SECTION IV

MANUAL PROGRAMMING

4.1 POINT-TO-POINT PROGRAMMING.

Most positioning programs can be prepared by the programmer manually writing
a manuscript followed by a clerk transferring the data onto a program tape. The
following steps are usually involved:

1, Workpiece dimensioning. The programmer studies the engineering
drawing and adds any dimensions required that are omitted or not in
the proper format for the control, For example, absolute dimen-
sions must be converted to incremental dimensions, holes on bolt
circles must be broken down into X-Y moves using trigonometric
tables.

2, Tooling and Fixturing. The means for holding the workpiece down
must be determined, and, if necessary, sketches provided to the
operator, The tools required for machining must be specified, if
possible, through use of a tool drawing classification system that
includes tool setting information. Figure 4-1 shows a typical tool
classification list which includes the following:

a. Cutting tool name, ID number, diameter, length,
material composition, number of teeth and flute
length

b. Toolholder information

c. Adapter or extension diameter and length

d. Special information such as tool configuration
parameters

e. Tool part number

When tool changes are made, some method of adjusting for random
length tools is required. This may be done using either of the
following methods:

Method 1: Tool length compensation using a presetting height gage
with micrometer adjustment, This gage has a 1"
micrometer adjustment that allows setting tool lengths
within , 001" (see Figure 4-2). The arm is removable,
permitting it to be changed from one to another of the 1"
step spaces.,

a. Using the height gage, measure the length of each tool.
This value is entered below as TOOL LG.
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PRE-SETTING HEIGHT GAGE
WITH MICROMETER ADJUSTMENT

THIS GAGE HAS A I"MICROMETER ADJUSTMENT THAT ALLOWS
SETTING TOOL LENGTHS WITHIN +£.00l. THE ARM IS RE-
MOVABLE PERMITTING IT TO BE CHANGED FROM ONE TO

ANOTHER OF THE |" STEP SPACES.
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Figure 4-2. Tool Length Compensation




b. Subtract each tool length from the length of the
longest tool. Enter this value as ZV.

c. The Z axis tool length compensation move (ZTLC)
can be calculated as follows:

ZTLC = ZV (IOOL NO. n-1) - ZV (TOOL NO, n)

For example;

ZTLC (3) = ZV (2) -ZV (3)
=.500 - , 250
= .250

d. Each time the operator changes tools, he also
manually moves the Z axis the required tool length
compensation distance. (Literally, the tool will be
set at the Z axis startpoint),

NO, 1, 2, 3. 4, 1.
TOOL 13 /32 19/32 19/64 .201 13 /32
TOOL MAX. 4,625 4,625 4.625 4.625 4,625
TOOL LG, 4,625 4,125 4,375 3.625 4,625
zv 0 .500 .250 1,000 0
ZTLC Z -.9500 .250 -.750 1,000

A modification of this method involves the use of a tool classification system
together with the use of the 12-position Automatic Turret Stop. Fixed pre-set
stops are used as depth posts in the turret with the following assigned values:

Turret Stop 1 2 3 4 5 6 7 8 9 10 11 12
Quill Travel .5 1,0 1.5 2.0 2,25 2.5 2,75 3.0 3.25 3.5 3.75 4.0

In the above example, the initial turret stop position would be position 8 3.0m).
For tool 2, the turret stop would be set to position 10 (3.5"); for tool number 3,
position 9 (3. 25"); for tool number 4, position 12 (4.0") and, at the end of the
program, the turret stop would be reset to position 8. Using this method, no Z
axis tool length compensation move is required when changing tools.

