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Point Laser Triangu|ation Probe Issues dealing with the intrinsic calibration of a noncontact LI-

. . . DAR system[8] and the extrinsic calibration of noncontact sen-
Calibration for Coordinate Metrology sors(i.e., cameras and laser line scanhdes integration on ro-
bots [9,10] and CMMs[11] have also been studied. As in our
approach, these calibration methods primarily use parameter esti-

Kevin B. Smith mation techniques.

Assistant Professor, Brigham Young University, The extrinsic calibration of a noncontact “light-striping” probe
Department of Electrical and Computer Engineering,  on @ CMM is presented if12]. The modeling is based on a
Provo. UT 84602 skewed frame representation, and the unknowns are solved for by

minimizing an augmented objective function. The technology of a
light-striping probe is very similar to that of a PLT probe; how-

Yuan F. Zheng ) ) ) ever, the light-striping probe produces 2D data points rather that
Professor, The Ohio State University, Department of 1D and therefore uses different calibration parameters.
Electrical Engineering, Columbus, OH 43210 One extrinsic calibration method for PLT probes on CMMs

proposed to datflL3] uses crosshairs to visually position the PLT
probe laser beam to known coordinates. The disadvantages of this

. . . L method are that)lthe calibration process cannot be automated, 2
Point Laser Triangulation (PLT) probes have significant advany,e accyracy of the calibration is a function of the skill of the

tages over traditional touch probes. These advantages inclu erator, and Bthe accuracy of the calibration parameters is
throughput and no contact force, which motivate use of PLEwer tﬁan the accuracy of the PLT probe displacement
probes on Coordinate Measuring Machines (CMMs). This doc Seasurement.

ment addresses the problem of extrinsic calibration. We present &g, hronosed calibration method overcomes these disadvan-
precise technique for call_bratlng aPLT probe to a CMM. Th'?ages. This method can be readily automated. Its accuracy is in-
new method uses known information from a localized polyhedridendent of operator skill level, and it yields accurate calibration
and measurements taken on the polyhedron by the PLT prob&ig,neters. The basic ideas for this method are extensions of the

determine the calibration parameters. With increasing interest i), o yeter estimation methods cited above and of part localization,
applying PLT probes for point measurements in coordinate m 4,185
trology, such a calibration method is needed. In our approach, a calibration artifact is used that has a known
[S1087-135100)01703-2 geometry and is localized.e., the artifact’s local reference frame
is known relative to the CMM reference framéhe artifact(a
. polyhedron is measured with the PLT probe mounted on and
1 Introduction translated by the CMM. By fitting the measured points to known

Point Laser TriangulatioPLT) probes have a number of sig-information, the calibration parameters can be estimated.
nificant advantages over touch trigger and contact scanning probedhe rest of the paper is organized as follows. The calibration
that make them very useful in coordinate metrology. Some mad@rameters of a touch probe are presented and then compared with
advantages include zero contact force, small foot print, lardee calibration parameters of a PLT probe. The proposed calibra-
range of allowable stand-off distances, and high bandwidth. ~tion method is then presented, along with the least squares solu-

To apply Point Laser TriangulatiofiPLT) probes to coordinate tion. The approach is then analyzed from a sensitivity study, using
metrology, the probes must be calibrated using a fast, readily 4he condition number to determine optimal configurations for the
tomated, and accurate method to meet the needs of the indus@fifact, probe orientation, and number and location of points to
Existing calibration methods for CMM probes, such as touch tri%’ﬁr;easure. A simulation analysis is used to confirm the analysis.
ger and contact scanning probes, are not adequate for calibrafmi@ally, the effectiveness of the calibration is verified by use of
PLT probes. Unlike other probes, the extrinsic calibration of PLFomparative analysis.
probes requires the additional parameters of an approach vector
and an orientation vector as well as a translational vector. Current
approaches do not model the added information provided by PLT
probes, nor do they address the prqbe’s .unique operating con- Touch Probe Calibration Parameters
straints, such as sensor-to-surface orientation. L , ,

Much important work has been done in the calibration of posi- T_he calibration parame;ers of a touch probe include a tip sphere
tioning systems and sensors. Research in the calibration of pd§dius.r1, and a translational vectotr, that extends from the
tioning systems extends to applications in robofits 3], CNC CMM quill to the center of the touch probe tipee Fig. 1. When

machines tool§4—6], and Coordinate Measurement Machifigs & Part is measured with a touch probe, the probe tip is moved to
contact the workpiece surface. At this contact location, the CMM

Contributed by the Manufacturing Engineering Division for publication in theqUI” position, Pq’ is determined from the, Y, Z linear scales of
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Fig. 1 The calibration parameters for a touch probe include a =
translational vector, t , and tip radius, ry. The calibration pa- n ,>/
rameters for a PLT probe include a translational vector, t p» an I
approach vector, a ,, and an orientation vector, o. \Q

Pr=Pg+tr—rn,, (1) l

wheren,, is the normal to the workpiece surface at the point of . .
contact. Fig. 2 A polyhedron with three facets is proposed as the

calibration artifact

3 PLT Probe Calibration Parameters 5 Deriving the Calibration Parameters

A PLT probe has two additional calibration parameter vectors The measurement erréor residual,
not required by a touch probe. The calibration parameters ofndal to the facet is given by
PLT probe include a translational vectty, an approach vector,
a,, and an orientation vectoo, . dij=n;-Pj—dj, ®3)

The translational vectot,,, is defined from a known location _ .
on the CMM quill(typicallypthe center of a previously calibrated =+ (Paij Tt 1j2) —d; )
touch probgto a reference position on the laser beam of the PLBY construction, the only unknowns in E¢) aret,, anda,.
probe. The approach vecta, , is parallel to the laser beam andSince the equation is linear in unknowns, they can be solved for
points toward the workpiece away from the PLT probe. The orissing the following simple linear least squares approachf bet
entation vectoro,, is perpendicular to the laser beam and i¢he sum of the square of all the residuals, that fs,
directed from the laser beam toward the optical axis of the receiy.—zlm:lzikizlaﬁ, wherek; is the number of measured points on
ing lens. » . o facetj. The calibration parameters can then be determined by

