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Abstract

In microdiameter precision grinding of the YAG (Y;Al;O,,) optical crystal material, centerless precision grinding is the
necessary process of the preparation method to obtain surface finish. To further obtain the optical crystal devices in optical
field, the tiny diameter of the optical crystal material is the key element. However, the process to generate the grinding ratio
of the grinding a,, forms part of precise control of the actual mathematical calculation for the ceramic base grinding wheel.
In this work, we propose a satisfying precision grinding models for engineering applications and a theory to explain the
grinding process of the microdiameter YAG optical crystal materials. A ceramic base of the grinding wheel axis is designed,
and the wheel axis experimental parameters are regulated from controllable clearance and eccentricity for the e by the grind-
ing depth and surface finish quality. The resultant parameters keep constant during the precision grinding and self-adaption
dressing process to avoid the deviation caused by centrifugal force. In the process of self-adaption dressing of ceramic base
grinding, wheel rotation direction is controlled by critical parameters such as the grinding wheel axis (-), and the regulating
wheel axis (-) is the critical parameters to determine the final appearance of the grinding wheel. The value range of the feed
location region is [0.022, 1.007]. Grinding wheel axis speed and regulating wheel axis speed are 35~60 RPM. Thus, the
process challenges and technical issues of YAG optical crystal material microdiameter precision grinding can be solved.

Keywords Precision grinding process - Optical crystal materials - Grinding ratio - Direction of rotation
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1 Introduction

Improving the optical properties of the optical materials by
using ceramic-based grinding wheel and centerless grind-
ing process is one of the practical engineering methods
to solve the issues of microdiameter precision grinding of
YAG (Y;Al;0,,) optical crystal materials. YAG is a new
substrate and UV and infrared optical window materials,
whose superior optical crystal properties are especially used
in high-temperature and high-energy fields. The application
of the precision grinding process is important to improve the
surface finish, cylindricity and parallelism of the YAG diffi-
cult-to-grinding optical raw materials by centerless grinding
process in optics and optical fields. However, issues such
as grinding ratio and microscale of the grinding wheel still
exist which affect the grinding process.

In 2004, Hashimoto et al. [1] proposed a steady-state
rule, stating that the three indexes that affect stability are
dynamic, geometric, and rotational. The influence of these
grinding forces on the stability of high-speed rotation was
analyzed [2]. Based on the N. Chiu & S. Malkin theoretical
model and micro-grinding achieved on the 4-mm thick 0.8%
YAG optical materials [3, 4].

Barrenetxea et al. [5, 6] revealed the importance of opti-
mal parameter selection for variable speed precision grind-
ing processes. After objective calculation and analysis, many
researchers have obtained one of the changes in velocity over a
short period of time. But this design and process method may
lead to overload tiny diameter of the precision grinding ratio.

During the last twenty years, with the development of the
optical crystal material preparation process, more factors of
the optical resonator conditions have been taken into consid-
eration during the grinding processes, including the grind-
ing beating the grinding depth of g, and grinding surface
finish accuracy. However, there is few satisfying precision
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grinding models for engineering applications and less the-
ory to explain the grinding issues of micro-diameter optical
crystal materials; thus, deep understanding is very necessary
in the precision grinding technology, grinding ratio [7, 8],
as well as the YAG optical crystal base material fabrication
of the precision grinding process.

Model and approaches are significant for the grinding on a
hard-brittle material, such as silicon and YAG. To characterize
the whole grinding conditions, a novel model for the maximum
undeformed chip thickness is proposed, and the calculated
results are in good agreement with those of grinding on brittle
materials [9, 10]. To investigate the grinding mechanisms of a
hard-brittle material, traditional scratching using a single grain
is employed from um/s to mm/s, which is three to six orders
of magnitude lower than pragmatic machining of m/s [11].

