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Summary:

A computer program is described for practical off~line optimization of plunge grinding operations on steels.

The program is based on a strategy designed to optimize hoth the grinding and dressing parameters for maximum metal

removal rate, subject to constraints of surface finish and burning of the workpiece.
Uhen performing the optimization, the user imputs the present grinding and dressing conditions, the
maximum allowable surface finish, and the measured grinding power and surface finish.

micro-computer.

The program operates with a desktop

The response on the computer screen

displays the estimated optimal grinding and dressing parameters, suggested new trial conditions, and present grinding

efficiency.

Introduction

Optimization of machining processes is usually based on finding
operating conditions which minimize machining costs or maximize
production rate. TFor performing such optimization analyses, a
reliable relationship between tool life and machining parameters
(e.s., Taylor equation) is penerally required. Such optimization
analyses can also be applied tc precision grinding processes [1,
2,3} provided that suitable tool life relationships are available.
For precision grinding operations on steels, the tool life (vol-
ume removed per wheel dressing) is often limited by burning of

the workpiece [4], although chatter or degradatiocn in form or
finish of the workpiece may also be the prevailing constraint.

Unfortunately, it is very difficult to obtain reliable tool life
equations for grinding. One form of empirical tool life equation
proposed by Snoeys et al [3,5] for plunge grinding assumes a pow—
er function relationship between the volume removed per wheel
dressing and the equivalent chip thickness (removal rate per unit
width divided hy wheelspeed). A major drawback with this rela-
tionship is the need to separately evaluate the constants in the
tool life equation for each wheel-workpiece combination, dress-
ing procedure, wheel and workpiece diameter, and even wheelspeed.
Other tool life relationships have been developed by Yoshikawa
{6] and Malkin [1] based upon wear models of the grinding wheel
up to burning, but these are too complex for practical use.

When using a grinding optimization procedure based on tool life,
it is implied that the grinding wheel degrades from an initial
condition after dressing to a final condition at the end of the
toel life. An optirmum grinding condition exists due to the
tradeoff with faster removal rates between shorter actual grind-
ing times and the need for more frequent dressing. In many prac-
tical cases, however, the wheel is frequently dressed with re-
latively little unproductive time or expense, so that the wheel
condition is maintained more or less constant. For this situa-
tion, which is typical of what is found in high production short-
cycle grinding, the objective should be to find the "instantan-
optimal grinding conditions. One optimization approach
along this line, proposed by Mayne and Malkin [7] for plunge
grinding of steels, is to maximize the metal removal rate sub-
iect to constraints on workpiece burn and finish. By applying
non-linear optimization techniques to a generalized prinding
model, it was analytically demonstrated how the wheel dullness,
as indicated by wear flat area, influences the allowable removal
rate. Selection of optimal grinding conditions using this analy-
sis is not practical because of the need for having a reliable
estimate of wear flat area.

'
eous

More recently, Malkin and Koren [8] have developed a practical
strategy for finding both the optimum grinding and dressing con-
ditions for maximizing the metal removal rate subject to con-
straints on burning and surface finish. The strategy is based
upon the same grinding model as in the previous work [7] together
with additional relationships to also take into account the dress-—
ing. Use of the optimization procedure requires periodic measure-
ment of grinding power and surface finish. This same optimization
strategy is the basis for an on-line adaptive control grinding
system which has been recently developed [9]. 1In the present
paper, it is shown how this same optimization strategy is applied
to off-line optimization of grinding and dressing with the aid of
an inexpensive microcomputer.

Grinding Model

The optimization strategy is based mainly on the grinding model

of Malkin [10] for plunge grinding, such as illustrated schematic-
ally in Fig. 1 for the particular case of external cylindrical
grinding. The essential aspects of the model which are summari-
zed in this section concern the partition of the total prinding
power among its fundamental components, the prediction of the
critical grinding power for workpiece burn, the dependence of
surface finish on process parameters, and the effect of dressing
on surface finish and wheel dullness.
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(a) Grinding Power
The total grinding power per unit width can be considered to con-
sist of chip formationm, plowing, and sliding components:

Pt =P _ 4+ P+ P (@8]

ch pl sl
which can be expressed in terms of the operating parameters as
follows:

p' . = 13.8 V.2 {kW/mm) (2)

with the units of workspeed Ve (m/s) and wheel depth of cut a(mm):

p' . = 1.0 x 10—3v
L s

[kW/mm] 3)

with the units of wheelspeed Vg (m/s):

_ 1/2 1/2
p' = (Cl + C2 vw/vsde)de a A

[KW/rm] )
where Ve Vi and a are as above, C_ and C_ are constants, A is
the fractiog of the wheel surface consistifig of wear flat area,
and d 1is the equivalent diameter (mm) given by:

e

d = —F_ (5)

where the plus and minus signs indicate external or internal
grinding, respectively.

