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Abstract

To better understand the rock breakage mechanism and optimize tool performance during rock machining by multidiameter
combination saw, the rock processing experiment using a multidiameter combination saw was carried out on the bridge saw to
investigate the variation of load with diameter in the combination saw. Furthermore, in this study, the sawing forces, tools wear,
and rock breakage in the processing rock were qualitatively analyzed and compared. The experimental investigations demon-
strated that the maximum undeformed chip thickness, the load per diamond, and the load in the sawing arc zone all decrease
with increasing diameters of the single saw in the combination saw. The sum of the vertical forces of the single saw is generally
less than that of the combination saw under the same parameters because of the existence of the coupling effect between the
single saws. Different failure mechanisms of particles in the worn segment of the tool with different diameters also operate in
rock processing using a multidiameter combination saw. With increasing diameter of saw blade, the proportion of the whole and
blunt diamond particles increases, and that of the macro-fractured and pulled-out crystals decreases. Moreover, the differences
in the surface integrity are attributed to the variation in the maximum undeformed chip thickness on the saw blade with different
diameters in the combination saw and the gully depth on the surface, and the surface roughness of rock decreases with increasing
diameter of the single saw.

Highlights

e The differences in the surface integrity are attributed to
the variation in the maximum undeformed chip thickness

e The experiments for rock processing by a multidiameter
combination saw are designed to investigate the sawing
performance of multidiameter combination circular saw on the saw blade with different diameters in the combina-
with different diameters. tion saw.

e Different failure mechanisms of particles in the worn seg- e Coupling effect between the single saws affects decompo-
ment of the tool with different diameters operate in rock sition and generation of forces in the multidiameter saw.
processing using a multidiameter combination saw.
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List of Symbols

h Maximum undeformed chip thickness

(um)

Material removal rate (mm?/s)

Feed speed (mm/s)

Semi-included angle of the chip shapes of

grain point, which was considered with a

triangular section (rad)

Sawing depth (mm)

Angle of sawing zone (rad)

Circular saw diameter (mm)

Linear velocity of circular saw (mm/s)

Angular velocity of circular saw (rad/s)

The active grain density, which is defined

as the number of active grits per unit area

of the circumference surface

C Number of effective abrasive particles on
the surface of a single segment

n Specific value, which is the proportion of

the actual abrasive particles involved in

sawing to the number of effective abrasive

particles

Specific value between the total length

of diamond segments and the saw blade

circumference

a Angle of sawing arc zone (rad)

Angle of the position of the resultant

force (rad)

Length of sawing arc zone (mm)

Length of segment (mm)

Length of slot (mm)

Width of the segment (mm)

The tangential load per diamond (N)

The normal load per diamond (N)

Sawing tangential force (N)

Sawing normal force (N)

Sawing vertical force (N)

Sawing horizontal force (N)

Sawing axial force (N)
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max

D <
xRz ;0

,EQ

a& QD

<
»

a e

=Cni/lB

A=l 1A+,

o

©

~ O~~~

=

S MM TmE S W

1 Introduction

Granite has been widely used in various fields and places
due to its stable performance and superior characteristics.
Nonetheless, high hardness and high wear resistance of gran-
ite make its efficient processing very difficult (Giines Yilmaz
2011). At present, natural granite is mainly processed
with diamond tools (Polini and Turchetta 2004a; Aydin
et al.2013a and Zhang et al. 2016), and circular diamond
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saw is usually the main tool for granite processing (Gupta
2018; Celep and Aydin 2013). Good tool performances play
an important role in the efficient processing of granite.

Many researchers studied the rock sawing process
using a diamond tool to gain a thorough understanding
of the rock breakage and improve tool performance. The
research direction and main points of rock processing
by diamond tools are systematically listed in Table 1.
This study mainly focused on sawing force, tool wear,
and rock breakage after processing. Furthermore, these
three aspects are complementary and affect each other.
The worn segments on the saw blade will increase the
tangential force and normal force after the saw blade had
been used for a long time, emphasizing that the sawing
performance was affected by the wear of cutting tools (Xu
et al. 2003). Turchetta et al. (2012) further investigated the
cutting force of diamond tools under five different wear
statuses of particles, indicating that the sawing forces cal-
culated by equivalent chip thickness increase with increas-
ing wear under five wear conditions. In the field of pro-
cessing rock by frame saws, Sun et al. (2017) investigated
the effects of cutting parameters and stone properties on
the cutting force and pointed out that the feed speed and
uniaxial compressive strength were the primary factors
affecting the cutting force. Bayram and Kulaksiz (2021)
evaluated the rock sawing performance of the diamond
tool in terms of segment wear and established this as an
important research method for analyzing the relationship
between the advance rate and segment wear in frame saws.
Besides, the effect of noise has also been used as one of
the factors to analyze the performance of tools during rock
processing (Karakurt et al. 2013a, b).