Method 2: This method enables adjustment for random length tools
at run time by using the Z axis mechanical read out
counters,




a. With the quill down, establish a Z axis reference plane in air such
that the longest tool clears the top of a reference surface. Enter
the reading of the Z axis mechanical counter in the table below as ZI,

b. Use a feeler gage and -Z axis moves to bring the top of the reference
surface up to within , 010" of the tool. Enter the reading of the Z axis
mechanical counter in the table below as Z2,

c. Repeat this for each tool using the same Z axis reference plane and
reference surface,

d. Tabulate this data in the order that the tools will be used, including
the change from the last tool used back to the first tool.

e. Calculate ZV by subtracting Z1 from Z2, The Z axis tool length com-
pensation move (ZTLC) can be calculated as above in Method 1.

f. The operator manually moves the Z axis the required tool length
compensation distance,

Startpoint Identification. The workpiece can be mounted at any position on
the table. In writing up the part program, it is necessary to define the
program startpoint. This is the point at which the tool rests before beginning
the machining operations. When the workpiece is clamped to a fixture on the
table, the distance from the center of the spindle to this zero reference point
must be determined. The table must be moved using the manual console con-
trols so that the spindle center is directly above this zero reference point.
The X, Y, Z table coordinates of the workpiece zero reference point can be
read directly from the mechanical digital counters located on the drive
housings. Each time a set-up for a new part is made, this zeroing procedure
has to be repeated.

It is suggested that the starting point be selected to allow for loading and
unloading the part with minimum interference from the tool and holding
fixtures. In general, the startpoint should be clear of the workpiece and
at a convenient location for tool load /unload.

Operation Sequence. The programmer plans the type and sequence of
operations. For example, drill point wander may occur if the surface of
the part is not square with the drill or has a rough finish, or if the point of
the drill is not rotating at or has been sharpened off its true axis. The best
practice is to first spot the hole location with a spot drill, then drill to size
with the shortest drill available. Drill bushings are not required.
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List Necessary Control Data. Using the Programming Sheet (Figure 3-4) all

the appropriate machine operations and functions are written in the language of
the N/C tape format.

List Machining Instructions. Any function not a part of the program will have

to be incorporated as part of the machine operator's set of instructions. For
example, the operator will be given explicit instructions when to change tools,
what tools are to be loaded into the spindle, and what spindle speed to use.

Prepare Tape. The part program manuscript is released to a clerk who will
then prepare the punched tape.

Check Tape. Any programming or typing errors will lead to scrap being

produced instead of the desired part. Some errors could be catastrophic.

One method of checking the tape is to cycle the control without a tool in the
spindle. Other methods include cutting foamed plastic material, three dimen-
sional plots drawn by a high speed drafting machine, CRT displays of the tool
path, etc.




PROGRAMMING EXAMPLES

Example No. 1. Point-to-Point Drilling (2 Axis)

A simplified positioning program is shown in Figure 4-3. The spindle is started
(m04) and coolant turned on (m07). The tool is then directed from the startpoint
to move sequentially to points 1, 2 and 3. At the end of each move, the quill actu-
ator is directed to cycle down and up (m51 code). The tool then returns to the
startpoint and the tape is rewound (m02) back to the rewind stop code (RWS).
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Figure 4-3. Simplified Point-to-Point Drilling Example
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4.2 CONTINUOUS PATH PROGRAMMING.

For continuous path programming, the programmer follows the same steps and
is guided by the same overall principles as in programming positioning work,
The engineering drawing is studied, a manuscript is written, a clerk prepares
a program tape and the manuscript and tape are checked for errors.

One of the principal tasks facing the programmer will be that of allowing for
proper cutter offset. The programmed coordinate points, as in positioning,
locate the center of the spindle, which is normally the center line of the cutting
tool, but the final machined configuration is made by the cutting tool edge.

In drilling a hole, this is no problem. The center of the hole is the programmed
drill location and the hole diameter is determined by the diameter of the drill.
When contour milling, the path of the milling cutter centerpoint, which normally
corresponds to the spindle center line, and the outline of the workpiece are not
the same, Figure 4-6 illustrates how an allowance must be made for the
necessary cutter offset. Such an offset is not too difficult when programming
straight-line cuts that are exactly parallel to one of the three machine axes. The
offset is perpendicular to the axis. Offsets must always be perpendicular to the
surface being machined regardless of the direction that surface faces. Cal-
culating offsets not parallel to a machine axis will involve trigonometric
calculations.

