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Abstract. We have investigated possible motions of the holder on top of the polishing pad during
the process of dielectric plate grinding taking into account the forces of dry friction about its axis.
A mathematical model of the mechanical device has been elaborated to describe the process of
dielectric wafer grinding. The model is in the form of a non-autonomous nonlinear system with a
variable structure. The structure of the phase space of the dynamical system was investigated, the
qualitative studies of the possible motion modes were carried out. The values of the geometrical
and dynamic parameters that qualitatively and quantitatively influence the modes of the holder
motion were obtained. It was found that the inclusion of dry friction forces on the axis of the free
holder result in a periodic motion of the mechanism with long stops. We present the calculations
of the parameters for the type 3PD-320 machine.
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1. Introduction

The authors in [1, 2] focus on the study of the kinematics of the process and the quality of the
abrasive machining of wafer surfaces. Here, we investigate the dynamics of the mechanical
grinding of dielectric wafers pasted to a free holder, whose axes are subjected to frictional forces.
Schematic diagram of the mechanism is shown in Fig. 1. The wafers to be ground are pasted to
the bottom of the holder (a small circle with the center at 0,), which is placed on the polishing
pad (a large circle with its center at O3 ). The grinding is carried out by a complex relative motion
of the holder and the polishing pad. The polishing pad rotates at angular velocity w,. The motion
of the holder’s axis (the center of O,) is determined by the operation of a crank-and-rod
mechanism in which the crank O, B rotates at angular velocity w. The crank 0, B through the rod
AB, which is hinged at points A and B, acts on the rigid structure A0, 0,, so that the axis of the
holder (0,) oscillates. The rotation of the holder is determined by the effect of the friction forces
between the polishing pad and the wafers pasted to the holder, and by the friction torque on the
axis of the holder.

Fig. 1. Schematic diagram of the grinding mechanism

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. OCT 2016, VOL. 8. ISSN 23450533 501



THE EFFECT OF DRY FRICTION FORCES ON THE PROCESS OF DIELECTRIC WAFER GRINDING.
L. A. IGUMNOV, V. S. METRIKIN, A. V. GREZINA, A. G. PANASENKO

1.1. Mathematical model

In the development of the mathematical model it is assumed that the relative material removal
rate is proportional to the relative velocity of the piece being ground and the polishing pad
(Preston’s law [3]).

Introducing the notation:

OlB = b, AB = C, AOZ = d, 0203 = Ro, 0204 = th 0201 = f, lp = (Ut,

and making a series of simple transformations, we obtain the formula for calculating the velocity
V,. of the point M on the holder relative to the polishing pad in the form:

V. = Roy/ [p2(wo — @)siny + pywosinu]? + [p@ + p,(¢ — wg)cosy — pywocosul]?, M

where:

¢ = w[fbcos(p — ) — d bcosy][f ~tbcos(p — ) — sinp]7},
O(t) = (G — By (£))/2dy/fZ + b2 — 2fbsing = sin(g — 9),

2 __ C2 + d2
G=/f?+d?+b%—c?d,(t) =2fbsimp, cosp, = fo—d
R T
P=5" P1 =1+ p(p — 2cos(e — o)), P> ==
0 0
_f—bsinyp o .
80 =gy (8= Tsingo(p — cosp —@o)

It follows from Preston’s law [3] that the relative rate of material removal at different points
of the wafers on the holder S(r,y) = S(p,, y) is determined from the following Eq. (2):

2n/w

S = j V. (t)dt. (2

0

Fig. 2 shows for f =22.7; ¢ =22.5;d =3.5; Ry =40; b = 0.4. in three-dimensional space
[gamma(y),r02(p),V /Ry (S)] the results of the calculations of the relative value of material
removal on the wafers being ground depending on the coordinates of the wafer points: the angle
y, the radius p, w at wy, = 0.5¢™* for the mode of the holder fixed on its axis, using the MATLAB
package. Let us now consider in more detail the process of grinding in the free mode of the holder.
In this case, the holder’s rotation is determined by the action of the moment M; of the frictional
forces on the holder from the pad and the friction torque on the axis of the holder.

To determine M;, we choose a coordinate system x'y’ parallel to the system xy with the origin
that coincides with the center of the holder. In this system, the inertial forces acting on small parts
of the holder are equal to AF = —AmW, where Am is a part of the mass, and W, is the
acceleration of the center of the holder. These forces do not generate torque, since the holder is
disk-shaped and the wafers being ground are fixed, as a rule, symmetrically without changing the
position of the center of gravity that coincides with the center of the disk. Thus we conclude that
the moment M; is only determined by the action of the friction forces between the holder (the
wafers on the holder) and the polishing pad.

A detailed study of the friction forces associated with the process of polishing is a separate
large task. Therefore, to simplify, we assume that the frictional force acting on the element of the
holder with the area ds is equal to:
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dF; = —yv,ds. (3)

The admissibility of this representation of the frictional forces is based on the similarity of the
abrasive with lubricant to a high viscosity liquid. Constant y is proportional to its viscosity. Then
we can write Eq. (4):

dM; = [r-dF;] = —y[r X v,]ds. 4)

00
ro2 gamma

Fig. 2. The dependence of the relative rate of material removal S on the coordinate points of the wafer

Going to the coordinate system ¢, {, n fixed relative to the holder (the axis £ is directed along
0,W, the axis { — along O,U, the axes &, {, n form a right-handed space) and calculating the
vector value [r X v,.] as:

[rv,] = r(cos(y)vrf [efeg] + sin(y)v,¢ [ege(]) = r(cos(y)vrg - sin(y)vrg)en,
it is possible to compute the moment relative to the axis 1 in the following way:

To 2m

M, = —)(J. f 72 [cos?(y)(woR + (w3 — wy)rcos(y) — worcos(u))
00 . (5)
ry (W3 — w
—sin(y) (((w3 — wy)rsin(y) — worsin(y))] drdy = —w,
where w; is the angular speed of the holder in the coordinate system x and y. Here, 1y is the radius
of the holder. Thus, in the chosen coordinate system we have:

dw ry (ws; — w

dos __xmro(@s = wo) ©)
dt 2

where J is the moment of inertia of the holder with the wafers. Assume further that the force of

friction on the axis is the Coulomb-Amontons friction and represent the moment in the following

form:

M, = Bsign(w,), w, #0, M, €|[-B,B], w,=0.

Since w; = w, + w,, where w, is the velocity of the holder relative to its axis, and w, is the
angular velocity of the holder drive piece, which can be considered for the above scheme
approximately equal to w; = Asin(wt + ¢,), w, is the polishing pad velocity, the Eq. (6) can be
rewritten as Eq. (7):
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Mz (w,) 1= xmry

J T 2

dw
— + Aw, = —A(wcos(wt + @,) + Asin(wt + (po)) + Awg —

dt (7

Introducing the dimensionless time T = wt + @, — @, coordinate x = (w, — wy)/w, and
parameters k = A/w, F = AVA? + w?/(wwy), a = B/(Jwow), Eq. (7) can be rewritten as
follows Eq. (8):

A
X + kx = —Fcost — asign(x + 1), tgd = " ®)
The phase space of Eq. (8) is two-dimensional in the coordinates (7, x). It has a straight line I’
(x =—=1), which divides the plane into three subspaces X,(x > —1), X_(x < —=1) and T
(x = —1). The motion of the image point in said subspaces is described by the Eq. (9):

X + kx = —Fcost — asign(x + 1), x # =1, |k+ Fcost|<a, x=-1. 9)

Note that the motion of the image point in the subspace I' (x = —1) takes place in time
intervals A; € [t;, T;41] corresponding to the junction of the phase trajectories coming from the
subspaces X_, X.

Fig. 3 (a, b) shows the phase trajectories for different parameter values a = 9 (Fig. 3(a)) and
a =7 (Fig. 3(b)), respectively, atk = 0.71, F = 3.2.
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Fig. 3. Phase trajectories in the plane 7, x
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What all the parameters have in common is the presence of parameter intervals A; of the holder
stops, which increase with a rise of the coefficient of static friction. The rotation with the stopping
of the holder begins only from some values of a (see Fig. 3(b)). With the increase of the parameter
k the intervals are shifted to the region of the shorter times, and the oscillation amplitude
decreases. In the ideal case, when we can neglect friction on the axis of the holder (M, = 0), it
follows from Eq. (6) that with the obvious relation (yrym/2)/(Jwy) > 0 we will obtain
tllrgw3 (t) = wy. This means that the angular velocity of the holder w, relative to its axis is

W, = wy — w4 (t). Note that for the chosen values of the parameters of the mechanism the relation
w; = ¢ = 0.25sin(wt + ¢,) holds true and hence w, > 0. Assuming M, # 0 and that it can be
approximated by the force of friction obeying the Coulomb-Amontons law, it follows from Eq. (6)
that }an?o ws3(t) = wy —Aw, where Aw is a small constant, which is equal to

Aw = 2|My| max/ (xmery). In this case, for the steady state mode, instead of the relationship Eq. (1)
we will have the following Eq. (10):
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V. = Roy/[p2Awsiny + pyw,sinu]? + [p@ + p,Awcosy — pywocosu]?. (10)
2. Conclusions

Note that according to Eq. (10):

— In the ideal case (M, = 0) there is no dependence of the relative velocity V. from the position
of the point on the holder p,, that is, the removal of the material on the grinding disc will be
uniform across the surface;

— The friction on the axis of the holder leads to a weak dependence V. from p, and thus to the
non-uniform removal of the material;

— The dynamics of the mechanism is determined by the ratio of the friction torque on the axis
and in the contact of the wafers with the polishing pad;

— There are three modes of the mechanism motion: free rotation, rotation with periodic stops
of the holder; the holder does not rotate on its axis.

Acknowledgements

Development of mathematical model is financially supported by Russian Science Foundation,
project No. 16-19-10237. Investigation of numerical results was financed within the framework
of the base part of State Task of the Ministry of Education and Science Project,
No. 2014/134 2226.

References

[1] Khomich N. S., Lugovik A. Yu., Fedortsev P. V., Korzun A. E., Kukhto P. V. Simulation of the
kinematics of the process of magnetic abrasive polishing of wafers. BSTU Herald, Vol. 1, 2009,
p. 33-38, (in Russian).

[2] Gavrishuk E. M., Komarovv N., Metrikin V. S., Panasenko A. G. Mathematical of wafer grinding
on the machines of type 4PD-200 and 3PD-320. Bulletin of the Samara SC RAS, Vol. 13, Issue 1,
2011, p. 992-995, (in Russian).

[31 Nanz G., Camille L. E. Modeling of chemical-mechanical polishing: a review. IEEE Transactions on
Semiconductor Manufacturing, Vol. 8, Issue 4, 1995, p. 382-389.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. OCT 2016, VOL. 8. ISSN 23450533 505




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