Many measurements and analysis methods are used in
rock processing by diamond tools. Finite element technol-
ogy is widely used in various fields, and rock processing is
no exception. Wang et al. (2020b) established a two-dimen-
sional (2D) rock model based on the hybrid finite-discrete
element method, and zero thickness cohesive elements were
inserted to simulate crack propagation in rock process-
ing. The results showed that the tangential force slightly
decreased, while the normal forces significantly increased
with increasing abrasive angle. Furthermore, regression
analysis and neural network analysis have also been used
for establishing the predictive models in rock processing to
analyze tool performance (Karakurt et al. 2013a, b; Aydin
et al. 2015). In terms of wear and surface analysis, scanning
electron microscopy has been widely used for wear observa-
tion and characterization. In addition, inductively coupled
plasma (Inal et al. 2019) and a laser device (Ucun et al.
2013; Buyuksagis et al. 2020) were designed and applied in
the wear detection of the circular saw blade. Irrespective of
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Table 1 Related studies and main contents in rock processing by the diamond tool

Authors (Year)

Main contents

Luo (1996) and Tonshoff et al. (2002)

Polini and Turchetta (2005)

Pellegrin et al. (2009)

Aydin et al.(2013b)
Karakurt et al. (2013a, b)
Aydin et al. (2013c¢)

Tumac (2015)
Turchetta et al. (2017)
Goktan and Gunes (2017)

Their analysis indicated that the wear of diamond tool can be divided into two parts: the wear of metal
bond and the wear of diamond, and the failure morphology of diamond can be classified into fresh,
whole, micro-fractured, macro-fractured, blunt, and pulled-out diamond particles

A new wear test method for diamond tools was proposed, leading to comparable data for evaluating the
wear of diamond tools

The effect of diamond particle shapes on wear was analyzed, the results indicated that the parameters of
diamond particle shape, including the sharpness and convexity, are used to estimate the prediction of
abrasive wear rate

New methods for monitoring the wear of tool were discussed. Sawability evaluations for many types of
rock can be performed quickly and without complex sawing tests

Granite cutting experiments were carried out. Force prediction models for rock properties and sawing
parameters were established

Surface roughness was investigated in rock sawing. The rock grain size was found as the dominant factor
toward the main rock properties governing the surface roughness

Schmidt hammer hardness values were used to assess the performance of large diameter circular saws
Forces affected by pre-twisting and tensioning can optimize bead wear
The potential usability of Knoop micro-hardness for the assessment in the machining of granites was

analyzed, recommending that the Knoop indentation technique may be used to investigate the wear

performance of saw blade
Kansteiner and Biermann (2019)

The effect of diamond shapes on material removal was investigated. A diamond grain with a leading-

edge was more conducive to material removal

Rajpurohit et al. (2020a)

The correlation between the Cerchar hardness index of granite rocks and the wear of diamond wire saw

beads was discussed, and the regression models for the dataset were developed to obtain the statistical
relationship between the rock hardness and diamond tool wear

Rajpurohit et al. (2020b)

Abundant models were constructed based on rock characteristics, considering the mineral composition,

strength, hardness, and so on. Their results proved that rock characteristics significantly affect the cut-

ting performance of tools
Soltani and Tayebi (2020)

A new type of metal binder that mainly contains copper was investigated, indicating that the wear

resistance of this new type of metal binder was lower than the metal binders with high Co, Ni, and Fe

contents

Bulut et al. (2021)
wear characteristics

The sawing performance of the segments with the aluminum and silver was evaluated in terms of the

the research methods, the sawing force, tool wear, and rock
breakage during rock processing directly or indirectly reflect
the performance of diamond tools as indicated by the litera-
ture review. Therefore, the analysis of these three aspects
is beneficial to thoroughly understand the rock processing
process and improve its efficiency.

The machining stage of natural stone from rock blocks
into plates is the most critical link to reduce costs and save
resources. Recently, a new diamond tool with a multidiam-
eter combination saw is often used for stone sawing in the
process of industrial production. However, the literature
reviews on circular saw blades indicate that the previous
studies were only limited to the processing of a single
circular saw blade, and the research on multidiameter com-
bination saw is rarely reported. In particular, there is a

clear lack of the research on the relationship between the
sawing force, tool wear, and rock breakage during the rock
processing by the multidiameter combination saw. Zhang
et al. (2016, 2019) reported the processing of granite by
frame saws, not involving combination saws. Zhou et al.
(2021) discussed the wear of segments on the combina-
tion saw, explaining the factors producing wear differences
between the large and small saw blades. The disadvantage
is that there is no actual sawing experiment to analyze
the relationship between the force and the diameter of the
saw blade. Yurdakul (2015) analyzed the effect of cutting
parameters and cutting mode on power consumption by
obtaining the data from the multi-blade block cutter with-
out involving multidiameter combination saws. To design
the combination saws more reasonably and improve the
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rock breakage efficiency, it is necessary to investigate the
tool performance during rock processing by the combina-
tion diamond circular saw.