An absolute position poin®,, on the workpiece is calculated finding values fora andt that minimizef. The functionf is a
from the PLT probe’s measured displacement valye@and other minimum when the partials of with respect to the unknowns

ij » of theith point nor-

calibration parameters by {ac.ay,a,,t,ty,t,} are all equal to zero. Writing this system in
Po=Py+t,+ya,. ) matrix notation withh=[a,,a,,a,,t,,t, ,tZ]T results in
The orientation vectom, is not used in this calculation, but is Gh=B, (5)

needed in path-planning algorithms to optimize sensor-to-surfaggere
orientations and to operate in collision-free regions. Since the ori-
entation vector does not directly affect the accuracy of the PLT ki

probe measurement, it can be approximated by visual inspection G(n; 17ij)=2 E 9ij » (6)
and is not part of the method presented here. j=1i=1

m

gij= M;i;V[1]exsVM;j , (7
K
4 Proposed Calibration Method B(n; ,d;,Pqj; lyij)zz : bij , 8)
The main steps in the proposed PLT probe calibration method j=1i=1
are to 1 localize and calibrate the polyhedron artifactn2easure by =ML Ny Ny Nz Ny Ny N1 7(d =1y P )

the facets of the polyhedron by recording the PLT probe’s dis- ; o
placement valuey;; , and the CMM'’s positionP,, at each mea- The 6x6 matrix, M;; , has{y;;,yi;,7i;,1,1, on the main diag-
surement; and)3find the PLT probe calibration parameters thapnal and 0 elsewhere. The X6 matrix V has
best fit the measurements to the polyhedron. {NyjsNyj,Nzj,Nyj,Nyj,Njt on the main diagonal and O elsewhere.

For this calibration method, a polyhedron with three facets iBhe 6<6 matrix,[1]g,s, has all elements equal to 1.
recommended for the artifact; although, more facets can be useds shown, the calibration parameters can be determined by
(see Fig. 2 The polyhedron'snfacets,S;(n,d), j=1,... mare solving Eq.(5) which is linear. The matrbG is called the dis-
defined by their corresponding normatg,, and minimum dis- placement matrix because it is a function of the displacement
tances,d;, from the origin(as referenced by the CMMo the measurements. The conditions for which a solution exists G
facet. is invertible will now be examined.
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6 Constraints from the Displacement Matrix 38

1
A constraint on the displacement measurements and the facet P xqij =M (17)
normals is found by examining the conditions needed for the dis-
placement matrix to be invertible. Carrying out the second sum in adl -n (18)
Eq. (6) and applying elementary row operations the top three rows Pygii 7’
can be written in the form 36
knnyn [ mny 7ny 7, pny pny pnglj, (20) 8le;ij =n;. (19)
and the bottom three rows can be written in the form Equations(18) and (19) show that the sensitivity of the residu-
n.nonfpn, pny pn, kn, kn, kn,l; 11) als to changes in CMM quill position along an axis is equal to the
PPN piy pn; Ky kny ki) (1) coordinate value of the facet normal vector in that axis. Therefore,
where the facet unit normal should ideally point along the CMM axis
K; that has the highest resolution. However, if all three of the CMM
_ 2 1p) axes have equal linear resolutions then the facet normal can point
7 Yij» (12) - - . . L ”
= in any direction without changing the sensitivity of the residuals
} to CMM position changes.
i
PJ:; Yij (13) g Condition Number Analysis
; The sensitivity of parameter erroréh, resulting from the er-
Thus th k oD; : . .
us the rank ob; is rors §G and 6B in G andB respectively are characterized by the
1, if K; Tj=p]-2 well-known condition numberk(G). This number is defined as
rank Dj) = . 2 (14)  k(G)=||G| |G~ Y =1. In our application, a small condition num-
2, if k] 7j ;&p] .

From this information, the rank d& is bounded by

m

rank(G)=ranl<(2 D;
=1

Using only three facet§.e., m=3) requires that the rank db,
=D,=D3=2 (i.e., requiring thak; rjsépjz). Conversely, ifk;;
=p]-2, more than three facetse., m=6) are required foiG to be
full rank.

m

smin( 6,2, rank Dj)) . (15)
=1

ber corresponds to the solution being less sensitive to data error.
By examining, G, one finds that the four parameters which

affect the condition number include) the number of measure-

ments taken on each facét; , 2) the threshold value of;;, 3)

the range value of;;, and 4 the facet angleq.

To reduce the condition number as much as possible, one has to
make an effort to optimize the following items) the number of
measurements taken on each facet should be as large as realisti-
cally possible, 2 the threshold value of;; should be set small
because a large threshold value will result in a large condition

In addition, if ;;=C; for all i, whereC;j is a constant, then number, and Bthe facet angle should be close to zero.

from Eqgs.(12) and(13), rj=ij1-2 andp;=k;C; . Under this con-

dition, k; Tj=p]~2 and the rank oD; is 1. Also, if m=3, thenG is

not invertible. As a practical consequence, the PLT probe must
positioned so thaty; is not constant while a facet is being/

measured.

Further, the rankd,+D,+D3)=6 requires that

While it is feasible to achieve item) &nd 2, item 3 cannot be
fully optimized because of limitations on allowable sensor-to-
guface orientations. So a trade-off between the magnitude of
G) and the expected accuracy of the PLT probe must be made.
To address this trade-off, PLT probe manufacturers specify a

the Maximum allowable approach angky.,. The approach angle is

: . —cos .. (—
rank(n;,n,,ng) =3 (i.e., the facet normals must be linearlyc@lculated fromé=cos “(n;-(—a)) and must be less than or

independent

equal to#,,,, for the PLT probe to meet its performance specifi-

In summary, the sufficient constraints from the displacemef@tions. The smallest block angley,,, possible under this con-
matrix are as follows: JLat least three facets that have linearhptraintis realized when the calibration artifact is positioned so that
independent normal vectors must be usededch facet must be the app_roach angle is the same for ?lll facets. Using plane geom-
measured at least twice, antitBe displacement values measure@lry, this angle is given byry,=tan “(tan($y)/\2), where ¢,

on a single facet cannot all be the same.

7 Calibration Parameter Sensitivity

For the calibration parameters, andt,, to be determined
accurately, they need to be sensitive to the PLT probe displa%
ment measurement and the CMM quill position which improve
the accuracy of the calibration while the effects of random noisa

errors can be minimized.

The calibration parameters are determined by minimizing t
residuals in Eq(4). The sensitivity of these residuals to the PL

probe measurement is given by

7 (16)

=008 H(—COSEhma)/V2) — Omaxt 2.