To overcome this challenge, a novel approach of single grain
scratching is suggested at nanoscale depth of cut and 40.2 m/s,
which is four to seven orders of magnitude higher than the
speeds used in conventional single grain scratching [12]. Force,
stress, depth of cut, and size of plastic deformation are calculated
at both onsets of chip formation and brittle-to-duction transi-
tion for a hard-brittle material [13]. Under the breakthrough of
theories, novel diamond wheels and grinding approaches are
developed [14, 15]. These studies are a great contribution to the
conventional grinding and manufacturing [16].

Centerless grinding is a kind of high precision grinding man-
ufacturing process, which its widely applied to the aerospace and
optical fields. However, the processing of optical crystal materi-
als such as YAG with the microcylindrical diameter has a great
influence on the roundness and parallelism of the workpiece
[17]. So far, not much effective process have been proposed in
engineering application background to flat and blunt grinding
edges [18] and to solve the problem of roundness and parallel-
ism of the workpiece processed by the YAG raw material.

In this paper, we propose a new process for grinding opti-
cal crystal materials by face-face precision grinding is devel-
oped. Based on the centreless grinding process fabrication
the YAG optical crystal with grinding process function sys-
tem that is designed. The ceramic base condition is further
analyzed by regulating wheel axis experimental parameters,
controllable clearance, and eccentricity for the e.

2 The experimental principle and process

The two ceramic grinding wheels do not rotate with constant
speed, and the dressing wheel for a tiny feed speed leads to
insufficient precision grinding of the final surface topogra-
phy of the grinding wheel. Tiny abrasive particles with tiny
speed cannot form the sharp multiple-tiny-grinding edges.
In contrast, the block sharpening process is much more
functional [19, 20]. The rotating speed of ceramic grind-
ing wheel keeps constant during the precision grinding and
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self-adaption-dressing process to avoid the deviation caused
by centrifugal force.

Figure 1 shows the ceramic-based grinding wheels face-
face for precision grinding design with the 3D design model
of the assembly and the self-finishing wheel axis and C45
(the professional term for mechanical processing) for the
45° chamfering microprocess of the precision centerless
grinding.

The design approach of the centerless grinding parameter
design with ceramic base grinding wheel precision grinding
can provide the precision grinding process region [21, 22].
The difficulty of the advancing precision grinding technol-
ogy to process YAG optical crystal material finish surface is
to resolve the mains parameters for the chamfering auxiliary
tool design of the ceramic base grinding wheel. Through
the chamfering auxiliary tool design and the mathematical
geometry calculation, the design results show the conven-
tional microprocess as shown in Figs. 1 and 2.

In grinding and precision grinding process of the cylin-
dricity, parallelism and thermal damage are the key research
topics. The change in tilt is related to the cylindricity and
parallelism in tangential and normal directions region
changes (the parameter adjustment, as shown in Tables 1
and 2 and Figs. 3 and 4).

For the Aa,, it is necessary to be designed and calculated
by the dynamic precision and ultra-precision grinding pro-
cess. In general, “dressing tool accuracy” determines the
finish surface accuracy of the grinding wheel. Moreover,
the relative rotation velocity and the direction of the linear
velocity of rotation affect the a, precision grinding depth in
the YAG optical crystals material processing. During the
precision grinding error compensation, the grinding edge of
the grinding wheel may generate a tiny amount of grinding
mechanothermal model [23, 24].

Considering that the finish-surface thermal damage dur-
ing precision grinding process affects the surface quality

C) Self-Finishing Wheel Axis

Process View

Partial view

C45-Chamfering Process

YAG Laser Crystal (Raw Material )

Fig. 1 Ceramic-based grinding wheels face-face for precision grinding design: a, b with the 3D design model assembly and ¢ with self-finishing
wheel axis and C45 for the chamfering process of the precision centerless grinding
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Fig.2 Inthe real-time precision [y e e e
grinding process area of the
ceramic base grinding wheel
along X+ and X- directions: a
with the ceramic base grind-
ing wheel and b 3D assembly
model of the precision grinding
wheel

“ Eﬂ * Grinding Wheel Axis Regulating Wheel Axis
b)