To enhance the rock breakage efficiency, in this study, the
sawing performance of a multidiameter combination saw,
including sawing force, tool wear, and the surface of the
processed rock was investigated. The relationship between
the force of saw blades with different diameters, segment’s
wear, and the surface of the processed rock were analyzed
and compared. In particular, a sawing experiment of granite
by multidiameter combination saw was designed and carried
out to verify the load model of combination saw, contribut-
ing to the design of a combination saw reducing wear nonu-
niformity of segments.

2 The Combination Saw Comprising Saw
Blades of Different Diameters

2.1 The Structure Principle of Combination Saw

Multi-blade combination saw machine, also called as multi-
blade block cutter, consists of multiple circular saw blades
installed on the same spindle. The single saws are separated
from each other by flanges of a certain thickness, forming
the thickness of the sawn slabs. Diamond segments are
usually layered, including soft metal matrix and stiff metal
matrix. Rugged sawing trails are generated on the stone sur-
face due to the special structure of segments. Multi-blade

) 2\ Diamond
4. Steel core

1. Rock
3. Soft metal matrix
5. Stiff metal matrix

combination saws are generally divided into three types: sin-
gle diameter combined saw, consisting of saw blades with
only one diameter; double diameter combination saw, con-
sisting of saw blades with two diameters, and multidiameter
combination saw, consisting of saw blades with different
diameters. As a type of combination saw, the multidiameter
combination saw is widely used in the sawing of rock blocks
mainly to cut the rock blocks into rough slabs. A schematic
diagram of rock sawing by combination saw is displayed in
Fig. la and b. Sawing granite with a multidiameter combina-
tion saw is a clean technology for stone processing (Bai et al.
2020). Because of the support of the flange, the thinned saw
blade will not suffer from the drastic lateral oscillation, and
the thickness of the saw blade can be reduced to 2.5 mm.
Compared with traditional circular saws, the processing
technology of rock blocks with ultrathin multidiameter com-
bination saw improves the cutting efficiency, reduces the
width of the saw kerf, increases the plate output, indirectly
saves energy, and reduces emission.

2.2 Theoretical Analysis of Forces for Combination
Saw

The maximum undeformed chip thickness is a crucial vari-
able in evaluating the cutting performance of diamond tools,
as reported by Macerol et al. (2020). The maximum unde-
formed chip thickness, the load per particle, and the forces
in the sawing arc zone in the combination saw are related to
the saw diameter as follows (Zhou et al. 2021).

(b)

Saw machine

;

transport
mechanism

Fig. 1 Illustration of the multidiameter combination saw. a Schematic diagram of rock sawing by combination saw, and b combination saw

machine
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where my, m, n; and n, are constants, and n,€(1,2) in the
rock sawing (Huang et al. (2017)). The maximum undeformed
chip thickness, the load of per diamond, and the forces in the
sawing arc zone are inversely proportional to the diameters of
the saw blade according to Egs. (1) and (2).

It is assumed that the load of the combination saw system
can be expressed as the superposition of the load of the single
saw system, as depicted in Fig. 2a, b and c. Considering the
coupling effect of a single saw in the rock processing by com-
bination saw, the constants (k;, k,) were introduced. Therefore,
the horizontal force (F, y) and vertical force (F) of the combina-
tion saw can be written as:

Fy=k )\ F,, 3)
i=0

Combination circular saw system

(a)

(b)

Single saw system

o

ond
. Chip

¥z
S

()

Maximum underformed chip thickness of combination saw

(i)Circular saw 1

I hmax1
le1

(ii)Circular saw 2

_ DBimax2
M

(iii)Circular saw 3

hmax3
\ hmaxi

lc \

¢

Fig.2 The analysis of sawing force in combination circular saw. a
Force analysis of a combination circular saw system, b force analy-
sis of a single saw system, ¢ number of combination saws, and d the

maximum undeformed chip thickness of the particle in the saw blade
of different diameters

@ Springer
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5 multidiameter combination saw. In the tests, the v, was in
F, =k Z Fy (4)  the range 1545 mm/s, the a, was in the range 2—10 mm,

i=0

Moreover, the load of the single saw system is shown in
Fig. 2b and can be expressed as

F,; = F,;sin(§;) — F,; cos(f;)

F, = F,cos(B,) + Fsin(B;) ®)

Generally,f;=ka;, k is a constant and greater than zero,
a=cos™'(1 - 2a,/d).

The effect of cosine function on F; and F; is dominated
in rock sawing by the combination saw because of the
small angle of f; in the actual rock sawing, and thus the
qualitative relationship between Fy; and F,; can be mainly
affected by the tangential force (F,;) and normal force (Fy;).
Therefore, the relationship between the F; and the F; with
the variation of diameter can be reflected from the analysis
of the horizontal force (Fyi) and vertical force (F).