The above expression for P’ in Eq. (2) is,based on a constant
specific chip formation enegéy of 13.8 J/mm~ (2.0 x 10 in-lb/inB)
which is generally valid for grinding steels of various composi-
tions and heat treatments. The plowing component P’ is based
on a constant tangential plowing force component per” unit width
of 1.0 /mm, which is also relatively insensitive to the particu-
lar steel being pground. The sliding component P’ is due to
rubbing between the wear flats and the workpiece and, as such,
is proportional to the wear flat area A. The quantity within
the parentheses is the frictional shear stress between the wear
flats and the workpiece which includes a constant C, plus an
additional term proportionmal to the curvature difference between
the wheel and the workpiece. For a particular case of grinding
an AISI 1095 bat rolled steel [8], the constants for Eq. (4) are
C, = 7.55 10 and C, = 2.10 x 107, These constants will scale
up or down accordingly depending on the particular wheel-work-
piece combination. With these particular values of C, and c, in
Rq. (4), the wheel can be considered to have an "effecdtive flat
area' for a given wheel-workpiece combination which may be pro-
portionally larger or smaller than the actual wear flat area.
Therefore, the expression for P’ with these values for C. and
C_ can be considered as generally valid for grinding of di%fer-
efit steels when A is interpreted as the 'effective' rather than
the "actual" wear flat area.

(b) Grinding Burn Limit

One limitation on the removal rate for grinding of steels is
workpiece burn. On the basis of a heat transfer analysis and
experimental measurements, it has been shown that burning occurs

when a critical grinding zone temperature is reached. The cor-
responding critical grinding power can be written [4]:
1/4 1/4 1/2
(- 2 1)
P 6.2 v.a -t 28 de a v (k4 /mm] (6)

(c) Surface Finish

Another factor which limits the removal rate is the surface
finish requirement. One empirical surface finish relationship
proposed by Snoeys et al [3,5], which appears to apply reason-
ably well for cylindrical grinding, assumes a power function re-
lationship between the surface finish R and the ratio of removal
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rate per unit width z' to wheel velocityv_:

gt ¥ voa®
R, =R, () =R () 7
s s

where R and x are experimentally determined constants. For
grinding without sparkout, x typically ranges from 0.4 to 0.6;
both R and x are reduced by longer sparkout at the end of grind-
ing before disengaging the wheel from the workpiece.

(d) Dressing

Optimization procedures applied to grinding processes generally
do not take dressing into account, although dressing can great-
ly influence grinding performance. For example, Malkin and Mur-
ray [11,12]) have found variations by as much as a factor of 6 in
both grinding power and surface finish by only varying the dress-—
ing parameters. With finer dressing conditions (e.g., finer
dressing lead or dressing depth with a single point dresser),

the wheel is duller (larger flat wear area A) thereby raising

the grinding power in Eq. (1), but the surface finish is better.
This tradeoff between grinding power and surface finish indicates
that there is an optimum dressing condition for maximum removal
rate subject to burning and surface finish constraints.

It has been shown that for given grinding conditions, the trade~
off between grinding power and surface finish obtained when vary-
ing the dressing conditions is very nearly the same for both ro-
tary and single point dressing {12]. For rotary diamond dressing
the severity of dressing can be expressed in terms of a single
parameter §, which is the interference angle at which the dia-
monds on the rotary dresser surface engage the abrasive grains

on the wheel surface. The parameter § can be readily expressed
in terms of the rotary dresser infeed velocity and peripheral
velocity, and an equivalent combination of dressing lead and
depth can also be specified to give the same grinding performance
with single point dressing. Therefore, the severity of the
dressing process for both single point and rotary dressing can

be described in terms of a single parameter §.

For the purpose of present optimization, it is necessary to show
the effect of dressing on wear flat area and surface finish. For
the limited data available, the relationship between effective
wear flat area and § can be shown to follow an inverse semilog-
arithmic relationship {8]. For bhoth rotary and single point
dressing, it has been shown that the surface finish is propor-
tional to §1/3 {11, 12], and other surface finish measurements
can be shown to follow the same dependence on dressing [8].

Taking this into account, the surface finish relationship of Eq.
(7) can be rewritten:

x
R = R' §1/3¢2y (8)
a o v

where R' is a constant for a given wheel-workpiece combination
[ X
and equivalent diameter.

