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Optimization of designing on cutter parameters
of PCD saw blades by simulation analysis

The cutter parameters of PCD circular saw blades play a decisive
role in the wood cutting process, they directly affect the machining surface quality and
tool life. Simulation analysis of the cutting stress and deformation of PCD wood
circular saw blades with different cutter parameters is carried out using the finite
element method. The results show that the maximum shear stress of the PCD saw blade
in cutting process are all in a safety range with safety coefficient of about 3.5—4.0, and
the maximum displacement of PCD saw blades are about 4.8-4.9 um in the axial
direction and about 10 um in radial and rotation directions. It was found that the best
cutter parameters of the PCD circular saw blades are rake angle y = 15° and rear
angle a = 15° in which the relative low stress of 58.9 MPa and relative smaller
displacement of can be achieved.

Keywords: polycrystalline diamond (PCD), wood circular saw, finite
element analysis (ANSYS), cutter parameters.

INTRODUCTION

In order to maintain long-term sawtooth sharpness of the circular
saw blade under high-speed and noncontinuous cutting conditions, the wood cut-
ting tool materials have to possess such properties as high hardness and wear resis-
tance, sufficient strength and toughness, and the sawtooth parameters of PCD cir-
cular saw blades should be designed rationally. Polycrystalline diamond (PCD),
being with both high hardness and wear resistance and good thermal conductivity
and strength, can meet the processing requirements of the wood cutting tools with
long tool life, high processing efficiency and low total cost to some extent [1], but
the grinding process of the PCD wood cutting tools is very difficult for its low
grinding ratio (usually only 0.001-0.003) [2, 3] and low processing efficiency,
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especially for its complex geometry of the sawtooth. PCD circular saw blade
working at high speed, which makes high noise and vibration as well as the
temperature gradient on the blade caused by inhomogeneous cutting heat, has
negative effect on the working smoothness and stability of the circular saw blade.
Therefore, high damping coefficient and low thermal expansion coefficient of the
base material [4] and the rational geometrical structure and parameters of the PCD
sawtooth are required for the saw blade. The geometrical feature and structure
parameters of the sawtooth not only affect the working stability of the circular saw
blade, but also directly effect the lifetime and processing efficiency of the tools.
Rationally design of the tool geometry parameters of the PCD cutters can improve
the processing surface quality of the workpiece as well as wear resistance and
lifetime of the tools, hence increasing the process efficiency and reducing
producing costs. Evermore PCD wood cutting circular saw blade will be invalid
usually while PCD sawtooth appears crack in point where the stress concentrated.
The crack formation mainly depends on the maximum magnitude of the stress [5].
Therefore it is very important to study the stress concentration and deformation of
the circular saw blade. This paper focuses on the research of stress distribution and
deformation on PCD saw blades by use of ANSYS, which has great value on
optimism designing of cutter parameters of PCD saw blades.

THE EXPERIMENTAL DESIGN AND CALCULATING PROCEDURE
The selection principle and design of the sawtooth parameters

The geometric parameters of the PCD sawtooth plays an important role in the
cutting process. The machining quality and the tool life will be improved with the
increasing rake angle, which will make the cutting force, wear and the cutting heat
smaller at the same time, but the sawtooth will be broken or valid being impacted
in the high speed cutting if the rake angle is too small. The larger rake angle will be
selected when cutting the soft materials, and the smaller rake angle will be selected
to improve the intensity of the sawtooth when cutting the hard materials.

The cutting force and wear of the tool will be decreased, therefore, the
machining quality will be improved with the increasing rear angle. The smaller rear
angle will be selected to prevent damage of the tool when machining some high
hardness materials. But the role of these factors must be considered
comprehensively when the designing of the structure of the sawtooth parameters,
because the friction between flank surface and the workpiece and its capacity of the
chip under cutting process will be affected by the rear angle. The purpose of the
balance of the above selection is to improve the machining quality, increasing the
cutting efficiency and lasting the tools life.

The saw blades will be treated as planes in which two parameters of rake angle
and rear angle were considered in this simulation analysis, therefore, the different
rake angle (15°, 20°) and rear angle (12°, 15°, 18°) based on the practical using
parameters of the PCD saw blade and their combinations were designed in this
simulation experiment as showed in Table 1.