A negative correlation between the maximum unde-
formed chip thickness and the diameter of the saw blade
is expressed by Eqgs. (1) and (2), indicating that the chip
thickness decreases gradually under the same material
removal rate (Q, =da,vy), 1.e., a1 > Bagn > Aays. With
the variation of diameter of a single saw in the combina-
tion saw, the chip shape generated by diamond particles
was transformed from short and thick type to thin and long
type, as shown in Fig. 2d. The cutting conditions of the
circular saw with the same rotating speed and different
diameters in the combination saw system are similar to
that of the single saw with the same diameter and different
rotating speeds, which is essentially the variation of line
velocity of the segment.

3 Materials and Methods
3.1 Experimental Materials

The experiments were conducted using a bridge
saw machine. The saw machine was installed with a

P
and the rotating speed of the machine spindle was main-

tained at 1860 rpm approximately. A multidiameter com-
bination saw comprising saw blades with three different
diameters was chosen as the experiment tools. The saw
blades consist of two parts: one part was of steel core made
of 75Cr1 alloy steel, another part was layered diamond
segments where the composition of the metal binder is
the iron base, and both the parts were connected by high-
frequency welding technology. The description of the dia-
mond saw blades and segments used in the experiment are
listed in Table 2. The experimental samples were Bai ma
granite with the dimensions of 200 mm (length) X 100 mm
(width) x 180 mm (height). The physical-mechanical prop-
erties of rock blocks are as follows: compressive strength,
112 Mpa; bending strength, 8.9 Mpa; water absorption,
0.37%, and density, 2.69 g/cm?.

3.2 Sawing Tests
3.2.1 Sawing Force Measurement

Figure 3a illustrates the schematic diagram of force meas-
urement. The sawing forces were captured using a Kistler
piezoelectric dynamometer (9257B) with high rigidity, high
natural frequency, and high resolution. The dynamometer
was fixed on the worktable by M8 bolts, many heavy rock
blocks were placed on the workbench to reduce interfer-
ence from unnecessary vibration, and the granite samples
were mounted on the dynamometer by the fixture. During
the sawing process, the force signals in three directions (£,
F, and F,) were recorded by the sensor in the dynamom-
eter and transmitted to the charge amplifier through a data
cable. The charge signals processed by the charge amplifier
were transmitted to signal collection, sampled, processed,
and displayed with a computer. Figure 3b shows the image
of the experiment.

3.2.2 Tests of Worn Segments and Rock Surface

The worn segments with an equal number of intervals were
selected for observation, as shown in Fig. 4. A total of 24

Table 2 Description of the diamond saw blades and segments used in the experiment

Number  External Inner diameter (mm)  Thickness Teeth’s Slot sizes (mm) Diamond segments
diameter (mm) number - - — -
(mm) Width  Depth  Size (mm) Particle size Bond
390 50 3 44 3 18 22 (length) X 40/50 (mesh)  Iron base
460 50 5 4.3 (width) X

3 530 56 5 15 (height)

@ Springer
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Fig.3 Experimental setup of the multidiameter combination saw sawing test. a Schematic diagram of force measurement, and b scene picture

during the field test

Fig.4 Sampling diagram of worn segments

worn segments were observed in the tests, and the number
of segments observed in each saw blade was 6, 8, 10. The
failure modes of diamond particles in the worn segments
were counted and analyzed using an optical microscope. The
failure mechanism of diamonds on the worn segments of the
saw blade with different diameters was investigated by scan-
ning electron microscopy (SEM). Furthermore, the sawing
trails of rock surface after sawing were investigated by laser
confocal microscopy.

The flowchart for this study is presented in Fig. 5. A saw-
ing experiment for the rock sawing by the multidiameter
combination saw was designed to verify the change in the
force with diameter in the combination saw model estab-
lished in Theoretical Analysis of Forces for Combination

Saw. Differences in the worn segments between single saws
of different diameters were analyzed by multi-diameter saws.
Finally, the surface roughness and rock breakage of rocks
sawn by the multidiameter combination saw were investi-
gated based on the above finding.

4 Results and Discussion
4.1 Sawing Force Characteristics
4.1.1 Waveform Analysis of Sawing Force

Figure 6 shows a typical waveform of the sawing force of
the combination saw, reflecting the variation in sawing pro-
cessing. Figure 6a, b shows the filtered sawing force and the
original sawing force, respectively, indicating that the saw-
ing processing consists of five stages: sawing entry stage,
initial sawing stage, steady sawing stage, late sawing stage,
and sawing completion stage. The division of stages during
the rock sawing by combination saw and the positional rela-
tionship between the combination saw and rock processed
are displayed in Fig. 7.