9 Calibration Experiment

An experiment was designed and conducted to validate the pro-
posed PLT probe calibration method.
The main steps in the validation process are as follows: 1
Slibrate a CMM touch probe;) Zecure the polyhedron artifact in
e working zone of the CMM; Buse the touch probe to localize
thd calibrate the polyhedron artifact; dalibrate the PLT probe
uesing the proposed calibration method;rBove the artifact to a
ew location in the CMM working zone, change its orientation,
and secure its position;) Bneasure the artifact facets at the new
location with the PLT probe;)7install and calibrate the touch
probe; 8 measure the artifact with the touch probe in its new
location; and 9 compare the facet normals and minimum dis-
tances obtained from the PLT probe with those obtained from the

This sensitivity increases as the angle between the approdctich probe.
vector,a,, and the facet normah), approaches 180 deg. There- The parameters; andd; were obtained using the CMM's stan-
fore, the facet normals should be aligned as close as possibledéwd plane measuring and datuming routines for touch probe mea-

the PLT approach vector.

The sensitivity of residualsg;; , to the CMM quill position,

Pqij » is given by

584 / Vol. 122, AUGUST 2000

surements. The displacement measuremenpfs, and the corre-
sponding CMM quill positions,Pg;;, were obtained while
measuring the facets with the PLT probe.
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Table 1 Performance of touch probe and two PLT probes

Probe | ROR | SDR ABL
(um) | (um) | (aremin)
Touch | 2.4 | 0.53 -0.16
PLT4 | 485 80 32.7
PLTg | 11 2.18 0.44

Table 2 The angle between the facet normaln  j4e5 @nd n, where
Nigea Was measured by the touch probe and n was measured by
the PLT probe.

probe | Facet#1 | Facet#2 | Facet#3
(107%) | (107%) | (107
radians | radians | radians

PLT, 0.76 3.21 1.07

PLTg 0.37 0.34 0.41

Table 3 The difference between the minimum facet distance to
the origin determined by the touch probe and by the PLT probe

Probe | Facet#1 Facet#2 Facet#3
PLT, | 3.328 mm -0.203 mm 3.296 mm
PLTg | -0.006 mm -0.013 mm -0.021 mm

A method for determining the facet normal vectoms;, and

Table 4 The range of minimum distance residuals from the
PLT probe measurements

Probe || Facet#1  Facet#2  Facet#3
PLT, | 0.119 mm 0.401 mm 0.133 mm
PLTg | 0.019 mm 0.010 mm 0.018 mm
Touch || 0.005 mm 0.006 mm 0.007 mm

A .
npj__pJ (24)
]
and
1
d,=—7. 25
P g (25)

For purposes of comparison, the validation experiment was per-
formed using two commercially available PLT probes referenced
as PLT, and PLTg in this document. The CMM used to calibrate
the PLT probes was a Sheffield RS-30. The touch probe used was
a Renishaw TP-2 touch probe wia 1 mm tipdiameter. The
polyhedron artifact with three facets, depicted in Fig. 2, was
manufactured from an aluminum block with a facet angle of
a=60 deg.

To quantify the performance of the touch probe and two PLT
probes independent of the calibration method, a 5-arcmin angle
block was measured. In this test, the probes were mounted verti-
cally and the block was measured 100 times at evenly spaced
intervals over a length of 20 mm. A line was fit to the measured
points; and the following were calculated: the range of residuals
(ROR), the standard deviation of the residuéBDR), and angle
between theoretical line and fitted lifABL). The results are
shown in Table 1.

In this experiment, the touch probe performed significantly bet-
ter than both laser probes. These probes were then used in the
validation experiment explained above; the results are shown in
Tables 2, 3, and 4.

Table 2 reports the angle,, between the facet normalyey,
measured by the touch probe, ang, measured by the PLT

corresponding minimum distancedy,;, measured by the PLT prope. The angles,,, is calculated by

probe in the “moved” validation positioiistep #3 needed to be
developed. Since the calibration parameters were previously de-

€n="C0S (N, Nigea)- (26)

termined, a pointP,;; , measured by the PLT probe is determined 1apje 3 reports the difference,, between the minimum dis-

from Eq.(2). The relationship betweem,; , d
by

pj» andPy;; is given

Ppij Npj=dp; - (20)

Using the change of variabla,;=1/d;n,;, and letting the ma-

trix Z be defined as

Pxpl I:)ypl Pz pl
7= Pxpz PYpZ F)zp2

; : . (21)

PxplG I:>yp16 IszlGJ-

tance from the facet to the origin determined by the touch probe,
dj igear» @nd by the PLT probed,,;; that is,
(27)

Table 4 reports the range,, of the difference between the
least-squares minimum facet distanak,;, and the minimum
facet distance calculated from individual facet points measured by
the PLT probe. That is,

€= rangeﬁdj _dpij)j

fd:dj,ideal_dpj -

i=1,2,...16. (28)

The variation in experimental results between the two PLT
probes tested is consistent with the measurement accuracy of the
respective PLT probes. The validation experiment results confirm

the system of equations for the points measured on a facettj high accuracy of this proposed PLT probe calibration method.

matrix form is

Zj)\pj:[l]lexl- (22)
This least squares problem has the unique solution
Noi=(Z]Z) 7' Z " 1]16x1 (23)

Finally, the desired parameters can be determined &kgpby

Journal of Manufacturing Science and Engineering

10 Summary

The proposed PLT probe calibration method is an accurate cali-
bration method that can execute autonomously and provide a lin-
ear solution. A mathematical and experimental analysis of the
proposed calibration method revealed the following design con-
straints.
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1 The condition numbers(G), should be small. Simultaneous Optimization of
2 The polyhedron should be positioned during the calibrati

Q . : :
so that the angle between the facet normal vectors and t&AaChmmg Parameters for Dimensional

PLT laser beam is as small as possible. Instability Control in Aero Gas

3 Certain conditions must be satisfied for the inverse of the X
displacement matrixG %, to exist: Turbine Components Made of Inconel
* At least three facets must be measured. 718 A”Oy

« The facet normal vectors must sparR® (i.e.,

Rank{ny,n,, ... ,ny})=3).

When only three facets are measured, at least two measufe- K. Subhas

ments per facet must be takefie., k;=2 for j Scientist F

=1,2,... mwherem=3).