Top View 3D-Assembly Model

Table 1 Wheel and guide axis speed for the YAG grinding area location region

Grinding wheel Regulating wheel ~ Turning Feed location region Gap and error  Error range (um)  Feed rate Round beat-

axis speed (RPM) axis speed (RPM)  around (-/-) (um/s, direct influence range (um) (um/s) ing noise
a,) (trend)

35 35.02 G-, R- [0.022, 1.007] 0.9 +0.016 0.8 1

45 45.02 G-, R- [0.022, 1.007] 0.9 +0.014 0.8 —

50 50.02 G-, R- [0.022, 1.007] 0.9 +0.012 0.8 —

55 55.02 G-, R- [0.022, 1.007] 0.9 +0.012 0.8 i

60 60.02 G-, R- [0.022, 1.007] 0.9 +0.012 0.8 i

G- represents the “grinding wheel axis speed” is -, counterclockwise rotation; R-, represents the “regulating wheel axis speed” is -, counterclock-
wise rotation

Table 2 Feed location region

for the regulating wheel axis Re.gulating wheel El.ectric Gl}ide Feed loclation. region Electric spim.ile Error range (°)
and electric spindle axis speed (RPM) spindle speed  axis (um/s, direct influence  parameter adjust-
(RPM) (-/-) ap) ment

200 120 G- [0.022, 1.007]" 25° +0.015

350 80 G- [0.022, 1.007] 30° +0.015

500 75 G- [0.022, 1.007] 35° +0.015

600 50 G- [0.022, 1.007] 45° +0.015

670 30 G- [0.022, 1.007] 50° +0.015

*G-, represents the “Grinding Wheel Axis Speed” is -; [a, b] indicates the maximum and minimum values
of the "Feed Location Region"
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Fig. 3 In the precision center-
less grinding process of the
grinding wheel axis and regulat-
ing wheel axis: a grinding rota-
tion angle and the eccentricity
of e; b direction of rotation of
the ¥, ¢ scatter matrix

a)

( Raw Material )

Grinding Wheel Axis

c)

YAG Laser Crystal

Regulating Wheel Axis

Grinding Wheel Axis Speed

Regulating Wheel Axis Speed
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Fig.4 In precision grinding process of the feed location region (um/s,
direct influence a,) with the parameter relationship between the regu-
lating wheel axis speed and the electric spindle speed

and optical properties of the YAG optical crystals, it is
possible to immerse the YAG workpiece in the ethanol
and alcohol (C,Hs;OH, or CH;CH,0OH) that works as a
“coolant” before grinding. On the one hand, it provides a
cooling effect and prevents heat accumulation; on the other
hand, alcohol is easy to volatilize, therefore not affecting
the optical properties of the YAG optical crystals by the

workpiece (room temperature, as shown in Fig. S2 of the
Appendix A. Supplementary data).

In order to suppress the thermal damage to the surface
quality of the YAG optical crystal samples, an appropri-
ate amount of ethanol and alcohol was used for immer-
sion, which additionally improves the efficiency of preci-
sion grinding and reduces the effect of sharpening of tiny
particles on the finish surface quality of grinding process.
This method is simple and feasible. By real-time adjust-
ing the speed of the ceramic-based grinding wheel accord-
ing to the eccentricity e created from the gap between the
grinding wheel and regulating wheel, stable precision
grinding parameters are obtained. The grinding diameter
of YAG optical crystal workpiece is controlled in a range
between 0.35 and 0.9 mm (<1 mm), the YAG (Y;Al;0,,)
optical property parameters as shown in Table S1 and the
microgrinding results as shown in Fig. S2 of the Appendix
A. Supplementary data.

For the ceramic-based grinding wheel, a more effective
grinding wheel self-adaption-dressing process is presented.
Based on the affiliated relationship between the material
removal rate and the ceramic grinding wheel morphology
during the grinding wheel sharpening process, the sur-
face peak value is eliminated through “the grinding of the
face-face” process to achieve smooth working condition. In
the process of ceramic base grinding wheel self-adaption
dressing, the critical parameters are controlled by adjusting
the rotation direction, i.e., grinding wheel axis (-) or the
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regulating wheel axis (-) to determine the final appearance
of the grinding wheel, as shown in the Table 1 and Fig. 3.