The sawing entry stage (Fig. 7a), i.e., the phase where
the combination saw starts the feed motion until the
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Fig.5 The flowchart for this
study

-
| Structural analysis of the multidiameter saw | || Section3 Multidiameter saw

| | Saw machine Granite block |
|

Grinding theory

| G

| Force measurement | | Wear measurement |

Eq.(1~2)

Sawing force model |—
!

|
|
| |
[
I
|
|

| Force decomposition H

l

Eq.(3~3)

sawing entry points contact the rock was considered to
be a stage in which each saw blade in the combination
saw enters the saw kerf one by one. The horizontal forces
(Fy) and vertical forces (F,) remain zero in this stage, and
transverse vibration generated by the high-speed rotation
of the saw blade scratches between the saw blade and the
rock processed, generating slight axial force F,, as shown
in Fig. 6b. The initial sawing stage (Fig. 7b) is the phase
where the sawing entry points touches the rock until the
length of the sawing arc zone of each saw blade reaches
a definite value under a fixed sawing depth. At this stage,
each saw blade cuts into the rock gradually, the length of
the sawing arc zone of each saw blade increases, and the
sawing force in all the directions (F,, Fy, and F,) increases.
Among them, the vertical force (F,) changed most promi-
nently, as shown in Fig. 6b. Increased contact length in
rock sawing linearly increases the sawing force. The steady
sawing stage (Fig. 7c) is from the phase where the length
of the sawing arc zone of each saw blade reaches a defi-
nite value to the length of the sawing arc zone of each
saw blade begins to decrease. The length of the sawing
arc zone of each saw blade remains constant in this stage,
and the sawing force of the combination saw fluctuates up
and down around a certain value, with periodic changes in

@ Springer

Conclusion

the waveform, as shown in Fig. 6b. The late sawing stage
(Fig. 7d) starts from the stage where the length of the saw-
ing arc zone of each saw blade begins to decrease so that
all the saw blade does not contact the rock, as illustrated
in Fig. 6b. Reducing the arc length of each saw blade
in rock sawing decreases the sawing force linearly. The
sawing completion stage (Fig. 7e) starts from the phase
where all the saw blade does not contact the rock to the
end of the feed motion of the combination saw, and this
was considered to be a stage in which the waveform of the
sawing force at this stage is similar to that of the sawing
entry stage. Slight axial force (F,) was generated by the
transverse vibration caused by the high-speed rotation, as
shown in Fig. 6b.

Figure 6a, b clearly shows that the sawing force (includ-
ing vertical force F, horizontal force Fy, and axial force F))
all first present an increasing trend, then remains unchanged,
and finally decreases during the whole sawing cycle. The
cutting force mainly originated from the reaction force gen-
erated by the deformation and fracture of the rock mate-
rial, producing the friction force between the tool and the
rock surface and the chip during the cutting process of
rock materials (Wang et al. 2020a). The reaction force was
directly dependent on the material removal volume in the
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Fig.6 The waveform analysis of the sawing force of combination saw
(the sawing parameters are the sawing parameters are n =1860 rpm,
a, = 4 mm, v,, = 30 mm/s), a filtered sawing force, and b original

rock sawing. The evolution of the above-mentioned cutting
process eventually changes the material removal volume and
the contact area, resulting in the variability of forces.

4.1.2 The Comparison and Analysis of Sawing Forces

The sawing forces of the single saw and the combination
saw were measured under different sawing parameters, and
the experimental sawing vertical forces are listed in Table 3.
The filtering processing of force signals was completed by

sawing force: i—sawing entry stage, ii—initial sawing stage, iii—
steady sawing stage, iv—late sawing stage, and v—sawing comple-
tion stage

Dynoware software, and the net increment in the sawing
force during the sawing process was taken as the research
object (the difference between the steady sawing stage and
non-contact stage is referred to as the net increment). When
the sawing depth is small, the volatile ups and downs of
horizontal force are not obvious. Only vertical sawing forces
are displayed for comparative and descriptive analysis owing
to their clear and accurate reflection of the saw force’s vari-
ation. The comparative analysis of the sawing force is as
follows.
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Fig. 7 Division of sawing stages
of combination saw. a Sawing
entry stage, b initial sawing
stage, ¢ steady sawing stage, d
late sawing stage, and e sawing
completion stage

4.1.2.1 The Sawing Forces of the Single Saw and Combina-
tion Saw The variation trend of the sawing forces of the sin-
gle saw and the combination saw with sawing parameters is
depicted in Fig. 8. The vertical sawing forces increase with
increasing sawing depth and feed speed, which increase lin-
early, taking 30 mm/s as an example, when increasing the
sawing depth from 2 to 10 mm. The vertical forces gener-
ated by @390 circular saw, 460 circular saw, and ¢530 cir-
cular saw changed from 61.2 to 198 N, from 55.8 to 176 N,
and from 21.3 to 85 N, respectively, and the vertical force
of combination saw changed from 116.7 to 512 N, mainly
attributing to the increase in the volume of material removed
by diamond particles during increasing sawing depth, which
increases the reaction force generated by the brittle fracture
of rock. Thus, the variation rule of the vertical force fol-
lowing the sawing parameter is shown in Fig. 8. A similar
conclusion, as reported by Turchetta and Sorrentino (2019),
was obtained, indicating that the cutting force is directly
proportional to feed per revolution and inversely propor-
tional to the cutting speed raising in high-speed machining
of granite.

