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recommendation, or favoring by the United States Government or any agency 
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Introduction 

A Cooperative Research And Development Agreement (CRADA) was established April 
1992 between Martin Marietta Energy Systems, Inc. (Energy Systems) and United 
Technologies Corporation, Pratt & Whitney Division to evaluate the existing applicability 
of the Energy Systems optical tool inspection and compensation system (OTICS) for use at 
Pratt & Whitney's East Hartford Plant. The OTICS was developed at the Oak Ridge Y-12 
Plant* and optically measures the shape of a single point cutting tool. The tool shape 
inspection provides process information relating to tool wear .and if desired the tool shape 
geometry can be used to generate a new numerical control machining program that is 
compensated for the tool forms errors. 

The CRADA was planned as a multiphase project with Phase-1 being the evaluation of 
OTICS tool characterization capabilities at Pratt & Whitney (P&W) utilizing their materials 
and machining operations. Phase-2 of the project will be defined to focus on the 
development of a second prototype system th.at encompasses the technologies assessed in 
Phase-1 and achieves an improvement in accuracy and speed of inspection. The primary 
focus of the Phase-1 assessment included both the tool measurement capability and an 
evaluation of tool wear characteristics observed in machining tests. Tool inspection 
accuracy becomes an issue in Phase-1 as the cutting tools to be evaluated at P&W are much 
larger in size than those measured at Y-12 with OTICS. Due to the fixed measurement 
resolution of OTICS, an increase in the tool size to be inspected will result in a direct 
decrease in the inspection resolution. One of objectives of the Phase-1 tests was to 
determine if the decreased inspection resolution of larger tools-will hinder the use of the 
OTICS technology. A second objective of Phase-1 testing was a demonstration of the 
varied technologies required to compensate the tool path for tool form errors. 

The OTICS technology was developed at Y-12 for the precision flexible manufacturing 
systems (PFMS) project. One of the overall goals of the PFMS project was development of 
technologies to allow the manufacture of single point turned parts with a contour accuracy 
of +/- 0.0005 inch. Process analysis tests performed for the PFMS project identified tool 
geometry errors to be a significant component of the total part contour error. The OTICS 
vision sensor was initially developed as a non-contact tool set gage. However, after its 
capacity to accurate measure the cutter tool form was established, software was developed 
to compensate the numerical control (NC) tool path for the tool geometry errors reported 
by the OTICS gage. A production version of the OTICS technology has been integrated by 
Moore Special Tool Inc. into an enhancement upgrade of a Excello T-base lathe. The 
enhanced T-base lathe package includes the necessary system software that will use special 
G-codes in the part program to automatically initiate the tool inspection and the tool path 
compensation of the final cut. 

The Phase-1 evaluation of optical tool inspection technologies at P&W was designed as a 
series of machining tests. These tests simulated a finish cut sequence utilized in the 
manufacturing of a specific class of turbine engine parts. The test part geometry, material 
and cutting tools were chosen to represent the typical manufacturing process in use at 
P&W. While the evaluation testing of OTICS was not performed on actual production 
parts, information gained from the machining tests would indicate what benefits could be 
realized form the incorporation of optical tool inspection technologies into the production 
turning process at P&W. 

* Managed by Martin Marietta Energy Systems, hc. for the U.S. Department of Energy under 
contract DE-AC05-840R2 1400. 



System Description 

The principal hardware components Of the optical tool inspection System are an IBM 7562 
Industrial Computer with a Data Translation DT-2953 video interface board and a Pl- 
remote head CCD video camera with a -170 interface. The video camera is mouIlfed at a 
location on the lathe where the slides can move the tool into the camm's field-of-view. A 
diffuse light source, which is supplied by fiber optics. is mounted in-line with the camera 
md serves as a back-light when the tool is being inspected. A microscope objective 1- and 
extensfon tubes are utilized to provide the desired magnification of the tool. Thfs optid 
system provides a shadow image of the tool to the video camera with the tool 'cutting" the 
light with the same geometric form that will cut the part. Figure 1 shows the camera, light 
source and a 0.125 inch radius tool mounted on the Sunstrand slant-bed lathe that was 
used for the PhasGl tests. 

