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Abstract: Sapphire hemispherical domes are machined through milling and shaping using brazed diamond tools. A
mathematical model describing roughness for this processing method is established, and the relationship between
roughness and its influencing factors is analyzed. Experiments on the hemispherical dome shaping process are
conducted to validate the model, analyzing the variation in roughness under different tool and workpiece rotational
speeds. The results are consistent with the predictions of the established roughness model, suggesting that the model
can be used to guide subsequent process experiments. Milling and shaping efficiency using brazed diamond tools
typically can reach 14 g/min. The machined sapphire surfaces exhibit relatively few microcracks and minimal damage,
with almost all exclusively visible grooves resulting from brittle fracture removal. The surface roughness after

machining 1s below 2.5 pm. Milling sapphire domes with brazed diamond tools represents a novel shaping technique
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characterized by high efficiency and high quality.
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0 Introduction

An external infrared fairing must be installed to
protect the internal detection and optoelectronic sys-
tems of new missiles from damage. An infrared fair-
ing, a key component of the missile weapon sys-

[1]

tem' ', must possess excellent comprehensive prop-

erties in terms of optics, mechanics, physics, and

chemistry'**

. Compared with other infrared optical
materials, sapphire offers multiple advantages, in-
cluding high hardness, superior mechanical
strength, thermal shock resistance, and a low scat-
tering coefficient””, making it one of the most suit-
able materials for modern fairing applications. Fur-
thermore, the gradual maturation of sapphire crystal
growth technologies and the advancement of ther-

mal imagers have rapidly expanded the application
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5100 Demand is in-

prospects of sapphire fairings
creasing significantly, particularly for hemispherical
fairings, which represent the most widely used con-
figuration.

Sapphire infrared fairings are mostly formed us-
ing near-net-shape processing techniques, whereby
{0001) crystal-oriented sapphire fairings are grown
directly from the melt. Refs.[11-13] previously ad-
opted methods such as

(NCS), local dynamic shaping (I.LDS), and grown-

from-an-element-of-shape (GES) strategies for de-

non-capillary shaping

veloping sapphire infrared fairings. However, the di-
rect growth of sapphire fairings faces certain limita-
tions in terms of quality and thickness, and reports
on alternative methods are rare. Domestically, Xu

l [14-15]

et a used external cylindrical grinding ma-
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chines in combination with precision grinding
moulds to assist in the machining of sapphire fair-
ings, obtaining fairings with good surface quality.

1% performed conformal fairing grinding of

Wang
sapphire on an ultra-precision machine tool. Both
the inner and outer surfaces were ground with a
spherical grinding wheel. The wheel underwent on-
line dressing and measurement during the process,
with the real-time wheel radius compensated into
the machine tool trajectory. Pan'"' summarised the
processing methods and quality control techniques
for sapphire infrared fairings based on experimental
studies involving the speed and pressure of fine
grinding and polishing machines, materials of the
fine grinding mould layers, polishing films, polish-
ing agents, as well as jigs and fixtures. However,
all these methods face challenges in achieving both
high efficiency and high quality simultaneously. Cur-
rently, the more efficient method for shaping sap-
phire is the so-called “fishing ball” method, which
uses milling cutters for cutting and shaping. In this
paper, an innovative approach is explored based on
the “scooping-ball” process. Specifically, brazed di-
amond tools are employed for milling and shaping

18 A model of the surface

sapphire crystal rods
roughness of workpieces formed through this pro-
cessing method is established, and the fundamental
rules of milling and shaping are derived, aiming to
obtain high-quality fairings. This approach provides
a foundation for subsequent grinding and polishing
processes and offers reference data for setting pro-
cess parameters in the shaping of other optical

domes.

1 Machining Principle and Rough-

ness Model

1.1 Machining principle

The workpiece blank is a directly grown single-
crystal sapphire crystal rod, which is formed into a
hemispherical shape. Due to the material’ s inherent
properties, the form of the tool adopt a hemispheri-
cal bowl-shaped tool base. The base dimensions are

shown in Fig.1. Diamond particles are brazed onto

the upper end of the base, more than 6 mm above,
for shaping processing. Fig.2 shows a photo of the
brazed diamond tool. The vacuum brazing process is
used, with temperature rise controlled at 8 °C per
minute, reaching a maximum
1 000 °C. The braze material is a Ni-Cr based alloy,

and the diamond particle size ranges from 30 mesh

temperature of

to 50 mesh. The workpiece forming principle dia-
gram uses a blank with a diameter of 50.6 mm and a
length of 100 mm. The tool and workpiece rotate
around their own axes, and the tool moves along
the trajectories indicated by the dashed lines 1 and 2
in the Fig.1. The processed sapphire dome has a
thickness of 5 mm, an inner diameter of 42 mm and
an outer diameter of 52 mm. To process hemispheri-

cal domes of other sizes, only the corresponding

DN

\—2

size of the tool needs to be replaced.