4.1.2.2 The Relationship of Sawing Forces Between Single
Saw and Combination Saw The force variations of dif-
ferent tools with different sawing depths at different feed
speeds (15, 30, and 45 mm/s) are shown in Fig. 9. Dif-
ferent colored areas represent the magnitude of vertical
force, indicating that the color area gradually decreases

@ Springer

Graphical interpretation

I Sawing contact zone

I » 530 sawing profile
I 460 sawing profile

I 4390 sawing profile

B  Rock contour

[ O |Sawing entry point

with increasing diameter. This observation indicates that
the sawing force between the single saw of the combina-
tion saw gradually decreases. Moreover, the sum of the
vertical force of the single saw is generally less than that of
the combination saw under the same sawing parameters. A
selection of representative results for the comparisons of
force at different cutting depths is shown in Fig. 9c. When
choosing 4 mm of the sawing depth, the vertical force of
single saw for 9390, 460, and 530 is 176 N, 162.2 N,
81.2 N, respectively, with a sum of 419.4 N. Notewor-
thy, the vertical force of combination saw is 452 N and is
greater than the sum of the vertical force of three diameter
saw blade. The same phenomenon was also observed for
other cutting parameters, mainly attributed to the different
chip thickness of particles in the segments, changing the
force between the saw blades with different diameters.

The load model of the combination saw was demonstrated
by the above phenomenon, concluding that the sawing force
in the sawing arc zone decreases with increasing diameter.
It is worth mentioning that the coupling effect between the
sub-saws with different diameters during the rock sawing
generates a series of additional forces, such as the larger
radial excitation force, friction force of saw—plate—saw, and
the impact force of the coolant mixed with debris, leading to
the fact that the superimposed sawing force of single saw is
generally less than the force of combination saw. This also
indicates that the constant k, is greater than 1.
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Table 3 The experimental

. - Tools v, (mm/s) a,(mm)
vertical sawing force (N), v 4
n=1860 rpm 2 4 6 8 10
®390 15 55.5 75.0 87.0 102.0 151.8
30 61.2 103.0 142.0 175.0 198.0
45 75.0 145.0 176.0 227.0 259.1
@460 15 31.2 52.8 73.0 90.0 112.0
30 55.8 76.0 117.0 141.0 176.0
45 64.0 111.0 162.2 189.0 239.0
»530 15 20.3 23.3 44.5 50.0 69.0
30 21.3 33.4 52.2 68.0 85.0
45 31.9 59.0 81.2 111.0 137.0
Combination saw 15 76.5 160.0 151.0 395.0 430.0
30 116.7 231.0 324.8 459.0 512.0
45 205.8 397.0 452.0 605.9 670.6

4.2 Wear of the Segment
4.2.1 Wear Analysis of Diamond Particles

The surface morphology of the worn segments was observed
by using a field emission high-temperature scanning electron
microscope (JSM-7800F). The worn segments of diamond
particles on the combination saw shows six different wear
states (Zhang et al. 2019; Polini and Turchetta 2004b): (a)
fresh diamonds (the cutting edge of the abrasive is exposed
from the metal matrix slightly), (b) whole diamonds (perfect
particles without damage and crack on the surface), (c) blunt
diamonds (cutting edge is worn flat, and smooth surface is
displayed), (d) micro-fractured diamonds (the surface of the
whole diamond particles is slightly cracked or broken), (e)
macro-fractured diamonds (micro-fractured grains further
damage, diamond crystals crystal collapses and the surface
is broken obviously), and (f) pulled-out diamonds (crystals
exhibit a pit on worn matrix surface). Figure 10 shows differ-
ent wear states of diamond particles on the combination saw.

The surface images of the worn segment obtained by
the optical microscope were processed, where four to five
images were stitched together to form a complete segment
image, and different colors represent the different wear states
of crystals (Fig. 11). The failure proportion of particles on
the single saw with different diameters in the combination
saw was obtained by data statistics. Figure 12 represents
the failure proportions of the worn diamonds in the seg-
ments used by different diameter saws. With increasing
diameters of the single saw, the proportion of the fresh,
whole, and blunt diamond particles increases, and that of
the micro-fractured, macro-fractured, and pulled-out crystals

decreases, indicating that the diamond particles gradually
transform from abnormal failure to normal cutting.

