, mining, heavy equipment and oil field industries.
Our sincere desire is to provide a relatively complete
reference for questions which ultimately arise regarding a
specific workpiece material, or material group.

After a thorough review of a material property or group is

completed, an explanation of how that subject relates to
machining is presented in bold type.
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CONDITIONS AND PHYSICAL PROPERTIES OF METALS

We will examine those material conditions and properties
which have the most significant effect on the relative ease
or difficulty associated with the machining of a specific
workpiece material. The conditions and properties discussed
will often pertain to that group of information often readily
available from the raw material supplier to the manufacturing
engineer, so an efficient manufacturing plan in terms of
cutting speeds and feeds can be established. Material
conditions often relate to the hardness, yield strength and
tensile strength of the material, which are often a result of
heat treatment or the process used to produce the raw mater-
ial (i.e. casting, rolling, forming or extruding). Physical
properties will include those characteristics inherent to the
individual material groups, such as the modulus of elastic-
ity, thermal conductivity, thermal expansion and workharden-

ing. Let's review these conditions and properties
individually:

HARDNESS

The textbook definition of hardness is the tendency for a
material to resist deformation. Hardness is often measured
using either the Brinell or Rockwell scale. The method used
to measure hardness involves imbedding a specific size and
shaped indentor into the surface of the test material, using
a predetermined load or weight. The distance the 1ndentor
penetrates the material surface will correspond to a specific
Brinell or Rockwell hardness reading. The greater the inden-
tor surface penetration, the lower the ultimate Brinell or
Rockwell number, and thus the Tower the corresponding
hardness level. Therefore, high Brinell or Rockwell numbers
or readings represent a minimal amount of indentor penetra-
tion into the workpiece and thus, by definition, are an in-
dication of an extremely hard part.

7N\

Load 7/ 500 Kg \\ 500 Kg . Load

Large Indentation —\ indentor ——@ _#— Small Indentation
SOFT PART= HARD PART —

90



The Brinell hardness test involves imbedding a steel ball of
a specific diameter, using a kilogram load, in the surface of
a test piece. The Brinell (BHN) hardness number is determined
by dividing the kilogram load by the area (in square milli-
meters) of the circle created at the rim of the dimple or im-
pression left in the workpiece surface. This standardized
approach provides a consistent method to make comparative
tests between a variety of workpiece materials or a single
material which has undergone various hardening processes.

The Rockwell test can be performed with various indentor
sizes and loads. Several different scales exist for the
Rockwell method of hardness testing. The three most popular
are outlined below in terms of the actual application the
test is designed to address:

Rockwell Scale Testing Application

A For tungsten carbide and other extreme-
ly hard materials & thin, hard sheets.

B For medium hardness low and medium car-
bon steels in the annealed condition.

C For materials > than Rockwell "B" 100

(Source : Machinery's Handbook)

In terms of general machining practice, low material hardness
enhances productivity, since cutting speed is often selected
based on material hardness (the lower the hardness, the
higher the speed). Tool 1life is adversely effected by an in-
crease in workpiece hardness, since the cutting loads and
temperatures rise for a specific cutting speed with part
hardness, thereby reducing edge life. In drilling and
turning, the added cutting temperature is detrimental to tool
life, since it produces excess heat causing accelerated edge
wear, while in milling, increased material hardness produces
higher impact loads as inserts enter the cut, which often
leads to a premature breakdown of the cutting edge.

YIELD STRENGTH

Tensile test work is used as a means of comparison of metal
material conditions. These tests can establish the yield
strength, tensile strength and many other conditions of a
material based on its heat treatment. In addition, these
tests are used to compare different workpiece materials. The
tensile test involves taking a cylindrical rod or shaft and
pulling it from opposite ends with a progressively larger
force in a hydraulic machine. Prior to the start of the test,
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two marks either two or eight inches apart are made on the
rod or shaft. As the rod is systematically subjected to in-
creased loads, the marks begin to move farther apart. A
material is in the so-called "elastic zone" when the load can
be removed from the rod and the marks return to their initial
distance apart of either two or eight inches. If the test is
allowed to progress, a point is reached when the load is
removed and the marks will not return to their initial dis-

tance apart. At this point, permanent set or deformation of
the test specimen has taken place.