Table 1. The structure parameter designing of PCD sawtooth
of the circular saw blades

Parameters Samples
1 | 2 3 4 5 6
Rake angle v, grad 15 15 15 20 20 20
Rear angle a, grad 12 15 18 12 15 18
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Mechanical analysis of circular sawblade in cutting process

Figure 1 shows the force analysis of PCD woodcutting circular saw blade under
cutting process. The relationship between the number of saw teeth in cutting and
cutting depth can be calculated from Fig. 1 as follows

R a
Z =—arccos(1-—-24), 1
P ( R) (D

where Z is the number of teeth in cutting, g, is the cutting depth, R is the radius of
the saw blade, and P is the tooth pitch.

Fig. 1. The diagram of mechanical analysis of PCD saw blades under cutting process.

From Eq. (1) we can see that the greater the depth of cut, the more teeth
involved in cutting. The cutting forces of the saw blade are the normal force F), and
the sawing force F;. The normal force F), is produced by the squeezing of the saw
blade against the workpiece, it affects the cutting stability and wear resistance of
the saw blade as well as the surface quality of the workpiece under cutting process.
Sawing force F; is generated by the friction between the surface of the saw blade
and the workpiece, it is the main cutting force of the saw blade and determines the
cutting efficiency directly. The action area of sawing force F; and normal force F,
is in the arc area BC, where the actual cutting took place during the sawing
process. Because of the difficulty of direct measurement of the cutting force F; and
F,, we divide the sawing force F; and the normal force F, into force F), and F; in
the feed direction and perpendicular to the feed direction [7—8]. From the geometry
relationship showed in Fig. 1, the following formula was obtained

F,=F,sin0—F,cos0; F},=F.cos0 + F;sin0. 2)

The finite element analysis method and procedure

The properties of materials. The matrix material of the circular saw blade is
65Mn alloy steel, the saw tooth material of the circular saw blade is polycrystalline
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diamond compacts (PCD). The properties of the matrix and saw tooth materials
was showing in Table 2 respectively.

Table 2. The properties of matrix and saw tooth materials of PCD saw
blades

Properties of materials | Density p, kg/m3 | Elastic modulus E, N/m? | Poisson ratio py
65Mn 7800 2.0-10" 0.30
PCD 3500 8.5-10" 0.07

The structure parameters of the saw blade. The PCD saw teeth is welded on the
matrix material of 65Mn steel in the circular saw blade. Without considering the
strength of the welding, the circular saw blade matrix and the sawtooth is
considered to be a rigid material with both materials. The diameter of the PCD
circular saw blade is 300 mm with 40 teeth. The structure and parameters are
selected according to the actual PCD circular saw blade as shown in Table 3.

Table 3. Structure parameters (mm) of matrix and sawtooth of PCD
saw blades

Matrix Saw tooth
outer inner . . .
diameter diameter thickness length thickness height
300 60 2.5 4 4 2

The modelling. The plane stress method was considered to analyze the PCD
circular saw blades, and the PLANE 183 was selected as the finite element type.
Considering the denser the meshing is, the more accurate of the calculation results
and the smaller error will be, but the calculation time will be longer as well, we
choose the triangle grid according to the actual sawing conditions, and make the
calculation results close as possible to the actual cutting conditions.

The numerical calculation procedure. The numerical calculation procedure is
first making conditional constraint to the calculating model before calculating, then
loading the load, at last calculating, outputting and analyzing the results.

1. The loading constraints.

The uniform rotation around the axial direction under the drive of motor was
the only movement and all other directions were fixed, so the inner hole of the saw
blades will be treated as full constraints in the cutting process.

2. The loading stress and solution.

It is indicated that the tangential force F; was 257 N and force F,, = 59 N when
the cutting depth was 10 mm and the rotation speed was 1000 r/min [9]. The whole
stress was regarded as acting on the two sawteeth, which participating the cutting
process, the loading area was in the upside and flank of the sawtooth [9]. The area
of flank stress A, was the height times thickness and the area of upside stress was
the length times thickness of the sawtooth.

Therefore the loading stress of the sawtooth can be obtained through the
following calculations

q, =%Ft /' 4,, ¢,=16 062500 Pa; g, =%Fn /A,, g.= 1843750 Pa, 3)

where ¢, and ¢, were loading stresses of the sawtooth in rotation and radial
direction of the sawtooth separately.

ISSN 0203-3119. Haomeepoi mamepianu, 2019, Ne 1 83



3. The outputting the simulating results.

After the uniform stress of the sawtooth and full constraints of inner hole of the
saw blade were loaded as the bounding conditions, the cutting stress and
deformation of the saw blade were analyzed by the ANSYS, then the cutting stress
and deformation clouds image of the saw blade with different angles were
outputted as showing in Fig. 2 and Fig. 4-5 separately, at last the maximum
principal stresses and maximum displacement of the PCD saw blades were listed in
Table 4 and Table 5 separately according to the simulation results.