Some other continuous path programming considerations are:
1. End Mill Diameter:

The part programmer, when calling for a type and size of end mill on
any operation sheet, must recognize factory tolerances on mills,

HHS
2 and 3 flute (Regular and Stub length) + .000/-.0015
2 and 3 flute (Long and Extra Long) + .005/-.0015
4 or more flutes (Not center cutting) + . 005/-, 0015
Ditto double end mills shank equals flute diameter
{Center cutting) + . 000/-. 0025

Solid Carbide
Up to and including 1/4" diameter + . 000/-.002
Over 1/4" and including 3 /4" diameter + .000/-. 003

These mills will be concentric as received from the factory but if a
special diameter is requested, ensure that it be cylindrically ground to
maintain perfect concentricity with the shank.

4-17
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The toolpath that will be developed by the control system is at a normal
distance from the part surface equal to the radius of the cutting tool.
Two methods can be used to execute roughing passes:

a. A modified tool radius can be substituted into the toolpath cal-
culation, For example, if the tool diameter for the finish cut
is 1.000" and it is desired to leave ,060'" material in the
roughing pass for finish milling, the tool diameter for making
the toolpath calculations would be 1.12'", The same 1, 000"
diameter tool would actually be used for both the rough milling
and finish milling passes. However, two different input tapes
would have to be prepared, one for roughing, one for finishing,

b. An undersize tool can be used for roughing which follows the
finish pass toolpath. The tool is undersize in diameter by
twice the amount of stock to be left in the finish pass.
Referring to the previous sample, an . 88 diameter tool
used with the finish pass tape will leave approximately . 060"
in excess material,

Climb Milling vs. Conventional Milling

Figure 4-7 shows the relationship between cutter rotation and feed
direction in climb milling and in conventional milling.

In climb milling, chips are cut to maximum thickness at the initial
engagement of the cutter teeth with the work, and decrease to zero
thickness at the end of the engagement - in conventional milling, the
reverse occurs,

Climb milling (which requires a rigid machine with minimum backlash
such as the Bridgeport N/C Series IT Miller) has several advantages
over conventional milling:

a. Chips are less likely to be carried by the tooth, reducing
the possibility of marring the machined surface,

b. Chip disposal is easier, because chips pile up behind the
cutter rather than in front of it.

c. Cutter wear is less, because chip thickness is maximum
at the start of the cut.




4-19

J9SJJO I91In) I0J SOUBMOIIY ‘9- 9anSrg

LNO FONTYZATY OVIZ WILSAS FLyNIAdEHOOD )

T 3ovdans SogH U! — .\ JH«:.:M.F!:I tlf..! — ll/ || —_— m.u'l

Sixvx 7T

135440 3341090
AFLLND

CLpiod !

LOCAVIN SIXY OJFZ) X
NiBINO X O
7oQl INIHOVYWN

SIXV A




The main advantage of conventional milling is in the lower impact en-
countered at the initial tooth-workpiece engagement, Furthermore,
the direction of milling force compensates for the backlash of the table
feed mechanism, such as that present in standard (as opposed to N/C)
machines, However, with numerical control, conventional milling is
still preferred in: ‘

a. Milling of surfaces on which depth of cut varies by more
than 20%.

b. Milling of castings or forgings with very rough surfaces
due to sand or scale,

3. Corners:
Climb milling in internal corners with an endmill diameter to suit the
corner radius is poor practice since the mill will tend to whip and pull
into the corner. For instance, the use of a .5 diameter mill to cut two
sides blended by a 1/4 radius will not yield the best radius for size and
finish, It is better practice to program an undersize mill (say 7/16"

i diameter) and contour a 0. 031" toolpath radius if two sides are mutually

ll% perpendicular.

DEPTH OF CUT
DEPTH OF CUT

AS CUTTER
ENTERS WORK

MAX o] COT

A% CUTTER.
ENTERS WORK

CONVENTIONAL MILLI
; CLIMR MILLING NT MILLING

Figure 4-7 Climb Milling vs. Conventional Milling




Scallop Heights:

Using a ball end mill will cause ''scallops" between successive milling
passes. The following example will show how to calculate the space
between ball mill passes relative to an allowable scallop height.

S=2* (SQRT (2*R*H))where: = R=tool radius
S=Space between Centers H=Allowable scallop height

If the allowable scallop height = ,01" and a .25 RADIUS ball
end mill is used, the space between centers = 2* (SQRT (2*,25%,01))
=, 14" (approximately).

