A Three-Dimensional Model
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Generation Model

A geometric-kinematic model for the generation of surface topography in a single-pass
surface grinding process is presented. The model incorporates the effects of process
parameters such as table speed and wheel speed and also takes into account the wheel
topography and original workpiece surface texture. Comparisons between model-
simulated output and experimental results show a good match, supporting the validity of
the model. [DOI: 10.1115/1.1391427
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scription of the model development is presented. The next section
details the experimental studies that were done to validate the
Frodel. The final section of Part 1 presents some conclusions. Part

. - Dt this paper will describe a modeling procedure for character-
pohmple'[te urgderst{atr;]dlng. o;lthe pLoc.eI:s g]as yetdto b((ejla;:htl)e\t/.ed. izing grinding wheel texture that can be used to supplement the
inherent nature of the grinding whee., the random distribution surface texture model developed in Part 1.

of the grits and the inability to completely characterize the grit
cutting edge geometyyis regarded as the primary obstacle to .
describing the surface generation process. The complex geométfgrature Review
of the wheel complicates the kinematic analysis of the process. Research on surface roughness in grinding has yielded several
Many variables contribute to ground surface texture. These fagodels, each of these taking into account the structure of the
tors include geometric or primary factors, noise or secondary fagheel in a different manner. Modeling work by Chen et[dl]
tors and miscellaneous or tertiary factors as shown in Fig. 1. considered the grain characteristics on the wheel in a one-
The geometric factors include the cutting parameters such disensional sense by taking into account the grain distance, width
wheel speed and table speed, workpiece geometry including initisl the cutting edge and the grain diameter. Modeling efforts in-
surface texture and form errors, and grinding wheel topographylving the prediction of parameters suchRysandR, associated
characteristics such as grit size, wheel dressing and wear. Wiéh the ground surface, were done by Nakayama and §8aw
intrinsic nature of these factors in the surface generation meclé#oewever, a uniform spacing between the grains was assumed by
nism distinguishes them from the secondary and tertiary factdigese researchers. In reality, grain distribution is much more com-
which may or may not be present in the process. The noise factpiicated. Reichenbach et &B] incorporated the two-dimensional
are disturbances in the grinding environment and are not alwayature of the grain distribution by considering grain count and
significantly involved in the cutting process. width of cut vs. depth of cut. Many measurements were required
Surface finish is an important functional feature and qualitip determine empirical parameters and coefficients in this model.
characteristic of manufactured products. It has an important rofeshikawa and Satg] developed a three-dimensional simulation
in the wear, lubricating and optical properties of the manufacturgdocedure for the grinding process using Monte Carlo simulation
products. Understanding how the grinding wheel topography tigchniques. They assumed a uniform distribution to describe the
mapped onto the workpiece provides guidance for producing s@fain spacing in the axial and peripheral directions, an assumption
faces with desired characteristics. Two-dimensional analyses \WBich is not supported by experimental evidence. According to
not reveal the complete structure of the ground surface which is
necessary in understanding the impact that surface finish has on a

Introduction

The grinding process is one of the most common finishing o
erations. Although it has been a topic of extensive research

part’s functionality. A three-dimensional study provides a mor Geometric Noise Miscellaneous
comprehensive understanding of the impact that surface fini
plays in the functional properties of the product. Table Speed

In this paper, a mechanistic model is developed for the singwheel Speed Presence of Coolant

pass surface grinding process based on the structure of the gri
ing wheel, cutting conditions and workpiece geometry. The mod
yields a three-dimensional topographic map of the ground surfa
The model can be easily extended to a multi-pass grinding proc

by feeding back the predicted surface of one pass to subseqy
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passes. The model also provides an understanding of how

grinding wheel texture is mapped onto the workpiece surface.
The remainder of Part 1 is organized into four sections. Follov

ing a summary of the relevant grinding research, a detailed c
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McCool [5], actual distributions of grain summits are not usuallprigin of frame{O} is fixed in spacdi.e., no machine-tool vibra-
symmetrical, but exhibit negative skewness, wherein the valletien) at the center and front of the grinding wheel. The origin of
are deeper than the summits are highinigoand Lortz[6] have frame{W} is located at the front left end of the workpiece and is

illustrated the effect of increasing the number of active cutting€ing translated with respect to fran®} by the motion of the
edges, i.e., using a finer grit wheel, on the surface quality. T rk table. These frames are initially separated by distagges

increased quality of the surface when using finer grits may be d
to the smaller cutting edges in the axial direction of the wheel th