SIMULATION EXPERIMENT RESULTS AND DISCUSSION
The numerical calculation of the stress

The simulating atlas cloud of the Ist principal stress and 3rd principal stress of
PCD wood cutting circular saw blades with six group angles were shown in Fig. 2,
and the calculating maximum of the 1st principal stress and 3rd principal stress of
PCD wood cutting circular saw blades with six group angles was shown in Table 4.

The main simulating results of the 1st principal stress and 3rd principal stress
clouds of the PCD saw blades with rake angle y = 15° and rear angle o = 12° are
shown in Figs. 3, a and 3, ¢ separately, and Fig. 3, b is the enlarged stress clouds of
Fig. 3, a in the root area of the sawtooth and near the silencing groove of the saw
blade. From Fig. 3 it can be seen clearly that the main stress concentration took
place at the sawtooth back along the upside groove of matrix, under the root of the
sawtooth near the silencing groove, and at the matrix periphery of the inner hole of
the saw blades. The 1st maximum principal stress was at the sawtooth back in the
upside groove of matrix, and the 3rd maximum principal stress was under the root
of sawtooth near the silencing groove of the matrix.

Table 4. The simulation results of principal stress (MPa) of PCD saw
blade with different cutting angles

Sam- Posi- O1max— | Posi- O1max—
ples Parameters tion O1max | O3max oo tion O1max | O3max Cama
1 y=15°,0=12° 58.2 0 58.2 0 -36.6 36.6
2 y=15°a=15° 58.9 0 58.9 0 -38.5 38.5
3 y=15°%0=18° root 59.8 0 59.8 back 0 -36.8 36.8
4 y=20°%0=12° area 75.6 0 75.6 area 0 —40.9 40.9
5 y=20°%a=15° 65.7 0 65.7 0 -34.9 349
6 y=20°a=18° 65.1 0 65.1 0 -39.2 39.2

According to the third strength theory, 6, — 6, < [G], the maximum shear stress
of the saw blade suffered in cutting process should be in the range of safety allow-
able stress. That is, the first maximum principal stress minus the third maximum
principal stress should be less than the safety allowable stress of the matrix and
PCD materials. It is known that the allowable shearing stress of matrix materials
65Mn was 270 MPa. The calculation value of |G max — O3max| Of the six group pa-
rameters of the saw blades in cutting process was shown in Table 4. It is shown
that the calculation value of |G1max — O3max| are all much less than the safety allow-
able stress value of the matrix, that iS |0]may — O3max] < 270 MPa. So it is indicated
that the PCD saw blades designed in this experiment was all safety under the simu-
lating sawing conditions.
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y=15°

o o
| 120 | 15° 18° 12° 15° 18°
1st x 10° 3nd x 10°

0 0 0 824 —867 827
0646 0654 0664 ~733 —771 ~735
129 131 133 —641 —674 —.644
194 196 199 550 —578 552
259 262 266 — 458 —A482 460
323 327 332 —366 385 368
388 393 398 ~275 ~289 ~276
452 458 465 183 ~193 184
517 524 531 916 ~.0963 ~.0919

582 589 598 0 0 0

y=20°

0 0 0 —920 —785 —883
0840 0730 0723 —818 —698 785
168 146 145 ~716 —610 — 687
252 219 217 —614 ~523 —588
336 292 289 —511 —436 490
420 365 361 —409 349 —392
504 438 434 —307 —262 —294
588 511 506 ~205 —174 196
672 584 578 —102 —0872 —.0981

756 657 651 0 0 0

Fig. 2. Stress cloud atlas of PCD wood saw blade with different tooth angles.
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Fig. 3. Stress cloud atlas of the 1st principal stress (@), maximum stress (b) and 3rd principal
stress (c¢) of the PCD saw blade with rake angle y = 15° and rear angle o= 12°.
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Axial (X) direction Radial (Y) direction

s

vY=15°
o o

| 122 | s 18° 12° 15° 18°

004518 —004504 004472 00425 —004237 004207
003479 —003468 003443 —002732  —002722 002691
002439 002432 002414 001214 001207 001174
0014  —001395  —00138  .30SE-03  309E-03  .342E-03
~360E-03 —359E-03 —357B-03 001823 001824 001858
679E-03 677E-03  .672B-03 003341 003339 003374
001719 001714 001701 004859 004854 004891
002758 00275 00273 006378 006369 006407
003798 003786 003759 007896 007885 007923
004837 004822 004788 009414 0094 009439

v=20°

004595 004578 004559 004317 004301 004284
003539 003526 003512 002727 002715 002695
002484 002475 002465 —001137 001128 001106
001429 001424 001418 453E-03 459E-03  A483E-03
“374E-03 —372E-03  —371E-03  .002043 002046 002072
682E-3 679E-03  676E-03 003633 003633 003661
001737 00173 001723 005224 00522 00525
002792 002782 00277 006814 006806 006839
003847 003833 003818 008404 008393 008429
004903 004885 004865 009994 00998 010018

Fig. 4. Axial (X) and radial (Y) directions deformation simulating cloud atlas of PCD saw blade
with different tooth angles.