@6‘

5

250.6 250.6

Fig.1 Machining schematic diagram

Tool substrate

Fig.2 Milling and grinding tool photo

1.2 Roughness model

The size of the surface roughness formed on

the workpiece after processing is related to the
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shape of the material removal corresponding to the
processing method. Since the spherical dome form-
ing tool head mentioned above adopts a single-layer
brazed diamond tool, the shape of the abrasive grain
is preliminarily simplified and assumed to be an octa-
hedron, i.e. the shape of the exposed part participat-
ing in the processing is a square pyramid.

Based on the motion form of the spherical cap
forming process, to facilitate more intuitive analysis
and calculation, the geometric diagram of the abra-
sive particle cutting-in is magnified several times in
a small area, resulting in the geometric model of
abrasive particle cutting-in and material removal in
spherical dome forming process as shown in Fig.3.
The black shaded area in the figure represents the
sapphire workpiece material remaining between two
abrasive particles after a single spherical dome form-
ing process under ideal conditions. This is mainly
due to the existence between the abrasive particles
during the brazing process and is related to the

shape of the abrasive particles.

Tool substrate
diamond particles _
=

v’

Milling and grinding contact area
sappire rod

Fig.3 Geometric model of material removal for dome mill-

ing and grinding

To analyze the surface roughness of the work-
piece, the following assumptions are made:

(1) The abrasive particles are evenly distribut-
ed on the surface of the ball cover forming tool,
with the same protruding height.

(2) The tool has no wear on single cuts, and
the impact on processing equipment can be disre-
garded.

(3) The removal of scratches is produced with-

out overlap.

According to the research of relevant scholars
on roughness, it is found that for this type of dia-
mond abrasive grains in the actual processing, it is
simpler to further assume the shape and size as
spherical equivalent particle size, which is also clos-

19201 - Therefore, in this

er to the actual situation
study, when discussing roughness, the diameter of
the circle circumscribed around the above-men-
tioned octahedral diamond abrasive grains is further
defined as the equivalent particle size D"*''. If the
edge length of the octahedral abrasive grain is a, the

relationship with the equivalent particle size is

aZ%D/ (1)

Assuming that a single abrasive grain is subject-
ed to a force of F,, the depth & pressed into the sap-

phire surface can be calculated as

1
. { 9’ F2 (K + /e")} ;

2
167R (2)
1— 4t 1— b
where £ = A= 22 v s the equivalent
T['Bl TCBQ

radius of the abrasive grain, and R the equivalent ra-
dius of the bowl shaped tool. Due to the fact that the
former is much smaller than the latter (the diameter
size of bowl shaped tools is generally between
40 mm and 80 mm), the above equation can be sim-

plified as

1
9 FZ(E 4 B P
167

1
3

h 2F2 / "
Then —= 9n'F, (K 1 &) .
1674

r

According to Eq.(1), we have

r=—— (4)
Vr
h{%zFﬁ(/e'—O—/e”)T

T6d (5)

-

In a small-scale range, a curved surface can be
approximated as a plane. As shown in Fig.4, it is
the geometric model of the roughness of the spheri-
cal dome forming. The x-x line represents the pro-
file centerline of the spherical dome forming surface.
Before calculating the roughness Ra, it is necessary

to first determine the value of y.
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//é/

Fig.4 Schematic diagram of the average deviation of the

milling and grinding section profile of the dome

According to geometric calculations, we have

2ah
[=2 [Z2 _p (6)
Vr
. 180—0
A=y cot—— (7)
1 180 — ¢
ABzzhz—;(zz—zycotZ) (8)

where A; and A are the areas of the shaded areas
on the x—x center line and below the two triangles in
Fig.4, respectively. Since x-z is the contour center-

line, y can be calculated as
1
=—h 9
y=r (9)