produce thinner chlps_. ng and Stef'fe_nﬂ] numerically simu- being created on the workpiece in frai&/}, by the grinding

lated surface generation in surface grlndlng .and analyzed the \?/?ieel texturen;; that is rotating aboufO} while {O} is translating

fect o_f node spacing in the taple speec_i direction. Base_d on a selig® respect to{W!. The grinding wheel arrayy; , has indices

of axial wheel profiles, Bhatejg] predicted 2-D workpiece sur- 54 wherei is in the axial direction of the wheel ot direction

face profiles using an “enveloping profile approach.” His analysigndj corresponds to a position on the grinding wheel's circumfer-

showed how a rough wheel can produce a smooth ground surfaggce. The angle; describes the angular position of thg points

Tonshoff et al.[9] reviewed the merits and deficiencies of a fewn the grinding wheel array. The distances in #eY and Z di-

of the surface roughness and topography models. rections from the workpiece fram@gV} to any pointh;; on the
Work in grinding process modeling includes that of Law et agrinding wheel surface ang y andz, respectively.

[10], who suggested a modeling procedure where model param-Consider a point on the whek|; at an initial angled; before

eters describing the distribution of the heights of grain summitse wheel starts rotating, i.e. at time instagt At time t,, after

and grain apex-angle were estimated. They proposed the estis@meAt, the same point makes an anglg = 6;— wAt, where

tion of model parameters through sample spectra of experimen-the angular speed of the grinding wheel, is given by\2 The

tally ground surfaces. They also classified grinding models @esition of a point on the surface of the grinding wheel in the

mechanistic, empirical-mechanistic and empirical. Using a semfyy; direction is simply equal to theindex while the positions in

empirical model for the grinding wheel, Cooper and Lavitié] the Yy, andZ, directions depend o#l;; and the relative posi-

developed a numerical simulation that calculated grain depthstigfn of the frames of reference &.

cut, grinding zone shape, percentage of active cutting grains, etcAt any instant of time, the position of any point on the wheel
Research in the wheel and surface characterization area inclgdeface with respect to the frard@/} origin is described by the

the efforts of Peklenik12] and Dong et al[13]. Whitehousd14] following set of relations:

used beta functions to classify surface textures while Ramamoor-

gad (R—d) along theY andZ axes respectively, wherng, is an
(a;[ﬁ] itrary starting distanc® is the nominal radius of the grinding
Wheel andd is the depth of cut. The workpiece surface texture is

thy and Radhakrishngri5] characterized a few of the features of X=i 1)
texture produced by various machining operations. Ito €ftla] )

studied the depth distribution of cutting edges on a dressed grind- y=Yo—f-At+(R+hjj)sin( fp; — wAt) v
ing wheel, and considered the relation between the dressing feed

and patterns produced by it. Chen and Rg®v@ simulated wheel z=R—d—(R+hjj)cod b — wAt) @)

surface generation by single point diamond dressing. Bhpt&ja where

proposed a parameter called successive cutting profile contribu-""" wh . . . o

. - ; o = eel height array index in the radial direction,

g"f.‘ Fc[)lqgajam'fy thg fEnCtlfo)nal paflrameterls of the ﬁnndlngdwhe(_al. j wheel height array); index in the circumferential direction
aini reviewed the efforts of several researchers to describe . L ’

local elastic deflections of grinding abrasives. Such deflectio?@ ?ie}g;ht of the grinding wheel surface array at element

result in an increase of the number of active cutting grains. N . -
. h 0o; initial angle of thejth row of the grinding wheel array,
Kaliszer and Trmal20] studied the surface topography genera 72 radians foi =1 & j=1,