* The PLT probe displacement values must be controlled, famaraja Bhat
shown in Eq.(14). Scientist B

This proposed calibration method was validated experimentally
to provide an accurate coordinate calibration for a PLT probe. The Ramachandra
accuracy of the calibration is limited principally by the accurac¥ iantist G
of the PLT probe.

Gas Turbine Research Establishment, Bangalore,
India-560 093
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surface region. The selection of machining parameters also de- Table 2 Treatment combinations of process variables

pends on other responses such as required tool life, surface finish,
material removal rate, etc. Therefore, the machining operation has

=
£z

Process variables

-

d a

Treatment
effects

to be optimized considering several process responses.

Derringer and Suiclhi2] presented a problem involving simul-
taneous optimization of several response functions that depend
upon the number of process variables. This approach is based on
transforming response variables into desirability functi¢8f
which can be optimized by univariable techniques. The desirabil-
ity function is a dimensionless number, varying between “0” for
completely undesirable level and “1” for completely acceptable
level of process quality. The geometric mean of desirabilities for
several responses is a dimensionless number that represents over-
all quality of the process. Thus, optimization problems are re-
duced to problems of optimizing single function. That is, overall
desirability has to be optimized with respect to process variables.
This paper presents a desirability function approach for simulta-
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+
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vdr
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neous optimization of turning operations. Empirical equations are
developed for predicting responses by response surface methodol-
ogy [4]. Response surface methodology involves statistical design
of experiments that reduce the number of experiments required.
The prediction equations for the responses are derived in terms of
independent machining parameters by regression analysis.

MRR=1000»-f-d

In this paper, dimensional instability of machined componentyined by statistical design of experiment.

tool life, surface finish and material removal rate are considered

@

The prediction equations for other five responses are deter-

for optimizing turning parameters. The validity of optimal ma- 2.2 Statistical Design of Experiment. The influence of
chining parameters to control the dimensional instability is expefirocess variables on response functions was studied at two levels.
mentally verified on test specimens and actual gas turbine engivenalf replicate 2 factorial experiment was designed that in-

components.

volved only sixteen trials. The treatment combinations of five
variables and corresponding experimental conditions are shown in
Table 2 and Table 3. Error variances for the responses were esti-

2 Methodology
The steps involved in the proposed methodology are:

(i) Selection of process variables and responses.
(i) Design of statistical experiment.

mated by carrying out four repeated experimefitsal No. 17 to
20 in Table 3 at the central values of variables.

2.3 Experimental Procedure. Cylindrical test specimens
(ID 55 mmxOD 76 mmxlength 70 mm made of Inconel 718

(iii) To determine empirical equations for predicting responsegere stress relieved and agéthrdness 44 HRC The specimen
by response surface methodology and check the adequaeys held in a mandrel to avoid clamping pressure while turning.

of equations.

Turning trials were conducted in a HMT H-26 lattie5 kW). The

(iv) To compute optimal machining parameters using desirabihachined specimens were inspected at predetermined locations in

ity function approach.

2.1 Selection of Process Variables and Responseshe

since most of the critical rotating gas turbine components are
chined by turning. Speed, feed, depth of cut, tool rake angle a
tool nose radius are the variables that significantly affect residl{g
stresses and microstructure in a machined surface redipn
Soluble oil (1:20 cutting fluid and micrograin grade carbide
(Kennametal K68 cutting tool material were selected based o
earlier experimental investigatid]. Table 1 shows the maxi-
mum and minimum values of cutting parameters used in
experiments.

Considering the surface integrity and accuracy requirement of
precision rotating gas turbine components and efficiency of turn-

Table 3 Experimental data

a Zeiss Mauser 3D coordinate measuring machine. The dimen-
sional instability was calculated as a maximum absolute differ-
.ence between dimensions measured immediately after machining
Uhd final stable dimensions. Residual stresses were determined by
le drilling strain gage methdd]. The machining operation was
errupted periodically and tool flank wear was measured using a

| makers’ microscope. Time taken to reach a value of 0.18 mm
maximum flank wear was the criterion for tool life. Surface finish
was measured using a portable perth-o-meter. Results of the ex-
IBeriments are given in Table 3.

ing operation, optimization is done for six process respons{ FralNe. | v | f d Jalr o o | R | _T_|DiMi
namely, circumferential and longitudinal residual stresses, dim ; ?g g‘z’; g;z f g: ﬁgg §?2 ‘2’423 Z‘S’ :3(5’
sional instability, surface finish, tool life and material remov 3 6T oo T 0 | T oa [ 200 | %60 | o9 1 1o | 760
rate. Therefore, empirical equations are developed for these 4 10| 004 | 025 | 6 | o4 200 | 67 [ 07 :;2 ;gg
7 H H 5 10 0.04 025 -6 1.2 1304 19.0 03 . .
responses. The material removal rate is calculated using, z w155 ST o TesTas T s T To50
7 38 022 025 6 0.4 611.5 43.5 0.8 6.0 191.0
3 38 0.04 1.0 6 04 2125 16.7 0.9 75 380
9 10 022 1.0 6 04 3198 249 32 8.0 63.0
Table 1 Cutting parameters used for machining 10 38 | 022 | o025 | 6] 121 7684 | 558 | 06 | 55 | 1990
It 38 0.04 1.0 -6 12 371.6 29.0 07 7.0 78.0
Process Maximum Minimum 12 33 0.04 0.25 6 12 1728 15.5 0.6 85 430
: 13 10 0.22 1.0 -6 1.2 4792 372 15 72 103.0
Variables (+) (-) 14 10 022 0.25 6 1.2 295.4 30.0 1.0 9.5 75.5
v 38 10 B 0] 008 | 10 | 6 | 12 ] 40 | 90 | 11 | 140 | 270
f 022 0.04 16 38 | o2 10 | 6 | 12 | 7015 | 565 | 08 | 53 [ 1710
d 1.0 0.25 17 24} 013 | 0625 { 0 | 08 | 3250 | 250 | 09 | 70 | 800
+'6 -6 18 24 | 003 | 0625 | 0 | 08 | 2670 | 239 | 11 8.1 780
a 19 24 0.13 0.625 0 08 290.0 270 12 15 82.0
r 12 0.4 20 24 0,13 0.625 0 08 310.0 230 09 8.0 860
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Table 4 Transformation equations for variables R,=1.0107-0.0172+8.8607 +0.703% — 0.0031x— 1.2789
Coded Transformation

variable equations —0.1766f+0.0246r—0.1874 (8)
X 2“—(v(v-"£§——"§‘ﬁ 2.5 Adequacy of Prediction Equations. Equations(4)—(8)
2f-T} :‘"f ) are valid wheny, f, d, @ andr vary within the minimum and
X2 L) 2 Vmax 7 Jwin) . . R
Vo T maximum levels used in the experimelitable 1. Further, these
* 2d - (du, * doge) equations were checked for adequacy by analysis of variance. The
.. -d,) ratio of lack of fit mean square to pure error mean square is
X 20 - (Cpay * Tpun) compared with F-statistic. The pure error mean square for the
(s - rin) responses is estimated by repeated tests carried out at central val-
x5 2 U ¥ Tom) ues of the variables. The predicted equations are adequate since
U~ o) lack of fit is not significant at 95 percent confidence le{fdble
5).