According to the definition of Ra, it can be in-

ferred that

R @[%F;(k —5—/3)}‘ (10}

2 16r
For the formation of ball covers, in a single ma-
chining process (without changing the machining
process parameters) , the pressure p used by the en-
tire tool along the feed direction is constant, and the
force on a single abrasive particle is related to the av-
erage number of abrasive particles in contact per
unit area. Given a coefficient of m, then
F,=m' i =m—L (11)
nRe UV VP
Vg V12.5———
180

where v, is the rotational speed of the sapphire rod;

v, the rotational speed of diamond brazed tools; ¢
the entrance angle; and m' a coefficient related to

m' m'
=14.4——.
R R
12.5——
180

The roughness model of the ball cover forming

the structure, namely m =

process obtained by substituting Eq.(11) into
Eq.(10) is

1
Ra:ﬁ{%z”f’f(“ k)} (12)
2 167v,v4¢°

It can be seen that the surface roughness of sap-
phire after milling and grinding is related to the force
on a single abrasive particle, the equivalent radius
of the abrasive particle, the rotational speed of the
tool, and the rotational speed of the workpiece. To
quantify the relationship between the roughness val-
ue and each parameter and establish the intersection
domain with the cutting force model, a single pa-
rameter group is pre-tested and substituted to obtain
an approximate value. The expected work to be
achieved is the surface roughness value of the work-
piece Ra<<5 pm, thus v0,==57 500. To ensure the
quality of the workpiece surface after milling and
grinding, when conducting process experiments,
the parameter selection range should be the intersec-
tion of the values that are both optimal for force and
roughness conditions, that is

{F,v./v,<<1260}{v.0,=>57500} (13)

In conclusion, due to the high cost of sapphire
crystal rods, in order to maximize the yield of spher-
ical domes, the selection of process parameters in
the subsequent process experiments will be within
the intersection range as shown in Eq.(13). This is
to avoid the waste and damage of raw materials

caused by unreasonable parameter settings.

2 Experiment

The experimental equipment and clamping sys-
tem are the sell-made sapphire hemispherical dome
processing equipment made by the research group.
The inner side, outer side and end of the hemispher-
ical dome forming tool’s cutting head are respective-
ly brazed with a layer of 40-mesh diamond particles
at high temperature. The inner diameter of the tool
body is 52 mm and the outer diameter is 60 mm.
During the processing, the coolant flows through
the rotating processing area under the action of cen-
trifugal force, with a flow rate of 100 ml/min. The
coolant is a 3% ethylene glycol water solution.

The workpiece to be processed is a single crys-

tal sapphire rod with a diameter of 2" and a length of
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100 mm. The sapphire rod is clamped in a three-jaw
chuck and rotated by the motor spindle. During the
processing, the tool rotates around the axis of the
tool holder and swings around the center of the large
pulley driven by the transmission block. The surface
roughness of the processed surface is measured by a
TR220 portable roughness meter from Mahr. The
roughness measurement length is 0.25 mm. The
measurement result is the average value of the
roughness of 20 points on the processed surface.
The three-dimensional topography of the workpiece
surface after processing is tested by a Keyence opti-
cal microscope system. The morphology of the sap-
phire surface, tool and chips after processing is ob-
served by a scanning electron microscope (SEM).
The specific process parameters of the equipment
operation are shown in Table 1. The experimental

equipment is shown in Fig.5.

Table 1 Process parameters for dome forming experi-

ment

Workpiece rotation speed/  Tool speed/

Parameter . .
(remin ") (remin ")
180
230
1 600
270
300
225
375
2 270
525
675

Wor'kpiece rotation power device
‘ 278 Workpiece fixture|

Tool rotation power device|

Fig.5 Photo of experimental equipment

3 Results and Discussion

3.1 Relationship between surface roughness

and process parameters

The surface roughness of the machined sap-

phire is measured using a portable roughness tester.
For each set of process parameters, 20 measure-
ment points are selected, with the measurement di-
rection at each point kept perpendicular to the ma-
chined surface of the workpiece. For each process
condition, the roughness value is assumed as the av-
erage of six measurements. Fig.6 plots the variation
curves of the surface roughness of sapphire after ma-
chining under different process conditions. As
shown in Fig.6(a) , the workpiece rotational speed
is maintained at a constant of 600 r/min, while the
tool rotational speeds are 180, 230, 270, and 300 r/
min. The surface roughnesses of the machined sap-
phire hemisphere decrease with the increase in the
rotational speed of the bowl-shaped tool, mainly be-
cause as the tool rotational speed increases, the dis-
tance between the milling trajectories generated by
the brazed diamond grits at the tool tip on the work-
piece surface decreases, leading to a higher trajecto-
ry density. Consequently, the surface roughness of
the machined sapphire is reduced.