From Table 4 it can be found that the third principal stress is zero as the first
principal stress was maximum in the stress concentration area and vice versa, so
the relative lower shear stress at the two stress concentration area of the saw tooth
occurred meanwhile in sample No. 1 and No. 2, it indicates that the cutting force in
these samples may be relative low, hence the cutting efficiency and the tool life of
the PCD wood saw blades would be improved when the rake angle and rear angle
were designed as y = 15°, a = 12° and y = 15°, a = 15°, respectively.
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Z direction

y=15°
o o
| 122 | s 18° 12° I5° 18°
0 0 0 0 0 0

00109 .001089 001095 001173 001172 001178
00218 002177 002191 002346 002344 002356
003271 003266 003286 003519 003515 003533
004361 004355 004382 004692 004687 004711
005451 005444 005477 005865 005859 005889
| 006541 006532 006573 007038 007031 007067
007631 007621 007668 008211 008203 008244
J 008722 00871 008764 009384 009374 009422
009812009799 009859 010557 010546 0106

Fig. 5. Rotating (Z) direction deformation simulating cloud atlas of PCD saw blade with different

tooth angles.

The numerical calculation of the deformation

The axial direction (X), radial direction (Y) and rotation direction (Z) simulating
atlas cloud of PCD wood cutting circular saw blades with six group angles were
shown in Fig. 4 and Fig. 5 separately, and the calculated X, Y and Z direction
maximum displacement of PCD wood cutting circular saw blades with six group

angles was shown in Table 5.

Table 5. The maximum displacement (um) of PCD saw blades calculated
with different angles

Samples | Parameters | X direction | Y direction | Z direction
1 y=15° a=12° 4.837 9.414 9.812
2 y=15°, a=15° 4.822 9.400 9.799
3 y=15, a=18° 4.788 9.439 9.859
4 y=20° a=12° 4.909 9.994 10.557
5 y=20° o=15° 4.885 9.980 10.546
6 y=20°, a=18° 4.865 10.018 10.600
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From Table 5 it can be seen that the maximum displacements of PCD saw
blades in the axial direction (X) decrease with the increasing rear angle, while the
maximum displacements in radial direction (Y) and rotation direction (Z) first
decrease then increase with the increasing rear angle. It can be found that the
maximum displacements of PCD saw blades in all directions increase with the
increase of the rake angle. The results indicate that the greatest rigidity and
smallest deformation of the PCD saw blades would be obtained when the rear
angle vy was 15°. In fact the relative smaller deformation of saw blades indeed
occurred in the sample No. 2 with the 15° rake angle and rear angle.

Optimism designing of the cutter parameters

From the above simulation results, we can see that although the cutting stress of
the PCD wood cutting circular saw blades was in a safety range with a big safety
coefficient, but the machining surface quality of wood workpiece would be
affected with the deformation in axial (X) direction, especially the cutting stability
and safety is related to the deformation in radial (Y) direction. Therefore, the
influence of the structure parameters on the cutting surface roughness and tool life
is much more importan' than that of the cutting force in this simulation experiment.
From stress optimism designing of the cutter parameters, the relative lower shear
stress at the two stress concentrations areas of the sawtooth can be obtained in
sample No. 1 and No. 2, while from the view point of deformation optimism
designing, the relative smaller displacement at the sawtooth can be obtained in
sample No. 2. Therefore, the best comprehensive performance of the PCD saw
blades would be achieved when the rake angle y and rear angle a are all be
designed as 15°.

CONCLUSIONS

The following conclusions can be drawn by the simulation analysis of cutting
force and deformation of the PCD wood cutting circular saw blades through the
finite element method.

The main stress concentration took place at the back of PCD saw tooth along
the upside groove of matrix and under the root of the saw tooth near the silencing
groove. The maximum shear stress of the PCD saw blade in cutting process are all
in a safety range with safety coefficient of about 3.5-4.0.