2.4 Equations for Predicting Process ResponsesFollow-

ing equation is postulated for the responses: 2.6 Correlation between Residual Stresses and Dimen-
o o sional Instability. The coefficient of correlation between re-
y=bo+2bixi+2byxx;; 1,j=1,2345 andi#j (2) sidual stresses and dimensional instability are calculated from the

Equation(2) includes direct linear and interaction effects of th&€Sults of experiments presented in Table.3. The correlation coef-
variables. For convenience, two levels of each independent vdifiént betweeno. and DIMI is 0.9602; o, and DIMI is

able are coded inte-1(low) and + 1(high). Transformation equa- O:9658—that is, residual stresses and dimensional instability are
tions used for coding the variables are given in Table 4. THHghly correlated, and by controlling dimensional instability re-

sixteen coefficients required for E¢R) were estimated by the sidual stresses are also controlled. Therefore, the response func-
method of least squares. tions, o, and o, are not considered for optimization.

Bl=(X'X)"IX'fY 3 2.7 Simultaneous Optimization. The machining process
{BI=( ) i} 3 responses were transformed into desirability functifils The

where, X is the matrix of coded variables af} is the vector of desirability functions derived for the responses are given below:
measured responses.

Predicting equations for all the responses are obtained in the

form of Eq. (2), which involves sixteen terms. These equations 0 T<Thin

were further simplified to include only statistically significant T—Tmin

term of variables and their interactiofi§]. The ratio of mean e o Trnin<T<Tpmax (9)
max min

square effect to error variance was compared with F-statistics to
test the significance of each effect at 95 percent confidence level. 1 T=Tax
The prediction equations are thus simplified and involves fewer

terms as follows:

0 MRR<MRRy;,
o= —138.6457 1.8569 + 643.4365 + 286.8036 — 2.325% MRR-MRRg |
+109.2222 + 60.0156/f — 15.629Ta—174.7538r  (4) 97| |MRR .-MRR.. Ruvin Rinax
1= 1.8836+ 0.0447+ 52.8845 + 13.28341 - 0.4828 \ 1 MRR=MRR 4,
10
15.8073 +3.4268f ~0.6198a - 9.2915r () (10
T=14.391%0.2039 — 30.924T +0.1052v+ 1.1720 (0 DIMI<DIMIyp,, DIMI>DIMI
+0.5473/ (6) DIMI —DIMI
m DIMI j,=<DIMI<DIMI .
DIM| =8.9766+ 0.216/+ 126.7825 + 33,5055 - 2.2595x da= c min
DIMI —DIMI
+18.7364/ — 0.4259.d + 0.030%a - 122.2231d SO D M <DIMI < DIMI
| [DIMI,—DIMI
+4.746F a—2.3614la ) (11)

Table 5 Analysis of variance for adequacy test

Response Source of Sum of Degrees of Mean F ratio F-statistics
Variable variation Squares Freedom Squares | computed (at 95%)
o. (a) Lack of fit | 28870.82 8 3608.85 5.70 8.85

(b) Pure error 1898.0 3 632.67
o (a) Lack of fit 138.54 8 17.32 5.83 .8.85
(b) Pure error 8.908 3 2.97
T (a) Lack of fit 4.6 11 0418 1.63 8.77
(b) Pure error 0.77 3 0.257
DIMI (a) Lack of fit 474.75 6 79.13 6.78 8.94
(b) Pure error 35 3 11.67
R, (a) Lack of fit 1.3325 8 0.167 7.40 8.85
(b) Pure error 0.0675 3 0.0225
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Table 6 Optimal parameters

Tolerance Independent parameters Response parameters Desirability

Group v f d a r T MRR | DiM R, A [/ d, d, ds dy D
Group 11 10 | 004 | 05 6 1.2 134 200 1575 | 0254 393 9.2 0.558 | 0.037 | 0.848 | 0.909 | 0.355
Group 11 16 ] 005 | 06 6 1.2 12.1 480 2498 | 0432 79.3 11.2 0471 0.139 | 0995 | 0614 | 0447
Group IV 26 | 006 | 05 6 1.2 10.1 780 39.71 0.401 151.6 14.9 0342 | 0249 | 0.971 0.665 | 0.484

* Computed by substituting optimal independent parameters in equations (4) and (5).

0 Ra=Ra max d;=0 atT=5 min andd;=1 at T=20 min. Similarly,d,=0 at
R._R R,=0.8um andd,=1 at R,=0.2um, MRR,;, and MRR5
d= { a~ Ma max } Ra min< Ra< Ra max (12) Were calculated as follows:
R.min—R
s e MRRyin=1000 ¥min: fmin: Ainin (14)
1 Rag Ra min P E

One-sided transformation is used for the desirability of tool life, MRR o= = (15)

actual metal removal rate, surface finish; and two-sided transfor- 1.25p-C-C,
mation for dimensional instability. Overaltomposite desirabil- Following values were used in EGL5): P,, is 7500 W,p is

ity of the process is computed by geometric mean of individugl g3 W/mn¥/min, E is 0.7, C, and C, are 1.2[6]. With these
desirabilities. constraints, desirabilities for the responses are computed by vary-
D=(d:Xd,Xd.Xd,) 13) ing v, f, d, @ andr in discrete steps. A computer program is
o _ (c e 4) _ (13) written for computing individual and composite desirabilities. The
Maximizing this composite desirability gives the best overattomposite desirabilities for different combinations of process
performance for machining. variables were numerically compared. The program prints optimal
2.8 Optimization Criteria. In this study, tolerance bands "esPonses, variables and corresponding desirabilities upon reach-

for the jet engine components are classified into four groups. ing maximum value ofD. Output of the computer program is

summarized in Table 6.
Group Na | - 5-10 microns range
Group No. II - 11-20 microns range 3 Experimental Validation of Optimal Parameters
Group No. Il - 21-30 microns range