The solution in this paper is to apply YAG microdi-
ameter optical crystals to the precision grinding process,
which is known to be prepared functional optical crystal
materials with a diameter < 1 mm. The gap and error range
show that the law of decreasing arithmetic sequence is
a, 1 <a, (nEN) and the YAG optical crystals of the preci-
sion grinding each decrease is 0.015 mm and finish diameter
range is [0.3, 1.2]. For rotary process, ceramic-based grind-
ing wheel is also a dressing tool in self-rotating correction
technology. It is found that the speed ratio in the dressing
process iS Vgrinding wheel > Vregulating wheel and Vgrinding wheel
AV oguiating wheet + 0-02 (RPM, the grinding force and speed
difference are formed), as shown in the Table 1.

In the centerless grinding process, the normal grinding force
F,, , the speed ratio Vi,uging wheetr A4 Viequiaring wheer Mainly affect
the finish surface quality. These factors directly affect the fin-
ish surface shape of the YAG optical crystals material. There-
fore, we present the design with “the grinding of the face-face”
process and calculation results and analyze the experimental
principle and conditions of the parameters including the preci-
sion grinding ratio, self-rotating correction technology, and a,,.
The mathematical analysis model of the shaping during finish
surface grinding is described in Fig. 3 aand b.

The tangential acceleration in the tangential direction
is maximized when the ceramic-based grinding wheel is
contacted. The circular round to beat and parallelism at
the touch-point depend on the relative precision of the two
ceramic grinding wheels and the feed speed, as well as the
grinding margin allowed to be removed.

Therefore, we propose a method of grinding wheel dress-
ing, in which two ceramic grinding wheels (both the grind-
ing wheel and regulating wheel) are grinding face-face to
achieve dressing the grinding wheel. The beating amount
of the YAG optical crystal with the finish surface errors are
removed by the margin of the face-face precision grinding
process. The finish touch surface of the ceramic grinding
wheel has a high grinding quality of cylindricity and par-
allelism and a tiny effective roughness with tiny grinding
particles that form tiny grinding touch edges. It is noted that
improper adjustment parameters lead to continuous changes
in the grinding force and slight pulsation and accordingly
less smooth and densification of the surface finish quality.

3 Microgrinding force calculation analytic
and discussion
For centerless grinding processes, finish surface thermal

damage and microgrinding force includes the amount of
micro-jumping and friction during grinding process. The
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grinding deformation force includes the grinding tangen-
tial forces and normal forces along the centerless grinding
direction of rotation. When the angle of the ceramic-based
grinding wheel axis and regulating wheel axis is 26, the
mathematical model formula of the centerless grinding force
can be described as the slight elastic deformation and bal-
ance equation:

08 08 0 = 7 oS — |y 7
Forinding wheel * €08 0 + Frooutating wheet - €080 = Fo + F| cosy, F, = |Zi=lf0|

o ! siny — .
F orinding wheet * SIN6 + Fy SInW = F o i1aing wheer - SIN 6 (1)

Dyag Dyac:
— 5 YAG _ — _ YAG
M=F-. < P 5mc) = (F regulating wheel ~ Fgrinding whed) b

If the speed difference between the two ceramic-based
grinding wheels is not appropriate, the YAG optical crystal
will be slightly beaten. Along the tangential direction of the
grinding profile, the YAG workpiece is subjected to a tan-
gential grinding force F, and the equilibrium force equation
is as follows:

Fy=F, Fy+F,
{ M=F, L@ @

With this design, the grinding efficiency of the YAG opti-
cal crystal is improved by 80%, as shown in Table 1.

