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Strain rate is a key parameter that affects dynamic mechanical properties of materials in a high-speed crash. It is
equally important in the materials processing field. In this study, we investigate the high strain rate of quartz
glass and its effects during the high-speed dicing with diamond blades. A formula is derived to predict the strain
rates of quartz glass at different linear velocities of diamond blades. High-speed crashing and dicing tests are
performed to verify the formula and explore the effects of high strain rate by using the split Hopkinson pressure
bar test and an automatic high-speed dicing saw. Results indicate that strain rate increases as the linear velocity
of a diamond dicing blade increases. High strain rate results in hardening effects and heat generation for quartz
glass. The dicing temperature is at least 1043 °C because of the generated silicon and graphite in the dicing area.
The theory of high strain rate reveals the wear mechanism of diamonds, and indicates that the dicing speed for
quartz glass should not be more than 60.71 mm/s. This research expands the study of dynamic hardness to the
high-speed grinding field. The study helps design diamond tools and optimize the parameters of machining

materials.

1. Introduction

Quartz glass is widely used in optics, optical communication and
other fields in view of its optical and mechanical performance. It con-
sists of a number of Si-O tetrahedrons (Fig. 1), one of which is com-
posed with one silicon atom and four oxygen atoms [1]. However, it is
difficult to be machined due to its higher hardness and brittleness [2]. It
is prone to brittle fracture, cracking, overload and other defects during
the high-speed dicing process. Because of its higher hardness, diamond
particles can be used to machine many materials, such as quartz glass
[3]. The common diamond tools included diamond dicing blades, dia-
mond wheels, diamond grinding disc and so on [4]. So far, the wear
mechanism of diamond tools and grinding progress have been studied
by many researchers. Shang et al. studied the mechanisms of edge
chipping on the basis of machining mechanics and energy theories [5].
Inasaki suggested that high machining speed was needed for hard and
brittle materials [6]. Koji found that the cutting ability of dicing blades
was depended on the fresh diamonds [7]. Previous researches focused
on the wear mechanism and grinding process, but few studies of strain
rate and its effects have been conducted in materials processing field.
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Strain rate is a key parameter that affects flow stress and dynamic
hardness of materials [8-10]. In defensive and military fields, there are
many investigations conducted on high strain rates, which mainly have
been adopted by a split Hopkinson pressure bar (SHPB) test (Fig. 2).
Previous studies indicated that there was some relevance among dy-
namic hardness, flow stress, and strain rate [11,12]. Y.F Zhang et al.
showed that the hardness and elastic modulus of enamel grew with
strain rate increase [13]. Hana Jung Jitang Fan et al. investigated the
compressive mechanical response of strain rates with SHPB test
[14,15]. Chaudhri and Luke A et al. argued that the dynamic hardness
of materials was different from that of quasi-static under high strain
rate [16,17]. Amin et al. believed that hardness of materials depended
on strain rate with micromechanical models [18]. Weiliang Zhang et al.
found that fracture developed due to the combination of shear and
ductile failure under higher strain rates [19]. Nathan et al. found that
high shear strain rates generated high temperatures in the shear plane
of a specimen [20]. The above studies of strain rates mainly focused on
the field of national defense. There are few studies of strain rates that
have been conducted in materials processing field.

As a brittle material, quartz glass is removed by means of impact
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Fig. 1. Microstructures of quartz glass and diamond dicing blades.
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Fig. 2. Diagram of SHPB system.

with diamonds. The impacting time is quite short due to the high speed
of revolving diamond blades. This paper focuses on the high strain rate
of quartz glass during a high-speed dicing process with diamond dicing
blades. We derive a formula of strain rate on the basis of grinding and
strain theories. Then, we carry out high-speed crashing and dicing tests
to verify the formula and explore the effects of high strain rate by using
SHPB test and automatic high-speed dicing saw. Furthermore, we ex-
amine high-strain-rate effects, including the hardening and generating
heat of quartz glass with Raman spectroscopy and scanning electron
microscopy. The study reveals the wear mechanism of diamonds and
optimizes the parameters of machining quartz glass.
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2. Materials and methods
2.1. Experimental materials

Diamond dicing blades with ¢ 40 mm in inner diameter and ¢
58 mm in outer diameter were used to conduct dicing tests. These
blades are of the same thickness (300 mm) and uniform diamond grain
size (30 ~50 mm). The matrix material of diamond dicing blades was
bronze bond. The outer diameter of flanges was $49.6 mm. The ex-
posure length of diamond dicing blades in the initial condition was
4.2 mm. Two kinds of specifications of quartz glass were considered for
testing: 30 mm (w) X 2mm (h) X 100 mm (1) for the dicing test and ¢$5
mm X 5mm for the SHPB test. Stainless steel and common glass shared
a common specification, i.e., 30 mm (w) X 2mm (h) X 100 mm (1).