Optimization Strategy

The performance index for the grinding process is the volumetric
removal rate per unit width:

2' = v a Q)

The optimization objective is to maximize 2Z' subject to con-
straints of workpiece burn and surface finish. This optimiza-—
tion problem can be written:

maximize Z'
subject to P < P
am

R <R
a — ax

where R is the maximum allowable surface roughness. A practi-
cal optimization strategy to achieve this objective has been de-
veloped [8] and the main ideas are briefly reviewed in this sec-
tion.

Consider first a simpler optimization problem where the burning
constraint is included but the surface finish constraint is not.
With this single constraint, the equality condition on the power
constraint applies so that P = P, in Eq. (10). From Eqs. (1-6)
it 1s apparent that for a specif?c given wear flat area A, there
is only one combination of Ve and a which will maximize the prod-
uct v a with P = P, and this corresponds to the optimal working
point”(v¥, a*)., For a given equivalent diameter and wheelspeed,
the colletion of all the optimal points defines an optimal locus
in the v - a plane. Such an optimal locus and its general shape
is schematically illustrated in Fig. 2. Any point on the locus
is the optimal operating point for a particular wear flat area,
the optimum points further out along the locus at larger removal
rates corresponding to sharper wheels (smaller wear flat area).

In order to arrive at the maximum removal rate without burning, it

is now necessary to find the optimal point (v*, a*) lying on the
optimal locus at the appropriate effective wedr flat area. This
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optimal point corresponds to the burning limit where P = Ph,and
can be readily found provided that the grinding power can be meas-
ured. One procedure to achieve this would be to proceed out a-
long the locus from some initial point where P < P towards fast-—
er removal rates while monitoring the machine power. The optimal
point is reached when the measured power P equals the corres-—

ponding burning power Ph'

The procedure described above neglects the surface finish as a
possible constraint. As the metal removal rate is increased by
proceeding out along an optimal locus to faster removal rates,
the surface finish hecomes rougher accordine to Rq. (7). If the
surface finish constraint is now also introduced into the optimi-
zation problem, it is apparent that the surface finish limit may
be reached prior to the buriing limit (R = R and P < P ), or
vice versa (P =P _ and R < R__). TFor flxedagressing conditions,
these would be the correépond%ﬁg solutions to the optimization
problem defined in Eq. (10). For the first case where the sur-
face finish constraint is tight, it can be shown that a faster
removal rate can be obtained within the specified constraints
with finer dressing. Likewise for the second case where the
burning constraint is tight, a faster removal rate can be ob-
tained with coarser dressing. The optimal dressing condition is
obtained only when both the surface finish and burning constr-
aints are simultaneously active at some point on the optimal
locus, which in turn corresponds to the optimum grinding condi-
tion (vé , a%).

Optimization Program

The optimization analysis provides the basis to arrive at opti-
mal grinding and dressing conditions for plunge grinding of
steels with the aid of the appropriate optimal locus relation-—
ship topether with periodic grinding power and surface finish
measurements. Within this framework, the optimization objective
is to find those grinding and dressing conditions such that both
constraints become simultaneously active on the optimal locus.

In order to facilitate the optimization procedure in practice,
an interactive computer program was developed to run on an inex-
pensive desktop microcomputer (5K memory). he flow chart for
the computer program i{s shown in Fig., 3. The user first chooses
the type of grinding, the grinding parameters to be optimized
(v and a, or v and v_), the system of units (SI or English),
and whether thewdressing method is single point or rotary. The
fixed parameters are then entered including 4 ,dv,vs,Q . the
the grinding width b, and a safety factor 3 which i€ cfd’ratio
of maximum allowed grinding power to the predicted burning power.

The conditions specified up to this point remain fixed. Grinding
is then carried out for which the variable grinding and dressing
parameters are entered to the computer together with the measured
grinding power P and surface finish R . The measured power as a
percentage of the allowed burning powér is calculated and dis-
played, taking into account the factor 3.