3.1 Grinding ratio and force calculus method

At room temperature, the model parameters of grinding
wheel axis and regulating wheel axis directly affect a, of
the grinding depth. If the ceramic-based grinding wheel
axis speed and regulating wheel axis speed (RPM) of the
YAG laser crystal are considered a whole system, a slight
bending moment M will be generated along the normal
direction of the grinding profile to downward positive
pressure. The G- (represent the “grinding wheel axis
speed” is -) and R- (the “regulating wheel axis speed” is
-) are shown in Table 1 and the scatter matrix in Fig. 3.
Figure 4 shows the parameter relationship between
the regulating wheel axis speed and the electric spindle
speed in precision grinding process of the feed location
region. The workpiece of YAG optical crystal is a solid
cylinder, and the axial stress created is uniform (diameter
D/cylinder length L is very small). If the resultant force
of the external force passes through the grinding wheel
axis, the cross-section is only subjected to tensile stress.
The normal stress and shear stress exist on a section at
an angle to the axis, and the values are a function of the
angle between the normal of the section and the axis.
The influence of the rotational precision grind-
ing amount is obtained by a mathematical calculation
model of YAG laser crystal finish surface forming pro-
cess with L/D ratio. And the results are then verified by
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experimental tests under the condition of precision grind-
ing technology (as shown in Euler’s formulas (2-5)).

When the ratio of length/L to diameter/D satisfies L/D <
M condition, the critical surface pressure of YAG cylindrical
workpiece can be calculated by Euler’s formula:

_ul
T

A 3

2
n°E
O, = 7 (4)
At that time, the precision grinding trajectory equation is
the hyperbolic form of the Euler’s curve as shown below:

n’E

Euler's Hyperbolicy,; = ———
" w/oy

&)

where M is the torque; L the length of the YAG optical crys-
tal; D the diameter of the YAG optical crystal; E stress inten-
sity; and s 3.1415926.

Here, we take into account of the precision grinding pro-
cesses of the processing errors in the accomplish types of the
microscale chamfering (YAG raw materials, as shown in Fig.
S2a).

According to the stress strength of the material and the
diameter of the precision grinding (< 1 mm), the wheel speed
and steering (counterclockwise and clockwise) make the pre-
cisely adjusted, which the diameter of the optical crystal mate-
rial make the accurately grinding to less than 1 mm quickly.
Euler’s formula was be used to calculate the curve trajectory
of optical crystal materials and the centrifugal distance and
eccentric distance parameter e (Formula 8) based on centerless
precision grinding process quickly before precision grinding.

Of course, the disadvantage of this work is that the grind-
ing wheel’s outer circle parameters need to be trimmed
timely according to the grinding wheel’s precision grinding
wear degree. Once the grinding wheel collapses locally and
the two grinding wheels rotate at the same speed (clockwise
or counterclockwise at the same time), the optical crystal
material will directly collapse, fracture, and crack.

Where a and f are the rotation characteristic parameters
of the normal and tangential directions of the process of
YAG optical crystal grinding when one-part deviates from
the center of the grinding wheel, the balance equation of the
tangent point position on the workpiece touch surface is:

"2 _ 2. p2 T
Ryg—1.tR,

@ = arccos ©6)
2RYAGR01/02
FR2 24 p2 T
8 = arccos RYAG e + Ral/o2 7
| 2RYAGRe ]

The touch point in precision grinding process is the
force point of the tangent normal direction, and the paths
of the rotation to beat parameter w; and @, are rotation
characteristic parameters or characteristic parameters of
rotation (RCP).

In this article, we give the eccentric distance parameter
e is calculated as follows:

2
e= (\/ (RGrinding wheet + Rregutating Wheet) = €yac — Rerinding wheet = Z) tan §

RRegulmling Wheel

cos f§ (8)

+eyac —

where Ry, is the radius of the YAG optical crystal and e is
the eccentric distance.

In order to design and calculate the adjustable parame-
terization of grinding clearance, it is necessary to establish
an appropriate geometric model. The established grinding
clearance is a coordinate system that describes the key
parameters, design, and simulation of the entire assembly
precision grinding process system, as shown in Fig. 3 a
and b.