Cutter Deflecfion:

End milling is characterized by the unsupported cutter length, As this
unsupported length increases, it becomes more difficult to maintain
dimensional accuracy because of cutter deflection. For most applica-
tions, an unsupported length of more than five diameters is excessive.
Cutter deflection can be reduced by using solid carbide cutters which
have a greater modulus of rigidity than high speed steel.

‘Machinability Data:

Sources of accurate and applicable machinability data are necessary
for success in N/C machining. This includes all the variables which
interact and affect machining performance such as:

a. Cutting tool design and material

b. Tooling characteristics

c¢. Workpiece properties

d. Machine - tool characteristics

e. Cut dimensions

f. Cutting fluids
The following reference materials provides information about the rela-
tive machinability of various materials with data giving recommendations

for cutting speeds, feed rates, tool materials, tool types and geometries,
cufting fluids, etc.

a. N/C MACHINABILITY DATA SYSTEMS. (Society of Manu-
facturing Engineers, 20501 Ford Road, Dearborn, Michigan 48128).
This book summarizes the present current available information
on machinability data systems.
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MACHINING DATA HANDBOOK. (METCUT Research Asso-
ciates, Inc., 3980 Rosslyn Drive, Cincinnati, Ohio 45209 -
$35.00). The machining data contained in this handbook
provides starting recommendations for all types of material
removal operations and materials, Data for the handbook

was collected with the help of the U,S, Army Weapons Command
Metal Cutting Advisory Committee, and approximately 250
companies in industry.

MACHINING DATA FOR NUMERICAL CONTROL. (Air Force
Machinability Data Center, 3980 Rosslyn Drive, Cincinnati,
Ohio 45209). These reports (designated AFMDC 66-1 and 68-2)
include N/C machining data for turning, face milling, drilling,
peripheral end milling, end-mill slotting, tapping and reaming.

AIR FORCE MACHINABILITY DATA CENTER.
(1) Scope.

The Air Force Machinability Data Center (AFMDC) collects,
evaluates, stores, and disseminates material removal informa-
tion including specific and detailed machining data for the
benefit of industry and government. Strong emphasis is given
to engineering evaluation for the purpose of developing optimized
material removal parameters, such as speeds, feeds, depths
of cut, tool material and geometry, cutting fluids and other
significant variables. Data are being processed for all types

of materials and for all kinds of material removal operations
such as turning, milling, drilling, tapping, grinding, elec-
trical discharge machining, electrochemical machining, etc.
Services are available without charge to the aerospace industry,
Department of Defense (including all of the military technical

‘institutions, and nonmilitary industries in a position to assist

the defense effort.)
To request specific machining information......

Telephone; 513-271-9510

TWX: 810-461-2840

Write. Air Force Machinability Data Center
3980 Rosslyn Drive
Cincinnati, Ohio 45209




e. METALS HANDBOOK, eighth Edition. Volume III
MACHINING, (American Society for Metals,
Metals Park, Ohio 44073). The text contains
1099 tables of machining data, 2836 illustrations,
and 1009 examples that describe actual machining
procedures or problems solved, and that give
details of selection of equipment, tools and
process variables,

Feedrate Modification

The ratio of the cutter tool path radius to the part surface radius affects
the cutting rate since the vector velocity is that at the center of the
cutter, not at the surface of the material. For cufting around the out-
side of a circle, the feedrate number should be increased by a factor

of (PR+CR)/PR. For cutting around the inside of a circle, the feed-
rate number should be increased by (PR-CR)/PR (where PR is the

part surface radius, CR is the cutter radius), Example No, 5 shows

the calculation of feedrate number to maintain a relatively constant
surface speed. See Figure 4-8,

Geometry and Trigonometry

In order to perform the necessary calculations to determine the XY

tool motions around a profile, some knowledge of geometry and trig-
onometry is required. Fundamentally, a good visualization of right

angle triangles and their solution is all that is necessary. (See

Figures 4-9 and 4-10). As an extension of this requirement, Figure 4-11,
A, B and C illustrate the general solution of line-line intersection.

Other examples in this manual show line-circle intersection and the
computer programming discussion (Section V) confains a new discipline
where trigonometry is not usually required.