2.2. Experimental methods

A series of dicing tests were performed on DISCO DAD 3350 auto-
matic dicing saw under designed dicing conditions. The curves of
strain-stress under different strain rates were measured through SHPB
tests. The quasi-static behavior of quartz glass was carried out on the
WDW-100EB materials testing machine. The interfacial reactions be-
tween quartz glass and diamonds were proved with the Raman micro-
scope INVIA. The wear morphologies of diamonds under different ro-
tational speeds were observed with the scanning electron micrograph S-
4800.
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Fig. 3. Classification of stain rates.

13524



K. Li, et al

Diamond blade
Diamond blade

Flange

Diamond
Quartz glass ’

Chuck table Quartz glass

Strain region

Dicing current

Blade position
Blade status

Blade life

Fig. 4. The diagram of a diamond crashing into quartz glass at high speed.

3. Theory and calculation
3.1. Calculations for strain rates of quartz glass in high-speed dicing

According to the magnitude of strain rates, we can classify them into
creep, quasi-static, low, high, and super-high strain rates [21,22], as
shown in Fig. 3. The rotational speed of an automatic dicing saw
reaches up to 60,000 rpm. As a hard and brittle material, quartz glass is
removed by means of impact with diamonds. Fig. 4 shows the diagram
of a diamond crashing into quartz glass at high speed, in which ACS is
Active Control System, CP is Characteristic Parameter. Plenty of dia-
monds and binding agent make up a diamond dicing blade. When a
diamond blade is rotating at high speed, countless crashes occur at high
strain rate. Nevertheless, there are few formulas to predict the strain
rate of quartz glass during high-speed dicing. It is in urgent need of a
unified formula to calculate the strain rate of quartz glass under dif-
ferent linear velocities of wheels in the high-speed grinding field.

The focus of our work is on the variation of strain rate against dicing
speed during a high-speed dicing process. The thickness of a dicing
blade is generally between 0.1 mm and 0.3 mm, and the rotating speed
of a dicing blade is usually between 30000 rpm and 60000 rpm. There
are plenty of diamonds and binder in a dicing blade. If every diamond
and binder of a dicing blade is all considered, the calculated amounts is
huge. The elastic deformation is related to the contact surface of
workpieces. We make these assumptions to simplify the calculation of
strain rates and concentrate the research. On the basis of previous
studies [17,18], we made three assumptions to predigest the calcula-
tion.

Three assumptions are made to obtain the formula for the strain rate
of quartz glass in high-speed dicing. First, the thickness of a diamond
dicing blade is approximately equal to the diameter of a diamond, and
this blade is homogeneous. Second, the length of deformation is ap-
proximately equal to the contact arc length of materials removal region.
Third, elastic strain and crushing phases exist when a metal-bonded
diamond blade is dicing quartz glass at a high speed. A high strain rate
is generated in the elastic strain phase, and the destruction occurs in the
crushing phase.

According to Hooke's law, strain (¢) can be calculated as Eq. (1).
Strain rate (£) is obtained by Eq. (2), where E, is the elasticity modulus
of quartz glass, t is the duration time of strain, and o is the stress of
quartz glass in high-speed dicing with a diamond dicing blade.

o
E, @
==
t  Egt 2

In a high-speed dicing or grinding process, the inertial force that is
called centrifugal force (f) cannot be neglected. It can be obtained by
using Eq. (3), where p,, and D,, are the density and diameter of a dia-
mond dicing blade, respectively. V; is the linear velocity of a diamond
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dicing blade, and v, is the velocity of a workbench.

e 2 Pu (s + vy)?
D, 3

Combining Eq. (3), we can get Eq. (4). The contact arc length (I.) of

the material removal region can be calculated as Eq. (5), where D, is
the diameter of a diamond dicing blade and d, is the dicing depth [23].

B ]: _ 8. 0. (Vs + 1y)?

s 7. D} )
le = \/Dyd, (5)
L _ \/DW-dp

Vs + Uy Vs + Uy (6)

By substituting Egs. (4) and (6) into Eq. (2), we obtain the formula
of the stain rate of quartz glass at different crashing speeds, as shown in
Eq. (7), where v, can be calculated with Eq. (8) in which n is the ro-
tational speed of a spindle.