According to the experimental conditions, we observed
that the abrasive particles of YAG laser crystal samples are
worn and fell off during the process of precision grinding.
Therefore, the grinding conditions in the precision grind-
ing process of the centerless process are adjusted in real
time, rather than keeping it constant. In a certain moment
of precision grinding, the friction force can complete the
precision grinding of the workpiece by the raw materials.
However, along with this condition, the work finish surface
quality is burned which causes potential damage.

3.2 The grinding force: the grinding ratio of e,

Based on the stable rotation of the ceramic-based grinding
wheel (both the grinding wheel and regulating wheel), the
free vibration period is obtained in the precise grinding
process of the YAG optical crystal, and the active damp-
ing system is realized. The higher feed speed and work-
ing speed created under the condition of no chatter are
obtained as well. The normal and tangential forces and the
grinding ratio with the coordinate system of the O, (Z,,
X;) and O, (Z,, X,) can be calculated and created with the
differential calculation by Egs. (9)—(12).

According to Furukawa et al., r,, (¥ ) is the rotation
angle ¥ of the grinding touch contact point:

) siny,
— )= —4—————
sin (v, — 1) ©

sin
£ = —%’(1

sin (v, — v

Defining Wy, as the angular angle of the YAG optical
crystal, then
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_ " )
= , 1= (10)
Yyac Yyac

re) =€r,(w—w,) — (L —or, (v —y,) = 1,0

=er,(t-1) -1 =or,(t—1) (i

It has been considered to grind surface quality; the grind-
ing ratio with error compensation and a,, are considered
during the YAG optical crystal (raw materials) precision
grinding process. The grinding wheel axis speed and regu-
lating wheel axis speed (RPM) create a speed discrepancy
with the 0.02 mm (such as G-, R-, as shown in Table 1 and
Fig. 3). The centerless grinding speed can be countervailed
value by calculating the normal and tangential forces and
the grinding ratio:

EYAG F t

eS:V =V Vv =

grinding wheel grinding wheel

n

v vy [J/mm?] (12)

grinding wheel

When the ceramic-based grinding wheel contacts with
the YAG optical crystal, it produces rotational resistance, as
shown in Fig. 6 (c) and Fig. 6 (d). The thrust in the normal
direction increases the normal force of the abrasive particles.
The force on the abrasive grain is shown in Fig. 4. Through
extensive experiments of the precision grinding process, the
error on the grinding ratio is e,, as shown in Fig. 5.

Also, the ceramic-based grinding force mathematical
model formula is as follows:

Fig.5 The grinding results: a, b
the YAG laser crystal raw mate-
rial; ¢, d the precision grinding
of functional materials with
microdiameter laser crystals <

1 mm

@ Springer

dF, = F;dA cos 0 cosy (13)

where F, is the grinding force per unit area (N/mm?) and dA
the actual contact area during the grinding process.

3.3 Characterization of Grinding depth a,

The calculation method of rotation speed of YAG by the
optical crystal cylindrical workpiece is shown below
(Fig. 6):

®=y,/At (14)

where ¥, is the rotation angle and A, the rotation interval
time.

The equilibrium equation for uniform rotation [25, 26]
is as follows:

Qs = 2Vgrinding wheel/DYAG (15)

where € is constant speed, Ve, jing wieer the ceramic-based
grinding wheel, and Dy, the diameter of the YAG optical
crystal.

Also, the diameter of the YAG optical crystal is 1.2 mm
or 1.4 mm (raw materials, as shown in Fig. 6a) .

Therefore, the precision grinding of the tangent and nor-
mal force density function is as follows:

df(W) = gd(ﬁ)fgrinding wheel(e)de (16)

9mm 0056mm O0T6mm OL6m
2gom LiGom  LlZSmw Lomm Lided Cos 1
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Fig.6 The 3D microtexture test results: a precision grinding process; b 3D/three-dimensional shape of S,; ¢ typical simplified 3D shapes of
grain; d surface roughness microtexture and precision grinding force analysis diagram

The component of the grinding force in the Cartesian coor-
dinate system can be described as the three-dimensional struc-
ture of the component [27, 28] in ZX-0 coordinate:

_J f® | _ |cos6 sind Q)
fgrinding wheel — f;gy(e) - sin® —cos® fg,(H)

a7

where f,inding wheer 15 the tangent and normal of the grind-

ing force supply with the ZX-6 coordinate by the density
function.