TheOncSsoftwarewhtchexecutes 
on the IBM-PC begins each tool 
inspection by captunng a single 
video frame with the frame-grab- 
ber card. Figure 2 represents a 
typical video image of a 0.046 inch 
radius tool. With the camera fo- 
cused at the cutting plane of the 
tool. the shadow image provides an 
accurate geometric representation 
of the cutter form. To determine the 
shape of the cutting tool. the in- 
spection software analyzes the 
light-dark transition of the cap- 
tured video image. A smaller re- 
gion-of-interest is examined along 
both coiumns and rowsofthevideo 
data to detect edge points of the 
tool. A scfiematic representailon of 

figure 3. Once the edge points are 
detexmined. additional software al- 
gorithms construct a dimensional 

this scannlng process is shown in 

Nose radius1 

Figure 2. Video image of tool. 

Fwre 1. OTICS mounted on slant-bed lathe. 

1 1 
Figure 3. Deteding edge points m two directions. 
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inspection of the tool. Two types of dimensional inspections were calculated for the Phase- 
1 tests. The first type allowed sequential inspections of the tool to be compared to an initial 
inspection of a new7tool. This inspection highlights absolute changes in the cutter shape 
and thus indicates tool wear. The second type of inspection determined the deviations of 
the tool form compared to the theoretical 0.125 in. radius tool which was assumed for the 
generation of the NC program. 

A Sunstrand 400C slantbed lathe was selected for the test bed and the OTICS camera. 
shown in figure 1. was mounted on the Zaxis slide on the end opposite to the lathe spindle. 
A test part which was designed to model the part geometry shown in figure 4 was fabricated 
from 8% machinable nickel. The ma- of the inner contours of the test part required 
two different cutters. The first, P&W designation CM250-95, was a 50 degree dlamond 
shape tungsten carbide insert with a 0.046 inch nose radius. The second cutter, P&W 
designation CM417-3, was a single end T" bottom tungsten carbide insert with a 0.125 
inch radius, 200 degree included angle. button shape profile. The full radius of the cutter 
being wider than the holding dmnk gives this insert the appearance of its common shop 
name of a "dog bone" tool. Figure 4 also illustrates the contour features of the test part that 
were machined with the two cutters. 

Tool Wear Measurement Evaluation 

The first on-machine evaluation of OTICS was designed to measure the tool wear patterns 
that result from the single-point machining process in use at P&W. The detection of tool 
wear establishes a basis for the applicability of optical tool inspection techniques to the 
machining process as it provides a benchmark of the tool inspection capability. In addition, 
evaluating the tool wear data provides further insight into the machining process. such as 
the magnitude of wear and the stability of the cutter form during the final cut. Obviously, if 

I-I 

Figure 4. Test part configuration and tool paths used for wear experiment. 
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the magnitude of tool wear is hsgniflcant to other variables of the process error budget, the 
d u e  of optical tool inspection is minimal. Likewise, ifthe goal is to use tool inspection data 
to compensate the NC cutter path for tool form errors, the compensation process accounts 
only for the tool errors present before the finish cut and any subsequent tool wear will limit 
the compensation benefit. 

The experimental procedure used for the tool wear machining tests started with an initial 
OTICS inspection of two new cutter inserts once they had been installed in the lathe. The 
appropriate NC tape sequence was begun and a single machining pass was completed with 
each insert. After each machining sequence was complete the inserts were re-inspected 
with the OTICS system. For the tool wear tests, data was collected for a total of twelve 
machining sequences using six pairs of inserts. Most inserts were used twice, while one 
pair was used for three cuts and another pair received only one cut. As noted in table 1, 
various machining parameters were utilized to 
evaluate the capability of the OTICS setup to mea- 
sure tool wear. 