8. 0 (s + 1)}

7. Dy. By \/Dyd, %)

b= m.n. Dy,
* 7 60000 ()

According to Eq. (7), the strain rate of quartz glass is related to
linear velocity, feeding speed, diameter, dicing depth, density of a
diamond blade, and elastic modulus of quartz glass. From Eq. (7), we
obtain the curves of strain rate against linear velocity under different
outer diameters of diamond blades. Fig. 5 illustrates that the strain rate
of quartz glass grows as the velocity of a diamond dicing blade in-
creases but decreases as the outer diameter of a diamond blade in-
creases. A sharp increase occurs after reaching the linear velocity of
60.71 m/s. We also get the curves of strain rate against linear velocity at
different dicing depths from Eq. (7). Moreover, the strain rate of quartz
glass decreases as the dicing depth increases. During high-speed dicing
or grinding, the strain rate of quartz glass increases up to 6.65 X 10°/s
when a diamond dicing blade is dicing quartz glass at the linear velocity
of 151.77 m/s (50000 rpm for a diamond dicing blade with $58mm in
outer diameter). Hence, the effects of high strain rate on the dicing
performance should not be neglected during high-speed dicing. Ac-
cording to the calculation of Eq. (7), the inflection point of strain rate in
Fig. 5 is about 60 m/s, which is consistent with that of the dicing
current in Fig. 8(b). High speed brings about high strain rate which
leads to hardening and generating heat of materials. Under high strain
rate, hardening of quartz glass and generated heat accelerate the wear
of diamonds and increase the dicing load.
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Fig. 5. Strain rates of quartz glass at different linear velocities.

13525



K. Li, et al

1150
mmnsmn = 1000000/s
—_ 1100 220928222 o 100000/s
© 1050 | —a—50000/s
% 1000 | v 5000/s
< —e—500/s
n 950F —<—50/s
g 900 |- —»—2/s
q‘;; 850 | —e—0.1/s
—*— 0.005/s
g 800 —e—0.0001/s
L 750
700 |
650 L 1 1 1 1 1
0.000 0.002 0.004 0.006 0.008 0.010
strain

Fig. 6. Flow curves of strain-stress of quartz glass.

3.2. Theoretical curves of stress—strain under different strain rates

The yield limit of materials at a certain deformation temperature,
strain, and strain rate is called flow stress. Eq. (9) shows that the con-
stitutive equations express the relationship among stress and strain,
temperature, strain rate, and other physical quantities [10]. The flow
stress of materials under different strains, strain rates, and temperatures
provides enough basic data for the numerical simulation of plastic de-
formation process for machining and impact analysis [24,25].

o=f(g, ¢ T) ()]

There are several kinds of constitutive equations, and the
Johnson-Cook (J-C) model is one of the most widely used constitutive
models because of its fewer parameters and much simpler expressions
relative to other available models [26-28]. For simplicity, the thermal
softening factor (T) is not considered. This model also expresses the
dynamic mechanical behavior and quasi-static deformation of materials
over a wide range of strain rates. According to the J-C model, flow
stress expression is revealed as follows: Eq. (10) [29], where o is the
dynamic flow stress; A is the yield stress at a given reference strain rate
(¢0), which is 0.0001s~1; ¢ denotes the plastic strain; B is the coefficient
of strain hardening; C is the hardening coefficient of strain rate; n is the
strain hardening exponent. The values are obtained from the SHPB tests
and WDW-100EB materials tests of quartz glass by the method of fitting
curve. According to Eq. (10), high strain rate results in increase of flow
stress. Fig. 6 shows that the flow stress grows as strain rates increase.

o= (A + Be"). [1 + Cln(,i)]
0

Hv = 0.927¢;C

(10)
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The Vickers hardness of materials can be obtained by Eq. (11),
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where C is the constraint factor and oy is the flow stress [30]. Hardness
grows as flow stress increases. As a hard and brittle material, quartz
glass is removed by means of impact with diamonds. When a diamond
blade is rotating at a high speed, countless crashes occur at high strain
rate. According to theoretical formulas Eq. (10) and Eq. (11), high
strain rate improves the hardness of quartz glass during a high-speed
dicing process.