TEST SPECIMEN

(Initially)

4'.l|||||. _V;Qv: u .

Force = O Lbs. .
—>I 2.000° |<—

Yield strength is measured just prior to the point before
permanent deformation takes place. Yield strength is stated
in pounds per square inch (psi) and is determined by dividing
the Toad just prior to permanent deformation by the cross-
sectional area of the test specimen. This material property
has been referred to as a condition, since it can be altered
during heat treatment. Increased part hardness produces an
increase in yield strength and therefore, as a part becomes
harder, it takes a larger force to produce permanent deforma-
tion of the part. Yield strength should not be confused with
fracture strength, cracking or the actual breaking of the
material into pieces, since these properties are quite
different and unrelated to the current subject.

Force = O Lbs.

By definition, a material with a high yield strength (force
required per unit of area to create permanent deformation)
requires a high level of force to initiate chip formation in
a machining operation. This implies that as a material's
yield strength increases, stronger insert shapes as well as
less positive cutting geometries are necessary to combat

the additional load encountered in the cutting zone. Material
hardness and yield strength increase simultaneously during
heat treatment. Therefore, materials with relatively high
yield strengths will be more difficult to machine and will
reduce tool life when compared to materials with more moder-
ate strengths.

92



(ISd) HLON3HLS

TENSILE STRENGTH

The tensile strength of a material increases along with yield
strength as it is heat treated to greater hardness levels.
This material condition is also established using a tensile
test. Tensile strength (or ultimate strength) is defined as
the maximum load that results during the tensile test, divid-
ed by the cross-sectional area of the test specimen. There-
fore, tensile strength, like yield strength, is expressed in
psi. This value is referred to as a material condition rather
than a property, since its level as well as yield strength
and hardness can be altered by heat treatment. Therefore,
based on the material selected, distinct tensile and yield
strength levels exist for each hardness reading.

The most conclusive evidence that hardness, yield and tensile
strength are physical conditions of materials is illustrated

by the following graph of a heat treated 4140 steel at three

hardness levels:

TENSILE & YIELD STRENGTH vs. HARDNESS

(4140 Steel)

300000
[ Yield Strength

Tensile Strength

200000 -

30 40 50
HARDNESS (ROCKWELL "C")

Just as increased yield strength implied higher cutting

forces during machining operations, the same could be said
for increased tensile strength. Again, as workpiece tensile
strength is elevated, stronger cutting edge geometries are
required for productive machining and acceptable tool life.
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MODULUS OF ELASTICITY

The modulus of elasticity can be determined during a tensile
test in the same manner as the previously mentioned condi-
tions. However, unlike hardness, yield and tensile strength,
the modulus of elasticity is a fixed material property and,
therefore, is unaffected by heat treatment. This particular
property is an indicator of the rate at which a material will
deflect when subjected to an external force. This property
is stated in psi and typical values are several million psi
for metals. A 2"x 4"x 8 ft. wood beam supported on either end
with a 200 1b. weight hanging in the middle will sag 17 times
more than a beam made with the same dimensions out of steel
and subjected to the same load.

Deflection = .012" J

The difference is not because steel is harder or stronger,
but because steel has a modulus of elasticity which is 17
times greater than wood. For further details on this material
property see page 38, of the "HERFEt TRAINING MANUAL FOR

TURNING". The modulus of elasticity for some common materials
is shown below:

THE MODULUS OF ELASTICITY FOR SOME COMMON MATERIALS

Material Modulus in Psi
Wood (Pine) 1,760,000
ATuminum (99.9+% Pure) 10,000,000
Cast Iron (Gray) 13,000,000
Titanium (99.5+% Pure) 14,900,000
Copper (99.9+% Pure) 16,000,000
Steel (1020) 30,000,000
Mallory (Heavy Metal) 45,000,000
Carbide (C2) 90,000,000
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General manufacturing practice dictates that productive
machining of a workpiece material with a relatively moderate
modulus of elasticity normally requires positive or highly
positive rake cutting geometries. Positive cutting geometries
produce lower cutting forces and, therefore, chip formation
is enhanced on elastic materials using these types of tools.
Sharp positive cutting edges tend to bite and promote shear-
ing of a material, while blunt negative geometries have a
tendency to create large cutting forces which impede chip
formation by severely pushing or deflecting the part as the
tool enters the cut. This phenomenon is amplified when the
workpiece material has a relatively moderate or small modulus
of elasticity since, by definition, the modulus of elasticity
of a material is directly related to the rate at which it
moves or deflects under load.

THERMAL CONDUCTIVITY

Materials are frequently labeled as being either heat con-
ductors or insulators. Conductors tend to transfer heat from
a hot to cold object at a high rate, while insulators impede
the flow of heat. Thermal conductivity is a measure of how
efficiently a material transfers heat. Therefore, a material
which has a relatively high thermal conductivity would be
considered a conductor, while one with a relatively low level
would be regarded as an insulator. The thermal conductivity
for some common materials is shown below:

THE THERMAL CONDUCTIVITY FOR SOME COMMON MATERIALS

Thermal Conductivity

0
Material (BTU/Hr-Ft-F)
Copper (99+% Pure) 223.0
Aluminum (99.9+% Pure) 132.0
Cast Iron 30.0
Steel (1020) 28.8
Stainless Steel 304 9.4
Inconel 718 6.5
Inconel 625 5.7
Titanium 6A1-4V 3.8
Celotex Insulation .028

Metals which exhibit low thermal conductivities will not
dissipate heat freely and therefore, during the machining of
these materials, the cutting tool and workpiece become ex-
tremely hot. This excess heat accelerates wear at the cutting
edge and reduces tool life. The proper application of copious
amounts of coolant directly in the cutting zone (between the
cutting edge and workpiece) is essential to improving tool
life in metals with low thermal conductivities.
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THERMAL EXPANSION

Many materials, especially metals, tend to increase in dimen-
sional size as their temperature rises. This physical pro-
perty is referred to as thermal expansion. The rate at which
metals expand varies, depending on the type or alloy of
material under consideration. The rate at which a metal
expands can be determined using the material's thermal
expansion coefficient. The greater the value of this
coefficient, the more a material will expand when subjected
to a temperature rise or contract when subjected to a
temperature reduction. For example, a 100 inch bar of steel
which encounters a 100 deg. Fahrenheit rise in temperature
would measure 100.065 inches. A bar of aluminum exposed to
the same set of test conditions would measure 100.125 inches.
In this case, the change in the aluminum bar length was near-
1y twice that of the steel bar. This is a clear indication of
the significant difference in thermal expansion coefficients
between these materials. See the drawings below:
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The thermal expansion coefficients for some common materials
are shown below:

THE THERMAL EXPANSION COEFFICIENT FOR SOME COMMON MATERIALS

Thermal Expansion Coefficient

Material (Inch/Inch Deg. F)
Aluminum (99.9+% Pure) .0000125
Steel (1020) .0000065
Cast Iron .0000056
Titanium 6A1-4V .0000048

In terms of general machining practice, those materials with

large thermal expansion coefficients will make holding close

finish tolerances extremely difficult, since a small rise in

workpiece temperature will result in dimensional change. The

machining of these types of materials requires adequate cool-
ant supplies for thermal and dimensional stability. In addi-

tion, the use of positive cutting geometries on these mater-

ials will also reduce machining temperatures.
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WORKHARDENING

Many metals exhibit a physical characteristic which produces
dramatic increases in hardness due to cold work. Cold work
involves changing the shape of a metal object by bending,
shaping, rolling or forming. As the metal is shaped, internal
stresses develop which act to harden the part. The rate and
magnitude of this internal hardening varies widely from one
material to another. Heat also plays an important role in the
workhardening of a material. When materials which exhibit
workhardening tendencies are subjected to increased tempera-
ture, it acts Tike a catalyst to produce higher hardness
levels in the workpiece.