The OTICS software was modified to perform the 
tool wear calculations required for the Phase-1 tests. 
Before the modifications, the OTICS system reported 
the tool form as deviations from a nominal tool ra- 
dius whose center was located from points on the 
tool that are tangent to the lathe's slide motion. 
Since with this type of inspection the center is lo- 
cated from points on the tool that are subject to 
wear, any absolute or cumulative tool wear is not 
measured. To track absolute wear, the OTICS soit- 
ware was modified to located the inspection center 
relative to regions that would not be subject to wear. 

I Reference poinbl. 
Figure 5. Regions of tool used for center 
reference. 

Figure 5 indicates the regions of the . O M  inch radius tool that were used for the center 
reference and similar regions were used on the .125 in. radius tool. This type of evaluation 
readily allows the comparison of a series of inspections of a slngle tool and will track abso- 
lute changes in the tool shape caused by tool wear. 

The inspection data was stored as a series of files on the IBM-PC. The OTICS software has 
the capability to overlay a series of inspections,for a single insert and graphically plot 
deviations of the shape, which is the tool wear. Figures 6 and 7 show the results of the tool 
inspections collected for the tool wear tests. Each plot shows the basic cutter profile (the 
outer, smooth curve) and is created from the initial inspection of the insert. A second cune 
is plotted parallel to the first inspection and provides a reference for the Inamcation 
applied to all other inspections. A scale factor was selected to establish a 0.002 inch refer- 
ence which is identilied in the inspection plots. Tool shape deviations for each of the subse- 
quent inspections of an insert are overlaid in the plots and the regions of the tool receiving 
the greatest wear are easily identified. 

The OTICS system optical field-of-view was also increased for the inspection of the P&W 
tools. The larger tools to be inspected for Phase-1 made it necessary to change the optical 
magmfication to image a 0.250 inch square region. Since the OTICS measurement resolu- 
tion is approximately +/- 1 /2500 of the field-of-view, the resolution obtained for the Phase- 
1 tests was +/- 0.0001 inch and was verified with on-machine testing when the OTICS 
system was installed at P&W. This resolution, which is approximately five times larger than 
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Figure 6. Tool profiles measured during wear experiment. 
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Figure 7. Tool profiles measured during wear experiment. 
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Tool ID Cut # I File Name Total Incre. Feed Depth of 
Wear 1 ?$ Rate Cut (in.) Wear 

(mil = (mil) : (SFM) (IPR) 
0.001 in.) i I I 

1 I 
DIA1 
DIA1 

1 DIAl.DO2 2.6 2.6 I 153 I .005 .010 
2 DIAl.DO3 4.0 1.4 I 114 1 .010 -01 0 

DIA2 

DIM 

DIA3 

D I M  

I 

1 DIA2.DO2 0.9 0.9 100 1 .012 .010 
2 DIA2.DO3 1.3 0.4 i o5  1 .oo7 .OIO 
3 I DIA2.DO4 1.7 0.4 114 .008 .005 

1 DIA3.DO2 0.8 0.8 114 .010 .005 

I I 
I I I I 1 

I 

DIA4 

DIA7 
DIA7 

DIA8 . 

1 I I 
DOG1 1 i DOGl.BO2 i 2.1 2.1 I 153 I .005 I .010 

2 I DIA4.DO3 5.0 I 2.8 I 153 I .005 -005 

1 DIA7.DO2 0.9 0.9 114 .008 .005 
2 DIA7.DO3 3.3 2.4 1 153 .005 .005 

I I 

I 
1 I DIA8.DO2 1.9 1.9 I 150 , ,005 .010 

DIA8 I 2 I DIA8.DO3 2.0 I 0.1 i 114 I .005 I .010 

DOG1 153 .010 .010 I 2 I DOGl.BO3 3.5 ! 1.5 I 
I 1 I 

DOG7 I 1 IDOG7.BO21 2.2 2.2 ! 153 I .005 I .005 

DOG2 
DOG2 

1 DOG2.BO3 0.8 0.8 1 100 ,012 1 -010 
2 IDOG2.BO4 0.6 I -0.2 ! 110 .012 I .010 

DOG2 I 3 I DOG2.BO5 

Table 1. Initial OTlCS test results. 