As shown in Fig.6(b), the tool rotational

speed is maintained at a constant of 270 r/min,

1.9}

1.8 -

Ra /pm

1.6

1.5

14 L— A . . . L L
180 200 220 240 260 280 300
Tool speed / (r * min'")

(a) Workpiece speed of 600 r/min

22 F
2.1r
201
19

Ra/pm

1.8 r

200 300 400 500 600 700
Workpiece speed / (r * min ')
(b) Tool speed of 270 r/min

Fig.6 Surface roughness variation curves
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while the workpiece rotational speeds are 225, 375,
525, and 675 r/min. The surface roughnesses of the
machined sapphire hemisphere decrease with in-
creasing workpiece rotational speed. Thus, in the
milling and shaping of sapphire hemispherical
domes, both the rotational speed of the bowl-
shaped tool and the rotational speed of the sapphire
crystal rod significantly influence the surface rough-
ness of the machined sapphire hemisphere. Under
the preset process parameters, the average surface
roughness of the machined sapphire hemisphere is
approximately 1.7 pm.

Therefore, for milling and shaping sapphire
hemispherical domes using brazed diamond tools,
the surface roughness of the machined workpiece is
dependent on both the tool and workpiece rotational
speeds. An increase in the rotational speed of the
brazed diamond tool leads to a decrease in rough-
ness; likewise, an increase in the rotational speed of
the sapphire crystal rod also results in reduced
roughness. Compared with Eq.(12) of the rough-
ness model established in the previous section,
when the workpiece rotational speed is held con-
stant and the tool rotational speed is increased, the
roughness decreases; when the tool rotational speed
is held constant and the workpiece rotational speed
is increased, the roughness also decreases, consis-

tent with the predictions of the proposed model.
3.2 Analysis of processing efficiency

In conventional cylindrical grinding, the ma-
chined object is always cylindrical. Therefore, calcu-
lating the removal rate is relatively simple, depen-
dent only on the external cylindrical diameter of the
workpiece, the workpiece rotational speed, grind-
ing depth, and feed rate. However, for milling and
shaping sapphire hemispherical domes using the
new equipment, the arc length of the cutting edge of
the brazed diamond tool in contact with the work-
piece constantly changes during the process due to
the particular characteristics of the tool motion, tool
type, and workpiece shape. Moreover, when the
first dome 1s formed on an unprocessed sapphire

crystal rod, the final removed portion is a spherical

cap corresponding to the inner diameter of the tool.
Thus, the traditional concept of removal rate does
not apply to this processing method. The milling
and shaping efficiency of dome machining, denoted
as M., is defined as the mass removed per unit time.

M, =M/t (14)
where M, represents the removed mass and 7 the
time taken for the removal. Due to the difference in
the shape and mass of the material removed when
milling and grinding the first spherical dome com-
pared with the second, third, and subsequent ones
on a single crystal rod. The removed mass M, spe-
cifically refers to the loss of workpiece material
caused by the direct contact of the tool’ s cutting
edge.

Fig.7 presents the variation in machining effi-
ciency during the milling and grinding of sapphire
hemispherical domes. The workpiece rotational
speed is fixed at 600 r/min, while the tool rotational
speeds are 180, 230, 270, and 300 r/min. The ma-
chining efficiency increases with increasing tool
speed (Fig.7(a) ) because, under a constant work-
piece speed, the number of times the tool contacted
and milled/ground the workpiece per unit time in-
creases. Accordingly, the material removal rate also
increased ', When the tool rotational speed is fixed
at 270 r/min, and the workpiece rotational speeds
are 225, 375, 525, and 675 r/min, the milling and
shaping efficiencies also increase with increasing
workpiece speed, as shown in Fig.7(b), mainly be-
cause when the workpiece rotational speed increas-
es, the relative velocity between the spherical sur-
face material and the tool also increases, lengthen-
ing the cutting path per tool engagement. Under the
same feed conditions, the area of material involved
in cutting per unit time increases, thereby enhancing
the material removal rate. Overall, the milling and
shaping efficiencies using brazed diamond tools gen-
erally exceed 14 g/min. Considering the sapphire
crystal rods used in the experiments as examples,
with a diameter of 50.8 mm and a length of
100 mm, the time required to shape the first spheri-

cal surface is approximately 90 min, and the time to
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17.0 |
16.5 -
16.0 |