The maximum displacement of PCD saw blades in axial direction decrease with
the increasing rear angle, but in radial and rotation direction first decrease then
increase with the increasing rear angle, while the maximum displacement of PCD
saw blades in all directions increase with the increase of rake angle.

The simulation results show that the best cutter parameters of the PCD circular
saw blades are rake angle y = 15°and rear angle o = 15°, in which the relative low
stress of 58.9 MPa and relative smaller displacement of 4.822 um can be achieved.
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Ilapamempu pisys pisicyuoi niacmunu YyupKyasapHoi RUIKU 2paioms eupiuia-
JIbHY POJIb 8 Npoyect Pi3ants 0epesutu, 80HU De3N0CePeOHbO GNIUGAIOMb HA SKICMb 00pobIeHOT
NOBEPXHI I mepMiH CLyocou incmpymenmy. Ananiz MoOemno8anHsaM 3yCULIA Pi3anhs i dedpopmayii
NONIKPUCANTYHUX AIMA318 NOJOMEH YUPKYAAPHOI NUAKU 3 PIZHUMU NApamempamu pi3ys 6UKo-
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HAaHUL 3 GUKOPUCIAHHAM MemoOy CKiHueHHUX enremenmis. Pezyismamu ananizy noxasyloms, wo
MaKCUMANbHI Hanpyau 3Cy8y NOJOMHA NUIKU 3 NOJIKPUCMATTYHUMU AIMA3AMU NPU PI3AHHI 3HA-
xo0samucsi 6 besneuHomy dianazowui 3 Koegiyienmom oOesnexku ~3,5—4,0 i maxcumanvruii 3cy8
nonomen nuaku ckaaoae ~4,8—4,9 6 ocvosomy nanpsamxy, ~ 10 mm @ padianvHomy ma 6 Hanpam-
Ky obepmanna. Buaeneno, wo natikpawi napamempu pizys YupKyiapHoi RUIKu 3 NOTIKpUCmaniy-
HUMU anmazamu — ye nepednitl kym y = 15° i 3ao0nitl oo = 15°, npu saxux moosice 6ymu 00csaeHymo
8I0HOCHO Husbke (58,9 MIla) 3ycunns i sionocno manuti (4,822 mxm) 3cys.

Knrwwuoei cnosa: nonixpucmaniynuii armas (PCD), yupkynsapna nunka 014 pi-
3anHA Oepesa, ananiz Kinyesozo enemenma (ANSYS), napamempu pisys.

Iapamempeor pesya peosicyweii niacmutvl YUPKYJIAPHOU RULbL USPAIOM pe-
Waowyio pois 8 npoyecce pe3anusi OPesecutvl, OHU HeNOCPEOCMEEHHO GIUSION HA KAYeCmeo
06paboOMAanHOl NOBEPXHOCMU U CPOK CAYHCObL UHCMPYMeHmd. AHAIU3 MOOeIUPOSAHUEM YCUNUSL
pezanus u depopmayuu NOAUKPUCIAIIUYECKUX AIMA306 NOTOMEH YUPKYVIAPHOU NULbL C PA3TUY-
HbIMU NAPaMempamu pe3ya 6bINOJHeH € UCNOIb308AHUEM MemoOd KOHEYHbIX dniemeHmos. Pe-
3YIbMAmbl AHANU3A NOKA3bIBAIOM, YO MAKCUMAIbHbIE HANPANCEHUSI CO8UA NONOMHA NUTbL C
NONUKPUCTNANIUYECKUMU AIMA3AMU NPU PE3AHUU HAXOOAMCsL 8 6e30NacHoM OUAna3one ¢ KoIg-
Guyuenmom 6ezonacnocmu ~3,5—4,0 u MakcumanvHulli cO8Ue NOJIOMEH NUIbl COCMABIsen
~4,8-4,9 6 ocesom nanpasnenuu, ~ 10 mm 6 paduarvhom u Hanpagienuu epawjenus. Obuapy-
JHCEHO, YMO JyYuue napamempsl pe3ya YUPKYIAPHOU NUIbL ¢ NOTUKPUCTALIULECKUMU AIMA3AMU
— 2mo nepednutl yzon y = 15° u 3a0nuti o = 15°, npu komopwix mo2ym Ovims 00CMUHYMbl OM-
HocumenvHo Huskoe (38,9 Mlla) ycunue u omnocumenvro manviil (4,822 mxm) cogue.

Kniouesvie cnoga: nonuxpucmaniuueckuti armas (PCD), yupxyaspnas nuna
07151 pe3ku 0epesa, ananu3 koneunozo snemenma (ANSYS), napamempeor pesya.
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