Linear and Circular Interpolation

Example No. 6 (Figure 4-12) has been programmed to show linear and
circular interpolation in the XY plane., This example uses data

tabulated in the notes to assist the programmer. Example 7 (Figure 4-13)
requires the programmer to solve various triangles to obtain the

solutions shown before proceeding with the linear and circular motions

to be programmed,




PROGRAMMING EXAMPLES Purpose:  To illustrate the use of:

1. Radius Format
Example No. 5. Contour Milling a Slot 2. Feedrate Correction
3. Acceleration/Deceleration Override

FR1= —’.%5-41 IO"'9$,3

FR3= ‘7:72_55x 109w 6

8 9%/
= x/Ox
75 S

/. DIA.CUTTER, a

FR,

414 2. 2.3494

'Y

- (<114 >+

[.,,»

o

T PART SURFACE.

% Rempuns Al
R LF s e SEURIE

75 RAD
B 5.65¢ ———=t
REQURED SURFACE SPEED = |0 IPM |

R X oY iz 0 AN
o At | PN E
BRI , vsee || =/t L] dar | sl 574
2),|« z.o > ‘Zj~0 > E-O > 2¢O )| ¥
3, .75 | —tls5 | -l7s , Lo Je-l#
40, 5656 A2 Lo | -s.o NZAG
sl,| 2lo , 2.0 \ ! i 0l¢
65| ~11.e2 | -zlig R ' |' 28K

Figure 4-8. Contour Milling a Slot
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M=TAN(A) A Is messured COW Fom X axis
i 0<A<30 Mis positve
14 90<A<igo M s n@aﬁ\/e

Bi= RC *S@rT (1+MismM1) or RC+SEC(AD)
B2 = RC#SQRT(1+M2kMZ) or RO+ SEC(AZ)
1 the norma] from #he cutter center 1 #he fne
qoes dbwn (ie, the cutter is sbove the /ine), B
15 positive - If The rorma) from the Cutter Center
fo the lne goes up (1e, the Cutteri1s befow the
//nc) ,Bis nejafn/c.

x= (Bz-B1)/(1-M2)
Y= MLkX+BL

EXAMPLE
B1=.75+8e0(0)=.75
B2=.75% SEQ(60)=—/5

M2= —1. 732l X (~1.65=.78),/(0-(17321)
.,.' Bi= + 8 X= —2.25/,'7321,_/'2990

Yy=.75 (b/ /nspecflon7

In the sPedlaI case Shown A2.=90.°
Therefore TAN(AZ) & SEC(AZ) — oo
x=re ( by inspecton)
Bi=RCw* SEC (AL)
YeRC *(TAN (Ad) + SEC(AD)

Figure 4-11. General Solution of Line-Line Intersection
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Example No. 6. Valve Seat, PARTNO 050118

Purpose:

To demonstrate milling using 2-axis
linear and circular interpolation.

PROGRAM NOTES:

1.

4-28

The program is written to drill (12)
5/16 thru holes and then mill 6 arcs.
The milling feedrate will be 2 ipm. The
coordinates of Pl through P12 can be
calculated as:

P1 —1.532 —1.2856
P2 —.3472 —1.9696
P3 3472 —1.9696
P4 1.532 —1.2856
PS5 1.8794 —.684
P6 1.8794 .684
P7 1.532 1.2856
P8 3472 1.9696
P9 —.3472 1.9696
P10 —1.532 1.2856
P11 —1.8794 .684
P12 —1.8794 —.684

Data blocks 1 and 2 turn the spindle and
coolant on.

SEQNO 1 - Moves the tool from the start
point to the first hole where the hole is
drilled automatically (m51). The feed-
rate will be rapid traverse (f0).

SEQNO 2 through 12 - Drills the remain-
ing 11 holes.

SEQNO 13 - Return to startpoint. The
MO6 Code will turn the spindle and
coolant off, end the drill cycle and stop
the control system so that the tool can
be changed. The next two data blocks

(o) 5o WOE =OTS

s 3m s
10" 730 .o34g
507 .70 6429
7% v 1420

11.

12.

13.

14.

are necessary to turn the spindle an¢
coolant on.