The machining of workpiece materials with workhardening pro-
perties should be undertaken with a generous amount of cool-
ant. In addition, cutting speeds should correlate specific-
ally to the material machined and should not be recklessly
altered to meet a production rate. The excess heat created by
unusually high cutting speeds could be extremely detrimental
to the machining process by promoting workhardening of the
workpiece. Low chip thicknesses should be avoided on these
materials, since this type of inefficient machining practice
creates heat due to friction, which produces the same type of
effect mentioned earlier. Positive low force cutting geo-
metries at moderate speeds and feeds are normally very effec-
tive on these materials.
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WROUGHT AND CAST MATERIALS

The term "wrought" refers to the hammering or forming of
materials into premanufactured shapes which are readily
altered into components or products using traditional manu-
facturing techniques. Wrought metals are defined as that
group of materials which are mechanically shaped into bars,
billets, rolls, sheets, plates or tubing. The processing of
these parts involves rolling, drawing or extrusion. In addi-
tion, forged parts are considered wrought materials since
they are normally hammered into a premachined configuration.

A two inch thick four foot wide by eight foot long wrought
aluminum plate begins as an aluminum ingot (casting) which is
up to 20 feet in length, eight inches thick and eight feet
wide. The finished plate dimensions are achieved by reducing
the thickness of the ingot using huge rolling mills which
utilize pressure and rotational motion to feed the ingot

back and forth through the mill while systematically squeez-

ing the aluminum into a thinner and longer plate. See the
diagram below:

Roller

Rolled

Thickness Intial

Thickness

As the length of the plate becomes unmanageable, the excess
material is trimmed with an enormous shear (knife).

Casting involves pouring molten metal into a mold to arrive
at a near component shape which requires minimal, or in some
cases no machining. Molds for these operations are made from
sand, plaster, metals and a variety of other materials.
Nearly all metal alloys are available in some type of cast
form, although the techniques used to produce cast parts from
different alloys will vary significantly.
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MACHINABILITY

The term "machinability" is a relative measure of how easily
a material can be machined when compared to 160 Brinell
A.I1.S.I. B1112 free machining low carbon steel. The American
Iron and Steel Institute ran turning tests of this material
at 180 surface feet and compared their results for B1112
against several other materials. If B1112 represents a 100%
rating, then materials with a rating less than this level
would be decidedly more difficult to machine, while those
that exceed 100% would be easier to machine.

The machinability rating of a metal takes the normal cutting
speed, surface finish and tool 1ife attained into considera-
tion. These factors are weighted and combined to arrive at a
final machinability rating. The chart below shows a variety
of materials and their specific machinability ratings:

Material Hardness Machinability Rating
6061-T Alum. = 190%
7075-T Alum. = 120%

B1112 Steel 160 BHN 100%
416 200 BHN 90%
Stainless Stl.
1120 Steel 160 BHN 80%
4140 Steel 187 BHN 70%
(Teaded)
1020 Steel 148 BHN 65%
8620 Steel 194 BHN 60%
304 160 BHN 40%
Stainless St1.
17-4 PH 388 BHN 28%
Stainless St1.
Inconel X 360 BHN 15%
Rene 41 215 BHN 15%
Waspalloy 270 BHN 12%
A-286 300 BHN 10%
Hastelloy X 197 BHN 9%
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CAST IRON

A1l metals which contain iron (Fe) are known as ferrous ma-
terials. The word "ferrous" is by definition, "relating to or
containing iron". Ferrous materials include cast iron, pig
iron, wrought iron and low carbon and alloy steels. The ex-
tensive use of cast iron and steel workpiece materials can

be attributed to the fact that iron is one of the most fre-
quently occurring elements in nature.

When iron ore and carbon are metallurgically mixed, a wide
variety of workpiece materials result with a fairly unique
set of physical properties. Carbon contents are altered in
cast irons and steels to provide changes in hardness, yield
and tensile strengths. The physical properties of cast iron
and steels can be modified by changing the amount of the

iron-carbon mixtures in these materials as well as their
manufacturing process.
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