0.9 0.3 ! 114 .005 1 .005 
I i I 

DOG3 1 I DOG3.BO2 I 0.8 i 0.8 I 114 I ,010 I .005 

DOG4 
DOG4 

! I 
1 1 DOG4.BO2 1.0 I 1.0 I 114 .008 .005 
2 1 DOG4.BO3 1.8 I 0.8 1 153 .005 .005 

I I I 

DOG7 I 2 1 DOG7.803 
I 

4.2 1 2.0 i 153 I .005 1 .005 
I I 

DOG8 
DOG8 

1 I DOG8.BO2 2.3 i 2.3 I 153 I .oo5 .010 
2 IDOG8.803 4.0 1 1.7 1 153 I .005 .010 



the resolution obtained for the inspection of the smaller tools at Y-12, is an underlying 
performance measure and should be considered when analyzing the inspection information 
obtained in the Phase-1 tests. 

To assist in the estimation of the tool wear, an enhancement was added to the OTICS 
software which searched the tool shape deviations to locate the position of greatest wear. 
Once the location of maximum wear was determined, the softmare calculated an average 
tool wear value over a &e degree region. Because the tool wear is calculated relative to the 
fbst (reference) inspection, a second parameter was calculated fiom the difference in wear 
for successive machimng passes of a given tool. This differential wear provides some indica- 
tion of the amount of additional wear that results from the second use of the tool. As noted 
earlier, the greatest benefit of tool path compensation is obtained when the insert has a 
small amount of additional wear during the jjnish cut. A summary of the tool wear numbers 
along with the machidng parameters (depth of cut, s d c e  speed, and feed rate) for each 
cut are reported in Table 1. 

Tool Path Compensation Demonstration 

The second on-machine test completed during Phase-1 was a demonstration of the tool 
path compensation technology of OTICS. Because scheduling constraints precluded com- 
pleting a series of machining evaluations, this test was performed to show the fundamental 
operations of the OTICS tool path compensation process. As discussed earlier, the compen- 
sation process starts with an optical inspection of the cutter which produces a dimensional 
inspection of the actual cutter shape. The actual tool shape is compared to the theoreDlcaUy 
perfect cutter assumed by the NC part program and results in a list of tool shape errors. The 
inspection results are then supplied as input to a second computer program which reads 
the original part program and produces a new program which is compensated on a block- 
by-block basis for the cutter shape errors. 

The OTICS compensation software algorithms were designed with a some basic assump- 
tions in the compensation process. These conditions are important to consider when imple- 
menting the technology and were included in the planning of the compensation demonstra- 
tion experiment at P&W. First, the OTICS compensation process only corrects the part 
program for contour errors due to tool shape errors. Specifically. any program blocks that 
move parallel to the lathe’s X or 2 axis would not be affected because the dimensional 
inspection of the cutter is referenced to these directions and by dellnition there are no tool 
shape errors associated with these motions. Thus the compensation process strives to pro- 
duce the correct shape of a contour which is cut with machine motions that are not parallel 
to the machine a s .  Additionally, the location of themcontour in the part is controlled by 
applying simple X - 2 offsets within the NC control. Finally, the OTICS compensation pro- 
cess requires a NC program created with linear interpolation and at present can only cor- 
rect a workpiece contour segment of up to 90 degrees. 