In the mathematical model, the tangential F, and normal

force F, and per unit of the precision grinding width [29] and

grinding depth a,, can be determined as follows:

F, = Y ¢Fenc = ¢K ¥ Qi = pK -—>— a,

grinding wheel

Fl =K':—"—a, (18)

grinding wheel
K = ¢K

The lower limit of the integral is 0, the upper limit is
/2, so:

S=2zRe+R(1 —sin0) (19)

The mapping relationship in the 3D-Cartesian’s coordi-
nate system of the sphere (R, 6, ¥) and the rectangular coor-
dinate system (X, Y, Z) are as follows:

X = Rsinf cosy
Y = Rsinfsiny (20)
Z =Rcosb

Hypothesis: The two ceramic grinding wheels (both the
grinding wheel and regulating wheel) process of the rota-
tional motion are uniform in the Cartesian’s coordinate sys-
tem. The equation of polar coordinates is as follows:

I': X=pcosh,Y =psinh,Z=k0,0<0<2r 1)

In the precision grinding process of optical crystal and
optically difficult-to-grinding materials, it is related to &,
but it is necessary to control the precision grinding gap
between two ceramic-based wheels (room temperature, as
shown in Table 1, Fig. 6, and Fig. S2).
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In the Cartesian’s coordinate system, the mapping rela-
tion of along the base and the tangent direction are as
follows:

dL(R) = dR
dL(y) = Rsin 6dy (22)
dL(6) = Rd6

In the precision grinding process of the ceramic base
grinding wheel, the grinding ability of the grinding
wheel’s tiny abrasive particles determines the “grinding
ratio” and “grinding depth of the a,” in the face-face pre-
cision grinding process. The depth of the feed of the a,, is
defined by functions as follows:

Ndividing plate

Lhypotenuse = 360 X Pscrew pitch (23)
L it si a
. opposite side P
sinf = = (24)
Lhypotenuse Lhypotenuse

where Niyiing piare 18 the number of teeth of indexing dial and
P rew piren 18 the pitch of the feed direction.

Additionally, the cylindricity and parallelism of
ceramic-based grinding wheel by the dressing directly
affect the surface finish quality of YAG optical crystal
and the accuracy of precision grinding.

Based on the precision grinding process of two center-
less grinding wheels, the grinding force increases with the
increase of cutting depth, and the crack depth should also
increase according to the knowledge of linear elastic frac-
ture mechanics. At the edge of optical crystal material, the
phenomenon of workpiece edge breakage is more serious.

100 pm

4 Ceramic wheel grinding force analysis
of the particle size result

For chamfering process of the electric spindle: (1) The
greater the swing angle, the lower the speed; (2) the smaller
the swing angle, the higher the speed. For chamfering pro-
cess of the regulating wheel axis: (1) The greater the swing
angle, the higher the speed; (2) the smaller the swing angle,
the lower the speed (room temperature, as shown in Table 2
and Fig. 4).

Figure 5 shows the grinding region for the grinding wheel
axis and regulating wheel axis of the typical simplified
shapes of grain and the grinding direction. Figure 6 shows
the 3D (three-dimensional) shape microtexture test results
of S, surface roughness microtexture and precision grinding
force analysis diagram. Figure 7 indicates the YAG optical
crystal material particle sizes of the YAG optical crystal raw
material, as well as a histogram graph of the axial direction
and radial direction grinding region trend increase chart.

Based on the centerless precision process, the edge of
the microdiameter laser crystal with a diameter of less than
1 mm does not collapse and fracture. When the precision
grinding direction is clockwise or counterclockwise at
the same time, the grinding results are consistent. For the
chamfer of a small diameter cylinder (< 1 mm), no fracture
occurs.