15.0 -

145

Processing efficiency / (g * min ")
o
W

14.0

180 200 220 240 260 280 300
Tool speed / (r * min™")
(a) Workpiece speed of 600 r/min

17.0
16.8 1
16.6
16.4
16.2
16.0 -
15.8

Processing efficiency / (g + min ')

15.6 1 1 1 1 1 1

200 300 400 500 600 700
Workpiece speed / (t * min™)
(b) Tool speed of 270 r/min

Fig.7 Efficiency variation curves of milling and grinding

processing

machine the first complete hemispherical dome is ap-
proximately 120 min. The average time required for
machining subsequent domes is approximately
40 min. The machined surface achieves a roughness
Ra of less than 2.5 pm. Currently, processing meth-
ods capable of achieving such dome quality include
direct growth techniques such as NCS, which typi-
cally require several days to grow a single dome and
demand a high level of technical expertise, as previ-
ously discussed. Therefore, this study takes sap-
phire as the raw material, and uses brazing diamond
tools to mill-grind the sapphire dome, which is an
efficient processing.

3.3 Surface analysis of sapphire after milling

and grinding

As shown in Fig.8(a), a SEM image, magni-
fied 100 times, displays the surface of a sapphire
workpiece milled using brazed diamond tools under
process parameters of a workpiece rotational speed
of 675 r/min and a tool rotational speed of 275 r/
min. The surface exhibits uneven patterns caused by

friction and extrusion from the brazed diamond

grits, inducing compressive and shear stresses that
leave scratch marks in the form of grooves on the
workpiece surface. Further magnification of the ma-
chined sapphire surface to 500 times, as shown in
Fig.8(b), reveals relatively few microcracks and
damage. The visible surface features are almost ex-
clusively grooves formed by brittle material remov-
al, attributed to the use of bowl-shaped tools with
diamond grits brazed at high temperatures, which
enhances grit retention. Consequently, grit detach-
ment is rare, and the diamond grits maintain an ex-
cellent cutting performance throughout the process.
The machining operation remains stable, significant-
ly reducing surface quality degradation typically
caused by grit dislodgement or excessive f{riction
from redundant grits. Furthermore, the orderly ar-
rangement of diamond micro-edges increases both
heat dissipation capacity and chip accommodation
space, which further improves the surface quality.
Thus, workpieces with a certain level of surface
quality are obtained. Fig.9 presents a three-dimen-
sional morphology image of a sapphire surface after
milling with a brazed diamond tool. Subsequent
grinding and polishing processes are necessary to

achieve even better surface quality.

fied 500 times)
Fig.8 SEM images of sapphire surface after milling and

[ 8

(b) High maiﬁcation (magni

grinding
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Depth / pm

Fig.9 Three-dimensional morphology of sapphire surface

after milling and grinding

As shown in Fig.10, a morphology image of
the sapphire surface after machining is captured us-
ing a hand-held microscope at 200 magnification af-
ter the machined workpiece has undergone ultrason-
ic cleaning in alcohol for 6 h. Despite the cleaning, a
large amount of milling and grinding swarl remains
within the groove-like trajectories on the machined
surface. The milling and grinding swarf generated
during the process is small in volume and tends to
fall into the voids formed during machining. As its
composition is the same as the base material, the
swarf adheres strongly, making it difficult to re-

move.

Fig.10 Microscopic image of processed sapphire

The collected milling and grinding swarf is ana-

lysed by energy-dispersive X-ray spectroscopy
(EDS) , with the elemental composition shown in
Fig.11. The main
(66.58%) and oxygen (26.87%) , which corre-

spond to the sapphire material itself. In addition,

elements are aluminium

small amounts of chromium, iron, and nickel are de-
tected, attributed to the binder components of the
brazed diamond grits in the tool. After a period of
milling and shaping, the cutting forces cause tool
wear. During this interaction, small amounts of
binder and even grits may detach and mix with the

removed material.