tion for a conventional plunge grinding process, but only in two- S L
dimensions. Adequate work with regard to surface generation it '(;}'rtgtig'r?tance between thO} and{W} origins in theY
grinding process has not been done in a th_re_e-dlmensmnal SeNs8. _ ominal radius of the wheel.
However, in other processes such as end-milling, the generation o
three-dimensional surface texture has been modelled by BabirHaving formulated the relations as a function of time, it would
et al.[21]. The need for such a model with regard to grinding ha@ppear on a cursory glance that 3-D topography of the ground
been previously discussed. surface can be determined by incrementing time, and generating
the resultant surface texture using E@$-3 in a time basis.
However, due to the geometry of the process and the desired
Model Development output surface represented as a 2-D array, this is not the case. The
The geometric surface generation model predicts the 3-D timllowing discussion explains the problems involved in determin-
pography of a ground surface given the 3-D topography of thieg the time evolution of the surface and the solutions.
grinding wheel and the cutting conditions. The model maps the The surface topography of the workpiece surface consists of an
motion of the cutting tooli.e., the grinding wheel surfagevith array of points with varying surface heightsimilar to how the
respect to the workpiece and determines the resultant surface gonding wheel topography is representeBquations(1-3 de-
ture. The model input includes numerical values for the spindfine the position of a point on the grinding wheel after tichg
RPM N, the table speed, depth of cutd, and a 2-D array of with respect to the original position. A point on the surface of the
grinding wheel surface heights; , wherei andj are indices for workpiece is altered by a grinding wheel array elemgpt only
individual elements in the array. For an experimentally obtainefithe wheel array element haszavalue (from Eq. (3)) less than
grinding wheel surface map, the indiceandj can be made to the Zy,, value of the workpiece at that position. Therefore Ads
coincide with the trace direction of the stylus instrument and thecreases and the wheel array passes over/through the workpiece,
direction of the parallel traces respectively. The output of ththe Z,, coordinates of the workpiece due to some wheel array
model is another 2-D array of surface heights, this time represeptints h;; must be compared to th#,, coordinates due to pre-
ing the surface texture of the ground surface. vious wheel array points. Since the desired output of the model is
Figure 2 shows a schematic of the surface grinding process @2-D workpiece array, th&, heights for specific and predeter-
which the model is based. Figuréap shows the position of the mined values ok andy must be calculated. Therefore, for each
wheel, the workpiece and the model parameters associated withthat will impact some X,y) workpiece location, a calculation
them at an initial timet,. Figure 2b) shows a snapshot of theis done to determinAt. The timety+ At is the instant at which a
same process dt;, wheret;=t,+At. The model uses two grinding wheel data array elememj has the samg location as a
frames of referencgO} and{W} that can be seen in Fig. 2. Thepoint
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Fig. 2 A Schematic of the surface grinding process

in the workpiece array. The calculatéd is then used to update acterization mode(to be described in Part 2 of this pap€eFhree-

the workpiece surface array using E®). The final ground sur- dimensional surface data measured from al2x1—1/4 in.

face, therefore, is the envelope of all the updatgg), coordinates wheel (type: 32A120-16VBE was used for model simulation and

at all workpiece array elementsg,f/). An updating technique of a verification in this paper. Data was sampled using a Mahr-Perthen

simi!ar nature was used for the creation of end-milled surfaces Byofilometer interfaced with an IBM-PC. The diamond probe tip

Babin et al[21]. _ has a 3um radius and 82.5 degree included angle. A plot of the
A simulation program was coded in FORTRAN that uses thginding wheel surface is shown in Fig. 4. TRg andR ., for the

model Egs(1)—(3) according to the flowchart shown in Fig. 3, to\ g surfacgfor the whole area shown in Fig) 4re approxi-

calc_ulate the final surface topography of the_ workpiece. Equati?ﬁ‘ately 28 microns and 180 microns, respectively.

(2) is used to determine that value for a givenh;; and ,y) The program begins by calculating the initial anglg , that

combination. Since Eq2) is nonlinear, a Newton-Raphson rou-g-cn point on the wheel makes with respect to the origifCAf

tine is used to estimatat. In this routine, an initial guess value . . e
for time, At, is specified, which is then used to iteratively estifanoI the distance between the data points and the orididjdte.,

mateAt until the error in estimation approaches a predetermin&iJr h . Relatlye motion is then introduced between the wheel
limit. The error convergence criterion is set at=1x 101 for and the workpiece, and the program proceeds through the follow-

the estimation of\t in the program. The value of estimatad, 'NY W routines: .

tnew is then used to fingnew(the wheel-point position along (1) Newton-Raphson routine, and

Zyw) - according to Eq(3)). The height of the workpiece-point (2) the surface-updating routine. _

alongZy, , zsurf at the samexy) position, is then compared to  The output of the program is a matrix of updatég, coordi-

znew The updating is done based on the logic discussé@d@tes(znew, which may then be plotted or used to calculate the

previously. various roughness parameters associated with the surface. For
The model inputs are the wheel data, cutting conditions and tBgnulating a multi-pass grinding operation, the output of the pro-

desiredx andy spatial resolution for the simulated ground surfacegram, i.e., the workpiece surface generated by the program can be

Wheel data that is input to the program may be obtained either f8d back into the simulation software as the initial workpiece sur-

measurement or by simulating data from a wheel topography chéaee texture.
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Fig. 3 Flowchart of the simulation model
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Fig. 4 Measured topographic map of grinding wheel surface