The optimization procedure is now carried out twice, the first
time (counter CN = 1) to obtain suggested trial conditions, and
the second time (CN = 2) to find the optimal conditions. As a
basis for selecting trial conditions, the measured grinding power
is first multiplied by a factor of T (T>1) before entering the
optimization routine. The factor T is chosen according to a
policy whereby the suggested trial conditions fall on the opti-
mal locus between the present and optimal conditions. With CN=2,
the factor T is eliminated, and the estimated optimal conditions
are calculated. At the end of both optimizations, the computer
displays the suggested new trial conditions, optimum rrinding

and dressing conditions, and the process efficiency which is the
ratio of the present removal rate to the computed optimal removal
rate. The grinding process can now be carried out again with im-
proved grinding conditioms, which can be selected on the basis

of the suggested trial conditions. These grinding and dressing
parameters are input to the computer together with measured power
and surface finish as before, and suggested new trial and optimal
conditions are obtained from the computer. By repeating this
optimization procedure with continued grinding, the trial condi-
tions tend to converge toward the optimal.

Aside from using the computer program in this interactive mode,
it can also be applied to the evaluation of existing grinding
operations. The grinding and dressing data for the grinding
process are input as above, and the prospects for improving
productivity can be readily identified from the computed process
efficiency. Up to now the program has becn industrially used
mainly in this latter mode, as it allows for evaluation of grind-
ing processes without disturbing production.

To illustrate the use of the program, the following grinding op-
eration was evaluated:

Ixternal Cylindrical Grinding
Optimize parameters v and a
. w

ST Uaits
Single Point Dressing

TFixed Parameters:
wheel diameter d_ = 450 mm
work diameter di = 80 mm



wheelspeed v_ =30 n/s
grinding width bs = 20 mm
maximum finish P = O.6um
power safety factor %= 1007

Variable Parameters:
radial dressing depth a, = 9.0l m»
dressing lead fz = 0.05 mm
workspeed v, = 30 m/min
wheel depth of cut a = 0.01 mm
grinding power P o= 3,1 k¥
surface finish R, 0.4 um
Computer ODutput:
percent allowed power = 877

dressing too fine: increase fd to 0.055 mm or in-
crease a, to 0.01l3 mm

d

optimal workspeed, vf = 67 m/min

optimal depth of cut% a* = 0,009 mm
trial workspeed, Vo 51 m/min
trial depth of cut, a= N.01 mm

process efficiency = 50%

In this example, the grinding power is less than the allowable
limit and the surface finish is better than required. By alter-
ing the grinding and dressing parameters, it should be possible
to approximately double the removal rate. The suggested trial
conditions correspond to a 707 increase in removal rate. When
incrementing the removal rate by such large amounts, excessive
wheel breakdown sometimes occurs beyond a certain point. In such
a case, a harder grade of wheel should be used. By carrying out
the optimization on a series of wheels of various grades, or
with wheels from different manufacturers, wheel selection can
also be optimized.
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Nomenclature

a - wheel depth-of-cut

a, - radial dressing depth

AT - wear flat area

b - grinding width

B - burning power limit factor
Cl,C ~ constants

Cg - counter number

de -~ equivalent diameter

dS - wheel diameter

work diameter

dressing lead

grinding power

grinding power per unit width
surface finish

constants

power factor for trial

radial infeed velocity

rotary dresser infeed velocity

wheel velocity

rotary dresser peripheral velocity
workpiece velocity

volumetric removal rate

removal rate per unit width
interference angle for rotary dressing

Subscripts

o

Q

3
1 5
1

e = )
i

at burning limit
chip formation
plowing

sliding

minimum

trial condition
maximum

Superscripts

E

optimal condition

Figure 1. Illustration of external plunge grinding.

OPTIMAL
LOCUS

V¥

Figure 2. Illustration of optimal locus
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A. Type of srinding: Ext.: Tnt.; Strateht
. Parameters to optinmize: and a
or v_ and

£
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D. Single Point or RTotary Dressins

i

XED PARAMETERS IN §

CALCULATION AND DISPLAY OF THE LIMITS:

v . v._.,a_ anda, orv, andv
x £x

wx wm £m

d

v i aor v.i
w £

CALCULATE AND DISPLAY

% ALLOWED POWER (100 P/P )

i

! CALCULATE TRIAL FACTOR T ]

OPTIMIZATION ROUTINE

Calculates optimal values: ‘{:, ar

ves

no

yes

CALCULATE SR a* (a*<a )

AT EXTREMAL v OR V
wx wm

CALCULATE NEW

* =
a* WITH a: a,

ESTIMATE NEW P

SIMULATE NEW
RESSING CONDITIONS

STORE v* and a*

AS “TRY" VALUES
CN=2, P=p/T

PRINT MESSAGE

DISPLAY PROCESS EFFICIENCY

(100 v _a/v*a*)
W

o

DISPLAY OPTIMAL

DRESSING PARAMETERS

DISPLAY DPTIMAL
GRINDING PARAMETERS

l

Figure 3. Flow chart for optimizatior program.
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