Weight Atomic
Element percentage/%|percentage/%|
(€ 51.50 63.52
N 2178 22.98
z © 10.25 9.49
& Co 11.02 2001
2 1.25

oo | poo
o 1 2 3 4 5 6 7 8 9 10
Energy / keV

Fig.11 EDS image of milling

Fig.12 presents SEM images of the swarf mor-
phology. In Fig.12(a), magnified 500 times, the
milling and grinding swarf appears as fragmented
chips, and the undispersed chip agglomerates are
relatively small in size. At a magnification of 800
(Fig.12(b)),

chips, a ribbon-like morphology is also observed at

times in addition to fragmented
the microscale, suggesting that when milling single-
crystal sapphire (a brittle and hard material) with a
brazed diamond bowl-shaped tool, continuous plas-
tic chips may also be produced in addition to brittle
fracture particles. Combined with the surface rough-
ness measurements discussed above, higher tool ro-
tational speeds lead to lower surface roughness val-

ues on the sapphire hemisphere, indicating that the

(a) Magnification of 500 times

N/
&

(b) Magnification of 800 times

Fig.12 SEM images of sapphire removal material
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increase in machining speed may result in a change
in the chip formation mechanism. In summary, us-
ing brazed diamond bowl-shaped tools can typically
achieve a milling and shaping efficiency exceeding
14 g/min. The processing time for a single sapphire
dome is significantly shorter than traditional dome
growth methods. Moreover, due to the controllable
grit size of brazed diamond particles, a brittle-to-
ductile transition may occur during machining. The
machined surface roughness Ra can be reduced to
below 2.5 pm. Therefore, using brazed diamond
tools for milling and shaping sapphire domes repre-
sents an ideal hemispherical dome-shaping process.
The resulting surface quality of the workpiece is
high, reducing the difficulty of subsequent grinding
and polishing, thereby improving the overall pro-

cessing efficiency.
4 Conclusions

(1) A roughness model for the milling and
grinding forming of sapphire hemispherical domes
with brazed diamond tools is established. The rough-
ness is related to the force on a single abrasive
grain, the equivalent radius of the abrasive grain,
the rotational speed of the tool, and the rotational
speed of the workpiece.

(2) The results of hemispherical dome-shaping
experiments show that increasing the rotational
speed of the brazed diamond tool leads to a decrease
in surface roughness. Similarly, increasing the rota-
tional speed of the sapphire crystal rod also reduces
surface roughness. A comparison with the estab-
lished roughness model confirms that with constant
workpiece rotational speed, an increase in tool
speed reduces surface roughness. Likewise, with
constant tool speed, increasing the workpiece rota-
tional speed also reduces surface roughness. These
experimental results are consistent with model pre-
dictions, which can help guide the selection of pro-
cess parameters in future experiments.

(3) The processing efficiency increases with
the rise of tool speed and workpiece speed. The mill-
ing and grinding forming efficiency using brazed dia-

mond tools can generally reach over 14 g/min.

Therefore, using brazed diamond tools for milling
and grinding sapphire hemispherical domes is an effi-
cient forming processing method.

(4) The machined sapphire surfaces have rela-
tively few microcracks and damage. Visible features
predominantly consists of grooves formed by brittle
fracture removal. A considerable amount of milling
swarf remains in the groove-like tracks on the ma-
chined surface. The main elemental components are
aluminum, oxygen, and trace amounts of iron,
chromium, and nickel. The milling and grinding
swarf exhibits a chip-like morphology, with a micro-
structure resembling ribbon-shaped chips. Milling
single-crystal sapphire (a brittle and hard material)
using brazed diamond bowl-shaped tools may gener-
ate continuous plastic milling chips in addition to
brittle fracture particles. The surface roughness Ra

after machining is below 2.5 pm.
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(1 ER YR T2 Be MUK T RE 22 B, $hI 224001, H[E; 2.9 B /RS HMA AR, F 5 266101, HEH;
3. B A Tl B B AR K2y 54 Tl B0 5 8 R 2 45 TR 9 Pty , T 210023, )
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MFE— Tk 3] 14 g/min, 4B R F B0 KT 6 A @M L6 A @6 ML s Ao M43V, JUF 2 T LM H Ve
FIRATE, LG ATRERERE 25 mA T, RAFRLN e LARBEEEZE LRI —FEHA . HRE
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