Group No. IV - 31-50 microns range 11-20 micron tolerance band is the most critical for turning

onlv f ire 5-10 mi | hi hOé)eration. The validity of optimal machining parameters derived
nly few components require 510 microns tolerance, Which {5, i range are verified by carrying out tests on cylindrical test

gch_|e\_/ed by either jig l_:)orlng or g_rlndlng. Sl_n<_:e the present St“‘%‘)ecimen and actual jet engine components.
is limited only to turning operation, machining parameters ar

optimized for Group Il to IV tolerance bands. Upper and lower 3.1 Validation on Test Specimen. Table 7 shows dimen-
limits of the tolerance group fix the maximum and minimum valsional details for the test specimen machined withl0 m/min,

ues for acceptable dimensional instability. THEM | .. is the mid- f=0.04 mm/rev, d=0.5mm, «=6 deg andr=1.2mm. The
value of the tolerance band, whetg=1. The constraints on tool changes in dimensions are less than 10 microns, which are well
life and surface finish are selected based on practical experiengéhin the predicted value. Repeated tests carried out with these

Table 7 Dimensional instability in test specimen

Sl Specimen Immediately after machining (in mm) After 360 hours (in mm) Actual change in di ion (in mm)
No. location Mean diameter Roundness Mean diameter Roundness Mean diamcter Roundness

1 1D at Smm 60.5569 0.0145 60.5569 0.0137 no change 0.008

2 iD at 15Smm 60.5634 0.02157 60.5630 0.0186 0.001 0.0029

3 OD at Smm 66.3993 0.0151 66.3982 0.0136 0.0011 0.0015

4 OD at 15mm 66.3948 0.0125 66.3939 0.0118 0.009 0.007

5 OD at 25mm 66.3931 0.0117 66.3924 0.0094 0.007 0.0023

v

\

IMMEDIETELY 100 HOURS IMMEDIETELY 360 NOURE
AFTER MACHINING AFTER MACHINING AFTER MACHINING AFTER MACHINING
Effect of nnoptimized parameters Effect of optimized parameters
on dimensional instability on dimensional changes

Fig. 1 Dimensional instability in compressor disc
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machining parameters showed 5 percent scatter in dimensioBabscripts

instability, but all were within the required tolerance band. max = indicates maximum value

3.2 Validation on Compressor Disc. Effect of optimal ma- min = indicates minimum value
chining parameters on dimensional instability in compressor discs
is shown in Fig. 1. The locating diameter 40©0.02/0.00 mm eferences
was machined using the optimal machining parameters derived %r] Varschall. C. W.. and Mari 8 E 1077 “Di onal InstabiliveA

_ . . . : arschall, C. W., an aringer, R. E., , “Dimensional Instability-An
11-20 micron tolerance group. The diameter maintained at 40@1 introduction,” International Series of Material Science and Technoldggr-
(+0.010/0.00 mm during machining has changed to 400  gamon Press, Vol. 22.

. . mm arter ours. IS Change In dimension IS [2] Derringer, G., and Suich, R., 1980, “Simultaneous Optimization of Several

(+0.015/0.00 fter 360 h This chang d [2]

within the acceptable tolerance band. Response Variables,” J. Quality Techndl2, No. 4, pp. 214-219.

[3] Harrington, Jr., E. C., 1965, “The Desirability Function,” Ind. Quality Con-
trol, pp. 494—-498.

[4] Wu, S. M., 1964, “Tool Life Testing by Response Surface Methodology, Part
1 and 2,” ASME J. Eng. Ind., pp. 105-115.

[5] Devarajan, N. et al., 1984, “Experimental Method of Predicting Residual

. . . . Stress due to Turning in Stainless Steel,” J. Exp. Te8hpp. 22—-26.
1 Empirical equations for predicting surface residual Stresses[@] Subhas, B. K., 1983, “Some Experimental Studies in Machining of Superal-
dimensional instability, surface finish and tool life were derived ~~ |oys as Applied to Gas Turbine,” M. S. Research thesis, J.N.T.U., Hyderabed.
by response surface methodology. [7] “Measurement of Residual Stress by Hole Drilling Strain Gauge Method,”
2 Experimental results have shown that residual stresses and 1993. Technical Note No. T.N.503-4, Measurement Group Inc.
dimensional instability are highly correlated. Therefore, dimen-
sional instability, tool life, surface finish and material removal rate
were considered for optimization. . . o
3 A simultaneous optimization method based on desirabilitEdge Radius Var|ab|||ty and Force
function approach was used. The optimal cutting parameters ar . .
derived to control dimensional instability within 11-20, 21—3Measurement ConS|derat|0nS
and 31-50 micron tolerance bands in turning precision aero gas
turbine engine components made of Inconel 718. . {
4 Dimensional instability was within the acceptable tolerancgoy J. Schimme
band for the test specimen and actual jet engine components faiduate Research Assistant
are machined with optimal machining parameters obtained by si-

multaneous optimization. Jairam Manjunathaiah ?
Graduate Research Assistant

4 Conclusion

Nomenclature William J. Endres
a = rake angle, deg. Assistant Professor, Mem. ASME
b;, bj; = regression coefficients
{B} = vector of regression coefficients Department of Mechanical Engineering and Applied
C; = rake angle correction factor Mechanics, University of Michigan, Ann Arbor, MI 48109