SEQNO 14 - Rapid move to P1.
SEQNO 15 - this statement provides the
X and Y axis tool motions from P1 t¢
P2 (note that they are the same as the
point-to-point values between Pl and
P2, SEQNO2) and include the I and ]
values which locate the center of the
arc. The f2 code will set the feedrate at
2 ipm. The M57 code will cause the tool
to be fed into the work before posi-
tioning along the arc begins.

SEQNO 16 - Raises the tool (M50) and
moves it at rapid Traverse (f0) to the
beginning of the second arc.

SEQNO 17 - mills the second arc.
SEQNO 18 - Raises the tool and moves it
at rapid traverse to the beginning of the
third arc.

SEQNO 19 - The arc P5-P6 straddles two
quadrants. Therefore two blocks of infor-
mation are required to mill the arc from:
PS5 to P6. The first block mills from P5
to the X axis, the second block mills
from the X axis to P6. SEQNO 19 sets
the feedrate at 2 ipm and lowers the
tool into the work before positioning
along the arc begins.

SEQNO 20 - Mills the portion of the arc
P5-P6 that is in the first quadrant. Note
the I and ] Values of 2.0,.0 respectively.
SEQNO 21 through 27 - Provides the in-
formation to mill the remaining arcs.
SEQNO 28 - raises the tool, returns it to
the starting point at rapid traverse (f0)
and rewinds the tape.

l—— & «1 CUTTER
PEFTH

Figure 4-12, Valve Seat, PARTNO 050118
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Example No. 7: Plate, PARTNO 050117

cal points are shown:

2. SEQNO 1 moves the tool from the start
Purpose: To demonstrate typical 2-axis program- point in rapid traverse to the point near
ming involving the use of trigonometric * where milling will begin. The second data
solutions. block of SEQNO 1 lowers the tool (M57)
and mills at 4 ipm (f4) along the X axis
to the beginning of the first arc.
PROGRAM NOTES: 3. SEQNO 2 - Contains the X,Y,I, and ] in-
1. Two drawings of the part are shown (Fig- formation needed to perform the first
ures 4-13 and 4-14). The first shows the quadfant of the arc. SEQNO 3 contains
part to be milled. The second shows the the information needed to complete the
path the tool will follow. Since the tool arc. ) )
diameter is .5 inch, the center path of the 4. SEQNO 4 - Mills the 60 degree angle using
cutter is located .25 inch outstde the de- linear interpolation. , )
stred part form. The second drawing also 5. SEQNO 5 through 10 complete the remain-
shows the points that must be determined ing sides and arcs. o
to define the centers of the arcs and end 6. SEQNO 11 - Raises the tool, returns it in
points of the angular moves. rapid traverse to the start point and re-
The trigonometric solutions for three typi- winds the tape.
YA= 7.2% TANEO =12, .47
CALCULATION OF P2 = yA- -
T COORDINATES LR e i
A1=30°  Mi= TAN(ALY=. 57735 XD= XC#00S 30" = 26675
R SEC(AD - ..1547 YD= XC#* SIN 30° 21175
A2:-60" M2= TAN(AD)= —/.732] [
SEC(AD = 2 A
B1= R*SEC(AL) =.75%/.1597 = — 84603
BZ=R#SEC(A2)-"-75#)2 = -/.§ Ny
XB= (82-B1) /(1112 P1= POINT/XD, YD +4.0
- S—‘/.Zs;zceos)/(-smsw.-;szb / 10 o POINT/2.6475, 61175
YB= Mi#XR+ B1 / A
= §7ISSw(-2746) - 8603 e—72 —=f
= 10244 p
P2= POINT/P1x~XB,P1,~YB Tvp
= PoINT,/3.3929,5.0931 . 7 7R
S CALCULATION OF P1
COORDINATES

CALCULATION OF P3
COORDINATES

= .5
Y0« (RtRE)* SINGD®
= .866
L4 P3= POINT/FP2,—XC, PZ,+YC
= POINT /2.8929, 5.959|

- 4.000

XCe= (R+RO) * 00560 = (75+.25)* .5 12

Figure 4-13. Plate,

PARTNO 050117
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