Journal of Manufacturing Science and Engineering

Model Verification

For the purpose of model verification, a grinding experiment
was conducted with a wheel speed of 2900 rpm and a table speed
of 0.373 m/sec on a Brown & Sharpe-Micromaster surface grind-
ing machine. The choice of experimental conditions for verifica-
tion of this model is crucial - they must emulate ideal conditions
(i.e., conditions without secondary and tertiary factors influencing
the process since the model provides the output of such a pro-
cess. Aluminum was chosen as the workpiece material so that
forces would be low thus minimizing vibrations and wheel grit
deflection. The sample was polished and the depth of cut was set
at 200 microns, large enough to remove any previous surface tex-
ture. A semi-synthetic water soluble cutting fluid was used during
grinding. The wheel was not trued. The ensuing runout limited the
active cutting region of the wheel to a size comparable to that
used in the simulation. The surface resulting from one upgrinding
pass of the grinding wheel was measured with a profilometer and
is shown in Fig. 5. Th&, andR,,,, for the experimentally ground
surface are 15 microns and 67 microns, respectively.

A simulation was performed with the same set of cutting con-
ditions and using data from the same wheel. The initial geometry
of the workpiece was specified as an array matrix with all its
elements as zeros. Updating is done by comparison between the
coordinates on the workpiece and the coordinates of the wheel
points. The plot of the simulated surface is shown in Fig. 6. The
direction of lay is evident in both the simulated surface and the
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Fig. 5 Measured topographic map of workpiece surface

Tl
[l
i

ity
il

1yl
II[I III/,,I;;;;ZZ i
Wl

I,II""II”!,I,”III/ i
i m,""”"""'fffffffﬁ'””w/f
ettt
iyt
i Illl/””'»’///// ”Il///””” :
III//]);],,]
iy iy II”I
//l/i};;;;;;lr;,;;},‘;;ga/g;lll

II .
iy
L

(s

@
S

gl
il
resaligy e

=

2000

=

z {microns)
(YN

o

1000

1000

Axial Direction (microns)
Feed Direction (microns)

Fig. 6 Topographic map of simulated workpiece surface
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Fig. 8 Wheel profile & simulated workpiece profile

experimentally generated surface. TRg and R4, for the simu- In the example above, the surface is created by the highest
lated surface are 13 microns and 59 microns, which are comgmints (points with the maximun coordinate} of the wheel at
rable to the experimentally ground surface. It may be noted theach axial position. A close look at the simulation results reveals
the part of the wheel involved in the actual cutting is not necethat the number of active cutting points is very small. Figure 8
sarily the measured portion of the wheel. It was assumed that $feows a single simulated surface profile the table speed direc-
measured portion of the wheel is representative of the genetigh) along with the grinding grits that caused the final surface
characteristics of the wheel. texture. It can be seen that only the material removal action of five
To further verify the model, the frequency components of thgrits results in the final surface texture.
simulated surface and the experimentally ground surface werdn this experiment and simulation the active cutting region was
compared. A plot of the power-spectrum of the profile in the axi@mall. Truing the grinding wheel to create a larger active cutting
direction of both the surfaces is shown in Fig. 7. As can be see&ggion would reduce the surface roughness. Simulating a larger
from the figure, these surfaces exhibit a nearly identical frequeneytting region is difficult due to the large amount of wheel topo-
content; most of the dominant frequencies are aligned for both tggaphic data that would have to be collected. This problem can be
surfaces, indicating that the simulated surface is a good represggsolved by utilizing a model based grinding wheel approach,
tation of the experimentally ground surface. such as the one described in Part 2, as opposed to the measured
It is to be noted that the surface finish is the result of margata approach.
more phenomena than the model accounts for, viz., the effects of
wheel wear, thermal damage, the presence of coolant, the plowj 8 d lusi
action of the grits and the dynamics of the machine tool. Tkg mmary and Conclusions
effects of these secondary and tertiary factors is evident in theA model for generating the surface topography based on the
experimentally ground specimen. However, the primary factocsitting conditions, wheel topography and initial workpiece geom-
seem to have a dominant role in the surface creation process aty has been developed. The output of the model shows a good
each of the above secondary and tertiary phenomena has onipatch with the experimentally ground surface. It is possible to
role in altering the geometry created by the said primary inputsalculate and predict roughness parameters sudR,asR, and
Moreover, once each of the secondary and tertiary phenomena Rag, associated with the generated surface. Further, information
been characterized, it may be incorporated into the model.  acquired from the simulated surface may be used to obtain various
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