C, = chip thickness correction factor
d = depth of cut, mm
d, = desirability of tool life

d, = desirability of material removal rate A new, noncontact instrument, based on white light interferom-
d; = desirability of dimensional instability etry, is used to measure the edge radii of cutting tools with mea-
d, = desirability of surface roughness surement errors of less than@m. Edges of several commercial
D = composite desirability cutting inserts are measured and compared. It is found that the
DIMI = dimensional instabilityum radius of the hone varies along the length of the edge in a para-
DIMI. = most desirable dimensional instabilitym bolic manner. The difference between the edge radius at the cen-
E = transmission efficiency of the drive ter of the edge and the radius at the start of the corner can be as
f = feed, mm/rev large as 25um (0.001 in). The variation between the edges on an
ID = inner diameter, mm insert and across inserts in a batch of tools can be as high as 25
MRR = metal removal rate, mimin pm (0.001 in). Statistically significant variations are also seen in
OD = outer diameter, mm the corner radius region in which much cutting occurs in turning,
p = power per unit metal removal rate, W/rmtmin boring and face milling processes. Orthogonal cutting tests with
P.,, = lathe motor power, W tools of measured edge radius in the zone of cut indicate that the
r = tool nose radius, mm machining forces, especially the thrust force component, are sen-
R, = surface finishum sitive to changes in edge radius on the order of measured varia-
o, = circumferential residual stress MPa tions.[S1087-135{00)01603-9
o, = longitudinal residual stress MPa
T = tool life, min
v = cutting speed, m/min Introduction
X; = coded value fow o
X, = coded value fof Edgg hongs are commonly used as an gdge preparation in many
x; = coded value fod operations, like interrupted cutting, machining of hard materials,

x, = coded value for etc., where increased edge strength is desired. Edge hones in the

xs = coded value for

X = matrix of coded variables ;Curremly with General Motors. o
X' = transpose oK Currently with Lamb Technicon Machining Systems, Warren, MI.

Contributed by the Manufacturing Engineering Division for publication in the

y = estimated response JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received
{Y} = vector of measured responses July 1997; revised Oct. 1999. Associate Technical Editor: S. Kapoor.
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range of 75um (0.003 in to 125um (0.005 in are commercially isted a significant shift in insert medthe average of the edge-
available for heavy duty machining of hardened st¢el85 RQ  center-point measurements on each of the three edges of an insert
and cast irons. The edge preparations on commercially availabled, furthermore, there existed an edge-to-edge mean shift on
inserts are generally prescribed as a range. For example, edgeh insert.

preparationA is specified to have a hone ranging from At Placing 95 percent confidence bands on the insert means for
(0.0005 in to 80 um (0.003 in. Two of the processes that arenine inserts of seA demonstrated that if an insert with nominal
commonly used to obtain edge hones are honing by nylon brusheelge radius of 50.&m (0.002 in is procured commercially, the
impregnated with silicon carbide, and honing by abrasive entraiaetual edge radius at a specified point on the edge could be off by
ment in an air-stream. In the brush honing process consider@slmuch as 22m (0.0009 ir). This error is perhaps indicative of
here, cutting edges are polished when the inserts, mounted owlsyy most manufacturers specify the edge preparations in ranges
rotary carrier, are slowly rotated about their inscribed-circle axis values.

while being fed through the rotating brushes. By varying the time Variability Along an Edge. The second important issue to

and depth of contact between the brush and the cutting edge, < g ) ;
P 9 d%%estlgate is whether or not the location along the cutting edge

different edge hones can be obtained. The variation of an e - - S

feature from its nominal value, both along an edge and edge Tects the edge radius in a statistically significant manner. Two

edge, is not well understood. Large tolerances on the edge hé’ﬁ%?rts frcfm; every Zet Werefchosen and measur:ments were rg_ade

could lead to significant variations in machining forces when cuf" 708‘” of't SeZS'X e g(e)s7at |ve322nes on ?ﬁcs 7e ge (;:orresphon ing

ting with different inserts of the same nominal specification. ThE /-8 mm, 5.2 mm, 0.7 mm; 3.4 mm an -/ mm from the
enter of the edge. These points were chosen such that one point

aim of the reported work is to study edge hone variability ofi . :
commercial inserts and the relative effects on machining forcEQésponded approximately to the center of the edge with the

and model calibration data. It fotthe aim of this paper tmodel other points distributed on either side. Using the automated posi-

the effects of the edge radius on the cutting process, nor is it {"Ng table, the locations of these positions were maintained to
model the brush honing process. be the same for all the measured edges. The variation of edge

radius along the edge is shown in Fig. 1. It is obvious that the
Edge Radius Measurements edge radius at the center of the edge is consistently lower as
o ) . compared to the radius at points closer to the cof@eé mm and
Accurate measurement of the edge radius is a fairly dlfflCUl_t6_7 mm locations The R? values for the individual fits were
task that has been addressed in some detail in only a few studigg, ;+ 60 percent. Analysis of variance showed that edge location

[1,2]. In this study, we describe the use of a new optical technidigyeed was a significant factor. It also showed that the edge-
based on white light interferomettgee Sasmor and Cal@] for |\ mber label was insignificant.

a detailed review of optical measurement technigjuekhe
WYKO™ measurement system used here, which is based on thé&/ariability Around Insert Corner.  While variability along
physics of white light phase-shift interferometry, combines acctihe straight portion of an insert edge may impact straight-edged
rate optics, axis movement and a computational software interfamghogonal cutting tests, most real-world applications of cutting
to make measurements with vertical resolution as good as 2 mmserts involve cutting, at least in part, on the corner radius of the
(0.002 um) [4]. insert. Therefore, force prediction models being developed for
Three sets of TPG432 uncoated carbide ins@$sA, B and such applications, which extend the models being formulated for
C) were requested from a vendor to have corresponding nomirsataight-edged orthogonal cutting, should account for edge radius
edge radii(specified at the center of the edgd 50.8 um (0.002 variation around the corner, if it exists. With this in mind, the
in), 100.6 um (0.004 in and 152.4um (0.006 in. After going edge radius around the corner was measured on several inserts
through quality checks at the vendor’s facility, the inserts weifigom setA to evaluate the relative variation in the corner region as
measured independently by the research team. Care was takeooimpared to the straight lead-edge region studied above.
reduce sources of measurement errors. A small fixture that heldA fixture was fabricated to permit three measurements on each
the insert at the propdiand constantorientation relative to the corner—one at each of the two tangent points where the corner
optics of the system, together with an automated positioning tabfeeets the two straight edges, and one at the apex of the corner.
ensured that measurements on different inserts and edges werEhat statistical model employed to analyze these data was a gen-
identical locations along the edge. Repeatability tests showed tkaal linear model with the corners as nested within insert for the
the estimated profiles were within 50 (05 um) of each other. same reason edge number was nested within insert in the earlier
Details of scan data processing are givefiSh analysis. The two possible two-factor interactions were also