The workpiece diameter is relatively small (< 1 mm) and
cannot be measured by traditional methods such as cylin-
dricity meter. We propose a laser confocal microscope to
scan the cylindrical surface of workpiece and record the
position of coordinates on each point. The principle of cal-
culating cylindricity error of precision grinding YAG crystal
material is to take the maximum roundness error measured

b) 777 YAG laser crystal =
800000
_ 600000 - |
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=3 ¥
o ¥
o |
® /
g 400000+ )
o ¥
2
200000 } 7
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. 7
o= ‘Ll e il )
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Fig. 7 Plot the numerical value of the YAG optical crystal material particle sizes result: a the YAG optical crystal material of the raw material; b
a histogram graph of the axial direction and radial direction grinding region trend increase chart
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by different cross sections and the maximum straightness
error measured by each prime line. The calculation method
is according to the theoretical calculation formulas (25-26).
The f,. is defined by functions as follows:

ylindricity
_ 1
fcylindricity _fcircular degree + Ef parallelism(max) (25)
_ 1
fcylindricity _fslraightness(max) + Efcircular degree(max) (26)
where f. jingriciry 18 the 3D cylindricity error of workpiece
surface.

In addition, the grinding feed for a,, affects surface grind-
ing quality of the YAG optical crystal material of the two
ceramic grinding wheels (both the grinding wheel and regu-
lating wheel), which are grinding of the face-face to achieve
dressing the grinding wheel with the chamfering auxiliary
device by the calculus of the precision grinding (as shown in
Fig. S1 of the “Appendix A. Supplementary data”).

Figure S2 illustrates the grinding results of the YAG optical
crystal raw material and the precision grinding of functional
materials with microdiameter optical crystals by the precision
grinding process results. For the other mains and key of the
results and parameters, such as the grinding ratio for centerless
microgrinding with the grinding surface finish quality of the
YAG optical crystal, please refer to the supporting materials in
the “Appendix A. Supplementary data” with Fig. S2.

5 Conclusions

This paper presents a centerless grinding of the YAG optical
crystal grinding process; we design a mathematical model and
precision process which are supported as an effective process to
control over the YAG optical crystal surface finish and grinding
accuracy. For the centerless grinding process (both the grind-
ing wheel axis and regulating wheel axis), the grinding process
works at the RT of 25 + 1.5°C (room temperature), and the
grinding ratio relation e between grinding ratio and the center-
less grinding depth a,, controls the precision grinding amount
during the YAG optical crystal surface finish grinding process.

The work illustrates the selection of an appropriate and
optimal self-adaption dressing process for the grinding
wheel parameters, which are of significance to the finish
surface quality, cylindricity, and parallelism of the ceramic
base grinding wheel in precision grinding. From the analysis
of the precision grinding process, it provides a profound
insights into the grinding ratio e; and the complex grind-
ing of microdiameter optical crystal raw materials. In the
scenario of “test micro-speed,” the rotation speed of the two
ceramic base grinding wheels (both the grinding wheel and
regulating wheel) can be set as stable or unstable, and the

linear velocity in the direction of rotation is always opposite
(G-, R-), as shown in Table 1 and Fig. 3.

The YAG optical crystal surface finish fabrication and
precision grinding process has been proved to be a targeted
control method for solving the grinding ratio, cylindrical,
and parallelism of the YAG optical crystal. This paper study
the accuracy with the two ceramic grinding wheels (both the
grinding wheel and regulating wheel) via the grinding ratio
and a,,. The main conclusions are summarized as follows:

(1) Based on centerless precision grinding process, the
value range of the feed location region is [0.022,
1.007]. Grinding wheel axis speed and regulating
wheel axis speed are 35~60 RPM.

(2) The feasibility of self-adaption-dressing process for
centerless grinding is verified. To improve the finish
surface quality, roundness and parallelism of the YAG
optical crystal are established in the geometric math-
ematical model which is then tested in verification.

(3) A 3D (three-dimensional) analytical model and pre-
cision process for the precise centerless grinding of
YAG crystal material is established. Microgrinding gap
geometry and precision grinding process parameters
based on real-time adjustment are designed and tested.
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