To satisfy the design requirements of the OTICS compensation process, the tool wear test 
part was re-machined to provide two 90 degree inside radius contours. A part program was 
created to machine the 0.5 inch radius contours using a 0.125 radius dog bone insert. The 
test part also included straight sections (facing and inner diameter) on each end of the 
contours. These straight sections provided datum surfaces for a coordinate measunnent 
machine (CMM) to locate the center of the contour radius. The part program was organized 
into four machining sequences that provided a 0.010 inch depth-of-cut for both the semi- 
finish and finish contour cuts. 
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The compensation demonstration used two dog bone inserts, one for each of the two con- 
tours. The fmt contour was semi-hsh cut with a new insert and then finished cut, using 
the same insert, with no tool path compensation. A second, new insert was installed in the 
lathe and the semi-finish cut of the second contour was completed. An OTICS inspection of 
the insert was then performed and the results used to compensate the tool path for the 
finish cut. The finish cut of the second contour was then completed. Figure 8 illustrates the 
test part configuration and the two cut- 
ter paths utilized in the test. 

I 

Since the compensation software ex- 
ecutes on the same IBM-PC used for the 
tool inspection, it was necessary to load 
a copy of the origmal part program into 
the PC and then transfer the compen- 
sated program back to the NC controller 
to complete the fhal finish cut. For pur- 
poses of the demonstration, the part pro- 
gram transfers were accomplished using 
a floppy diskette, mylar tape and 
"sneaker net". For a production imple- 
mentation of the OTICS system. the lo- 
cal PC used to inspect the tools and com- 
pensate the program would be networked 
to the shop DNC system. Also, the in- 
spection and compensation operations 
were manually initiated for the demon- 
stration test, but provided the appropri- 
ate interface existed between a produc- 
tion lathe and the OTICS computer, all 

a 

Figure 8. Tool paths used for compensation test' 

inspection and compensation operations could be automatically initiated by the NC part 
program. This approach has been demonstrated with the enhanced T-base lathe project at 
Y- 12. 

In addition to the single OTICS inspection of the second cutter used for the compensation 
process, tool shape inspections were performed for both cutters, before and after each cut. 
These inspections were collected to provide additional information on the shape change of 
the tools resulting fkom the machining operations. The results of the tool inspections are 
shown in figures 9 and 10. The plots of the tool shape are shown as deviations from a 
nominal 0.125 inch radius tool as inspected over a 90 degree segment of the cutter. The 
inspections plots indicate both inserts experienced similar wear and the maximum tool 
form ermr was approximately 0.0005 of an inch. It is important to recall the tool inspection 
used for compensation is referenced to the current 0 & 90 degree tangent points of the tool 
and not prior inspections. If these points wear more than other locations, the tool may 
appear to  increase in radius. This type of inspection is valid for the compensation process 
which relies on controller axis offsets to account for wear at the tangent points. 

After the finish cuts had been completed on the two test contours the part was taken to a 
DEA coordinate measuring machine (CMM) located on the shop floor. Both contours were 
dimensionally inspected to determine shape errors with respect to the nomlnal 0.5 inch 
radius contour. The CMM program was designed to locate the centers of the nominal radii 
from the straight sections machined with the test contours. Two inspection points were 

-. 
1_ .- .-.- -- __ ,  . ,  , - - - -  

I -.  . . .. . 
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Figure 9. Tool profiles measured for non-compensated 
tool. 

Figure 10. Tool profiles measured for compensated tool. 

-0.003 in. 

Figure 11. CMM inspection of noncompensated contour. Figure 12. CMM inspection of compensated contour. 

collected on each straight section and the inspection data was subsequent@ shifted to 
establish a minimum of error related to the straight sections. This process allows the loca- 
tion of the contour to "float" and simpli€ies the interpretation of the inspeclion results. since 
as discussed earlier, the Compensation process affects only the shape of the contour not its 
location in the part. 

Each contour was inspected at seventeen locations and plots of the inspection data for the 
two contours are shown in figures 11 and 12. The overall appearance of the contour errors 
are similar for both the compensated and non-compensated cuts. The compensated con- 
tour has a maximum error of 0.0024 inch and the non-compensated contour has a maxi- 
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mum emor of 0.0019 inch. While the measurement precision of the CMM (0.0003 in.) is 
almost at the level of the difference of the maximum errors, it is interesting to note the 
contour e m r  is approximately four times greater than the maximum tool e m r  detected 
(0.002 in. vs. 0.0005 in.). While no bend t  in the contour was measured for this single 
demonstration of the compensation process, it is apparent there are other factors in the 
machining process that are of greater magnitude~than the tool shape errors. To further 
verify the compensation process, the relative block-by-block motions of the NC part pro- 
gram were plotted, shown in figure 13, for both the compensated and non-compensated 
cuts. The tool error inspection data used for the compensation process is also shown in 
figure 13 and the plots establish that the correct compensation was calculatd. 