Variability Between Edges and Inserts. Eight inserts from
each set were chosen to evaluate the variability across edges and
inserts. Comparing the nominal specifications to the measured o5q
data indicated that the edge-center-point means were smaller thar
the prescribed nominal values, in this case by aboutubh®
(0.0007 in for the setsA andB, and by about 5um (0.0002 in 200

for setC. This would indicate that it is difficult to manufacture the E
inserts to a tight tolerance on the mean for tools with a smaller g 150
edge radiugwithin 35 percent of the nominal for sétas com- 3
pared to within 3 percent for s&). The variation about the mean & 100
is about 6um (0.00025 in for setsA andB, and 14um (0.0005 S,
in) for setC, which is approximately 10 percent of the nominal &

values for all sets. Only 50 percent of the measured values were in 50
a range of 1Qum (0.0004 in for setsA andB, and 25um (0.001

in) for setC. 0 1 | |
A general nested linear analysis of variance was conducted in 10 -5 0 5 10
which the edge radius was modeled as equal to a tool effect plus Position from center of edge (mm)

a nested effect of edge on tool. It was found that both these vari-
0.014 on edgeboth of setB). SetsA and C were significant at edges of inserts from set A (50.8 um (0.002 in)), set B (101.6
even smalleP-values. In other words, between inserts there exm (0.004 in)), and set C (152.4 um (0.006 in))
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evaluated in this model. Results of the statistical evaluation show < 600 T T I
insert and position to be statistically significant, Rwalues of E ® C..78im 4 Al 105um
0.035 and 0.009, respectively, and cofiveer) as well as the £ :fi}'sﬂ?n"m; 4 f;:[lnm
two interactions to be insignificant. This reveals that the edge Z R P S
radius does vary with position around any given corner and fur- l; 00~ , 4k ‘ -
thermore that there is a difference between inserts, although varia- £ e .
tion between corners of a single insert is statistically indistin- = ¢ *
guishable from random errors. 3 /
f—) 200 |- R S S PRI Lo

Force Measurement Considerations = AT e

Orthogonal cutting experiments were conductedaoJ & L g -pro B — -~ o -7 i ——
CNC lathe by end cutting of tubes of three materials: gray cast 2 0 | I I | |
iron, 2024 aluminum and commercially pure zinc. A wall thick- 0.0 0.1 0.2 0.3 0.4 0.5 0.6
ness equal to 4.83 mi®.19 in was used to maintain plane strain Uncut chip thickness h, (mm)

conditions. A Kistler piezoelectric dynamometer was used to
monitor three machining force components. To reduce the varigg. 3 Variation of the thrust force component with uncut chip
tion of the edge radius along the width of cut, which could lead tbickness for cast iron, aluminum and zinc at various edge radii
misleading force measurements, all the cutting tests were per-
formed at the center of the edge where the edge radius had been
measured prior to the experiment and where the variation gradient 100
is lowest across the width of cut. It can be seen from Fig. 1 that
the maximum variation in edge radius agos 5 mm(0.2 in 80
width of cut that is equally distributed about the edge center-point
is only about 6um (0.0004 in for inserts from setC.

Each material was cut at several feeds by two inserts whose
hones were described by the vendor as«s0(0.002 in and 100
um (0.004 in. Since the significance of the effect of the edge
radius increases at smaller uncut chip thickness, feeds were se-g
lected such that the ratio of uncut chip thickness to edge radius 3 © Controlled edge radius Soum Slope = 82
(h/r,) varied between 0.5 and 5. This represents the range com- 20~ 22225‘;."352’:’15‘:3”“"5“ e flf;f: e B
monly seen in the operations of practical intefésird turning and
finishing operations The edge radius effects seen here would be 0 . ' ' ’
more pronounced at even lower uncut chip thicknesses. 0.0 01 0.2 0.3 0.4 0.5

Graphs of the cutting and thrust forcésormalized by the Uncut chip thickness h, (mm)
width of cup versus the uncut chip thickneksfor all three ma-
terials, are presented in Figs. 2 and 3. As expected, the effectt- 4 Increased errors observed when different parts of the
the edge radius is visibly larger on the thrust force than on ti§dtting edge are used for calibration testing
cutting force. It can be seen that intercefggjualitative measure
of edge/ploughing contributionsare higher when the materials
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g force, (N/mm)

40

are being cut with tools of higher edge radius. Even for zinThis proves that the increase in forces are of a higher order than

where the edge radius effect seems to be quite small, 95 percigt experimental error in the force measurements.

confidence bands on the force measurements lie far épantd- The variability along an edge raises an important consequence
to-band separation of 2.5 to 3 times the confidence bamdsch regarding force measurements made for force model calibration
statistically supports the significance of the edge radius effect oia straight-edged orthogonal cutting tests. If the machining forces
the forces. If it is assumed that there is a linear variation of mare assumed to have some portion that is proportional to the edge
chining forces with edge radius, then it can be shown that thadius, then the machining force must vary parabolically along the
predicted force for an insert with edge radius of 7pu® (0.003 length of the cutting edge. Arbitrary or randomized selection of
in) would lie well between the confidence bands of gendB.  zones along the cutting edge will result in measurement of ma-
chining forces that appear to exhibit noise. Machining force data
is meaningful only when all the tests are run with tools of the

600 | | | | same edg_e radius. In Fig. 4, cutting forces that were predicted
< using a simple force model, based on data collected here, are

ser :?g:‘m shown for three situations—controlled tests in which a single edge
4 Al 51um i A radius is used, randomized tests along the cutting edge, and non-
400 = v 2 oo randomized tests. It can be seen that randomized and nonrandom-

© Zn. 102um

Normalized cutting force F/w, (N/mm)

200 b7+ cutting zone in order to obtain accurate force data.
Conclusions
0 I I l l l It was shown that there is a statistically significant parabolic
0.0 0.1 0.2 0.3 0.4 05 0.6 variation of edge radius along a cutting edge, which is presumably
Uncut chip thickness h, (mm) due to the geometry of the brush honing process. Statistically
significant variation of the edge-center-point mean across edges
Fig. 2 Variation of the cutting force component with uncut and insertgabout 25um) was also observed, which is attributed
chip thickness for cast iron, aluminum and zinc at various edge to the difficulty of controlling the honing process. Variation was
radii observed in the corner radius region as well, being statistically
592 / Vol. 122, AUGUST 2000 Transactions of the ASME
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ized tests lead to loweR? values and, more importantly, an in-
correct slope and/or intercept. Hence, we can conclusively state
that it is important to measure and maintain the edge radius at the
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