The higher proportion of the micro-fractured, macro-
fractured, and pulled-out crystals is shown in the worn seg-
ment of 390 saw blade, accounting for 34.3%, 14.6%, and
17.2%, respectively, and the total proportions are as high as
66.1%. The proportion of the pulled-out diamonds domi-
nates. In contrast, the worn segments do not show larger
proportion of fresh, whole, and blunt diamonds (14.6%,
11.6%, and 7.7%, respectively). The inferior removal abil-
ity of diamond particles and widespread abnormal failure
of grains are observed from the above phenomenon. In con-
trast to the former, traces of pulled-out grains in the matrix
(21%) decreased significantly in the worn segment on the
@460 saw blade. Abrasive particles with cutting potential,
such as whole, fresh and blunt diamond crystals (with the
proportion of 19.7%, 16.6%, and 14%, respectively), display
an upward trend, indicating enhanced material removal abil-
ity of diamond particles. The@530 saw blade shows further
growth for the proportions of the fresh, whole, and blunt
diamond particles (16.9%, 21.1%, and 15.1%, respectively);
however, it shows continued decline for the proportions of
micro-fractured, macro-fractured, and pulled-out diamond
particles (13%, 14.1%, and 19.8%, respectively). The largest
proportion was observed for the whole grains rather than the
pulled-out grains. In all of those phenomena, the diamond
particles gradually transform from abnormal failure to nor-
mal cutting with increasing tool’s diameter in the combina-
tion saw. In contrast to the wear mechanism reported in rock
processing by the single saw (Giines Yilmaz 2011; Aydin
et al. 2013b), different failure mechanisms operate for parti-
cles in the worn segment of the tool with different diameters

@ Springer
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Fig.8 The sawing forces of single saw and combination saw vary with sawing parameters, a 390 circular saw, b 460 circular saw, ¢ 530

circular saw, and d combination circular saw

in rock processing using a multidiameter combination saw.
Notably, the failure proportion of diamonds varies with the
diameter of the single saw.

Equations (1) and (2) show that with the increase of
diameters of the single saw in the combination saw, the
maximum undeformed chip thickness, the load per dia-
mond, and the load in the sawing arc zone all decrease.
The diameters of the single saw gradually increase in the
combination saw. In cases of the 390 saw blade, bear-
ing larger impact force for the particles due to the large
load in the sawing arc zone, there is an increase in the
shear force borne by the particles in the sawing process
than the retention capacity between the crystals and the
metal binder. The following two wear states, including

@ Springer

fresh—macro-fractured—pulled-out or fresh—whole—
pulled-out, will be dominated, leading to the loss of abra-
sive particles with cutting potential and the waste of dia-
mond particles and the reduction of the material removal
ability of the circular saw blade. With increasing diame-
ters, the load on the diamond particles decreases gradually,
and the diamond particles tend to normalization cutting.

4.2.2 The Surface Morphologies of Worn Segments
Figure 13 depicts the SEM images of the worn surfaces

of the segments in the saw blade with different diameters
taken using a scanning electron microscope. Figure 13a
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indicates that the pulled-out diamonds dominate in the
segment used by 390 saw blade, and cracks occurred at
the interface between the metal binder and crystals, peel-
ing the particles easily. In contrast to the ¢390 saw blade,
the saw blade with larger diameters, i.e., 460 andp530
saw blades, the whole diamond particles dominate. The
interface surface between the metal binder and crystals is
tightly connected, as displayed in Fig. 13b and c. The dia-
mond is not easy to fall off and has a better cutting ability.
This is consistent with the wear analysis of diamond parti-
cles. This study shows some guidance for the design of the
combination saw. The segments with the grains of different
qualities or the segments with the metal binder with strong
retention capacity adopted to the different saw blades may
be beneficial to reducing the failure of the diamond.

4.2.3 The Analysis of Rock Breakage

The diamond segments used in this experiment are a layered
cuboid, made of a soft metal matrix and stiff metal matrix
by the hot pressing sintering process. Rugged sawing trails
were generated on the stone surface after the rock processing
due to different wear rates between the soft and stiff metal
matrices. The valley and top parts correspond to the cutting
area of diamond particles and the friction area of the soft
metal matrix, respectively, as displayed in Fig. 14.

Stone mineral constituents were removed by abrasive
grits to create uneven surfaces, which can reflect the removal
mechanism of materials and the chip thickness of particles to
a certain extent. The sawing trails of the rock were observed
to acquire the surface topography and roughness Ra in the
valley part by laser confocal microscopy (Fig. 15).