Excess material left on the part due to tool 
deflection is one possible process factor 
that would result in contour errors like 
those measured in the test. Assuming the 
tool and holder deflect away from the part 
as it is being cut, excess material would 
be left on the machined surfaces and the 
resulting actual contour radius would be 
smaller than the target of 0.5 in. An illus- 
tration of this excess material is shown 
in figure 14 and is depicted as being uni- 
form in thickness along the radius and 
straight sections. One might speculate if 
excess material was left on the part, the 
inspection erzors would have a positive 
sign instead of being negativevalues (lack 
of material) that were measured. How- 
ever, if the inspection data for the condi- 
tion of tool deflection is shifted to align 
the stmght sections, the smaller radius 
would result in negative contour errors. 
This shifting of the inspection data is pre- 

Figure 13. NC tool path for compensated contour overfayed 
with tool profile. \ 

cisely what was performed with the actual inspection data. Figure 15 illustrates the con- 
tour errors resulting from inspecting a smaller radius aligned in this manner. The amount 

Actual part contour 

Excess material left on 

Part contour deviations 
as measured by CMM 

'Nominal part contour 

Figure 14. Illustration of material left on part 
due to tool deflection. 

Figure 15. Illustration of CMM inspection of 
shifted contour. 
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of excess material depicted in figures 14 and 15 is exagerated for illustration. In actuality, 
a radius that is 0.002 in. smaller would have a marrimurn contour error of approximately 
0.001 in. located at 45 degrees. Other factors were no doubt present in the actual test, for 
example, equipment problems resulted in most of the compensated cut being machined 
with little or no coolant supplied to the part. 

Summary 

The tool wear measurement capabiliw of OTICS was successfully evaluated in the Phase-1 
testing. The testing ve*ed that OTICS can easily detect tool wear and the +/- 0.0001 inch 
resolution obtained was sufflcient for the larger cutter inserts used by P&W. It should be 
noted that some of the tool wear values obtained were for cuts with machining parameters 
(depth of cut, surface speed, and feed rate) well outside the normal process range in use at 
P&W. Indeed, one potential use of OTICS is a fast, objective gauge to quantify tool wear in 
machinability tests. 

During the tool wear experiments at P&W, a second potential use identified for OTICS was 
the accurate on-machine dimensional verification of special ground contour fonning tools. 
These tools are used with a plunge cutting motion to create the part contour from the profile 
of the cutter. Any errors in the pro6ie of the cutter will be reflected in the part contour, thus 
it would be beneficial to assure the profde is within tolerance limits before each cut. While 
the OTICS software can not presently inspect a formed tool, the algorithms used to calm- 
late tool wear could be extended to include the tolerance limits and profile analysis needed 
to inspect form tools. 

The OTICS tool path compensation experiment demonstrated the varied technologies that 
are integrated in the tool path compensation process. The OTICS system was successful at 
inspecting the 0.125 in. radius tool and compensating the tool path for tool form errors. The 
need for automated interfaces between the OTICS computer and controller along with the 
part program requirements and the overall compensation methodology were highlighted in 
the demonstration. While the single contour cut used in the experiment was insdcient 
data to evaluate the benefit of tool path compensation. it did indicate that factors other 
than the tool geometry are a larger source of error for the machine used in the contour 
cutting test. Additional testing that quantil5ed these other factors would be required to 
before a valid assessment of the compensation process could be completed. In general, 
unless the tool geometry emors are a sigmficant source of the process error any benefit of 
tool path compensation is negligible. 
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