The surface topography and roughness of processed gran-
ite were compared, indicating different mechanisms of rock
breakage operating in the rock processed with the saw blades
of different diameters, as illustrated in Fig. 15a, b, c. The
material removal mechanisms for diamonds cut by various
saw blades are essentially similar, and the dominant removal
mechanism of rock is a brittle fracture. With increasing
diameter of the single saw, the gully depth on the surface
of the processed rock decreases, and the rock surface tends
to flatten out. The surface roughness of granite processed
by the segment on the saw blade of different diameters is
shown in Fig. 15d, indicating that the surface roughness of
rock diminishes along with increasing diameter of the saw
blade. Meanwhile, the chipping craters, gullies, and fractures
on the rock surface were found as the main characteristics,
similar to the studies in the literature (Aydin et al. 2013c).
The differences in the surface integrity are attributable to
the variation in the chip thickness per abrasive in the com-
bination saw. Equations (1) and (2) show that a larger diam-
eter of the saw blade generates a larger linear velocity of
the segment, causing a smaller maximum undeformed chip

@ Springer
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thickness in the combination saw. Therefore, the rock sur-
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undeformed chip shape of diamond particles is transformed
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causing the difference of dissociation and

fragmentation of minerals in rocks and differences in the
This phenomenon further confirms the conclusion that the

face cut by the segment with high linear velocity produced
maximum undeformed chip thickness per abrasive decreases

a small and shallow valley. In contrast, the rock surface cut
by the segment with a low linear velocity produced a large
of the removal mechanism of rock from large fragmentation

to small fragmentation.
with increasing diameter of the single saw in the combina-

from short and thick type to fine and long type, transforming

surface roughness of the rock. Furthermore

and deep valley,

w, (=3 Wy

=3 w S wn >

(% )aA1seaqe puowelp jo uon.rodoad sy,

Macro-
fractured fractured

Micro-

tion saw. From the perspective of being beneficial to the
disintegration and removal of granite, the larger chip thick-

Blunt Pulled-out

‘Whole

Fresh

ness is beneficial to the material removal of granite; how-

Fig. 12 The failure proportions of worn diamond in segment used by

saw blades with different diameters

out crystals.

it also leads to macro-fractured and pulled-

)

€Ver,

and ¢p530

Fig.13 Surface topography of the worn segment on combination saw, a ¢390, b 9460,

pringer

a's



4474 J.Zhou et al.

Fig. 14 The rugged sawing trail
of the processed rock
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Therefore, the optimal maximum chip thickness of particles
in the appropriate diameter allocations is conducive to the
realization of high-efficiency removal of granite.

5 Conclusion

A series of experiments and tests were successfully carried
out to investigate the sawing performance of a multidiameter
combination saw in granite sawing. The sawing force of the
saw blade with different diameters, wear of segments used in
the saw blade with different diameters and the sawing trails
of rock processed by the saw blade with different diameters
were analyzed and compared to provide a direction for opti-
mizing the sawing performance. The main conclusions of
this study are as follows:

1. With increasing diameter of the single saw in the
combination saw, the maximum undeformed chip
thickness and the load per diamond, and the load in
the sawing arc zone all decrease. The maximum unde-
formed chip shape of diamond particles is transformed
from short and thick type to thin and long type. The
sawing force for the single saw and combination saw
increases with increasing feed speed and the sawing
depth. The sum of the sawing force of the single saw is
generally less than that of the combination saw under
the same sawing parameters, indicating a coupling
effect between the single saws that affects decomposi-
tion and generation of forces in the multidiameter saw.
2. Different failure mechanisms of particles in the worn
segment of the tool with different diameters operate
in rock processing using a multidiameter combination
saw. Because of the negative correlation between the
load per diamond and the diameter of the saw blade,
the load nonuniformity of diamond appears on the saw
blades of different diameters, transforming the grains
from abnormal failure to normal cutting. The experi-
ments show the proportion of the whole and blunt dia-
mond particles increases (from 11.6% to 21.15% and
7.7% to 15.1%, respectively) and that the macro-frac-
tured and pulled-out crystals decreases (from 17.2%
to 14.1%, and 34.3-19.8%, respectively), providing
a guidance for the performance improvements of the
multidiameter combination saw, using the different
segments (the variation of the metal binder with strong
retention capacity and high-quality diamonds) for saw
blades of different diameters.

3. The differences in the surface integrity are attrib-
uted to the variation in the maximum undeformed chip
thickness per abrasive on the saw blade with differ-
ent diameters in the combination saw. Brittle failure
appears as the dominant removal mechanism of rock.

Because of the negative correlation between the maxi-
mum undeformed chip thickness and the tool’s diam-
eter, the gully depth on the surface of the processed
rock and the surface roughness of rock decreases with
increasing diameter, and the rock surface eventually
tends to flatten out.

This study also directs to explore the effect of chang-
ing segments of saw blade in multidiameter saw on rock
breakage and tools performance to improve the removal effi-
ciency of rock, in particular, the variations in the structure or
quantity of segments. For instance, a reasonable number of
segments should be designed on different diameters of saw
blades in the multidiameter saw.
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