4. Results and discussion
4.1. Hardening effect of quartz glass under high strain rates

Strain rate is one of the key parameters that determine flow stress
[31,32]. Curves of strain-stress of quartz glass tested by SHPB is shown
in Fig. 7(a). It shows that the true stress grows as strain rates increase.
High strain rate leads to changes of material properties, which is dif-
ferent from that of static condition. Fig. 7(b) illustrates that the crashing
process is divided into four stages: (1) elastic deformation stage (OA),
(2) stable development stage of micro-cracks (AB), (3) unstable devel-
opment stage of micro-cracks (BC), and (4) damage stage (CD). The
stages of AB, BC and CD can be thought of a big phase which is called
crushing phase. Under this phase, quartz glass begins to break into
pieces. Stress, strain and strain rate are fundamental concepts for dis-
location dynamics and macroscopic dynamics. The yield stress grows
with the increase of strain rate, as shown in Fig. 7(a). Higher strain rate
causes dislocation pile-up which prevent micro-cracks from generating
and propagating, then prolongs material's fatigue life and improves the
performance of materials.

Cracks propagation is the key factor affecting the dynamic hardness
for the brittle materials. If the speed of crack propagation is lower than
strain rate, generating and growing cracks are no longer necessary.
Therefore, higher dynamic hardness becomes evident. Hardness of
materials reflects the resistance to deformation under an applied load.
Quartz glass is impossible to scratch a diamond under quasi-static or
low strain rate. However, it will leave scratches on the surface of dia-
monds under high strain rate, as seen in Fig. 8(d) and (c). The results
implies that there are different performances of materials under dif-
ferent strain rates due to the evolution of microstructures.

From macroscopic dynamics, under high strain rate, dynamic
hardness (Hy) is different from that of quasi-static. Dynamic hardness
depends on the strain rate of materials, as seen from Eq. (12), where K
and q are the material constants of quartz glass, Hy is the dynamic
hardness, ¢ is the strain rate, and q is the creep rate sensitivity [13]. Eq.
(12) suggests that the dynamic hardness of quartz glass grows as linear

velocity increases, thereby accelerating the wear of diamonds.
Hy =K. & a2

Dicing current is one of the crucial parameters that can judge the
wearing state of diamonds. When the edges of diamonds are wore out,
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Fig. 7. Curves of strain-stress of quartz glass with SHPB test.
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Fig. 8. The dicing load and wear morphology of a diamond blade.

the dicing current increases. Fig. 8(a) reveals that an exorbitantly high
linear velocity exacerbates the wear of a diamond blade. Fig. 8(b)
shows the trend of dicing current against linear velocity. The dicing
current at first decreases as linear velocity increases, then increases
from the linear velocity of 7.59m/s and sharply rises from that of
60.71 m/s (20000 rpm for the diamond dicing blade with $58mm in
outer diameter).

Most people perceived that high speed brings about high efficiency
in the materials processing field, and it was a popular method to in-
crease the machining speed for most of materials. However, according
to the investigation of high strain rates in this research, dicing speed is
limited for the dicing of hard materials, such as quartz glass. High speed
brings about high strain rates which lead to hardening and generating
heat of materials. Fig. 8 illustrates that the linear velocity of 60.71 mm/
s should not been exceeded, which is consistent with the strain rate
curve of quartz glass in Fig. 5.

4.2. Generated heat effect of quartz glass at high strain rates

During a high-speed dicing process, the strain rate is so high that the
increased hardness cannot neutralize the kinetic energy, then some of
kinetic energy will transform into heat [19]. High strain rates lead to
intensive bonding strength. It is difficult to expose fresh diamonds when
passivated diamonds are in escalation. Passivated diamonds cannot
effectively remove quartz glass only can generate plenty of heat.
Meanwhile the crashing time is so short that the high-speed process is
similar to be adiabatic.

Therefore, the temperature between quartz glass and diamond
blades will significantly rise as strain rate increases. The value can be as
high as hundreds of degrees Celsius. If this part of heat does not quickly
dissipate, diamonds can be burned, and blades may be deformed.
Meanwhile, if high strains do not match with heat transfer rates, sys-
tematic temperature will also rise and bring about negative effects on
dicing behavior, such as deformation, graphitization, and spark, as
shown in Fig. 8(b). Fig. 9 displays a spark area where a diamond blade
is sparking and it is burned at a high rotational speed. There is plenty of
heat if the strain rate is too high. The heat conductivity coefficient of

—— spark area of quartz glass

—— diamond of burned dicing blade
10000 |- ) N

S Si 518_1““ ,  graphite 1609 em’
<- Si-0 484 cm~ Si-0 608 cm’
> 8000 |- A
:‘% diamond 1332 cm
5 burnt diamond spark area
_E 6000 |- )

4000 |-

2000 |-

1 i} i 1 i 1 A 1 i 1

0 500 1000 1500

raman shift (cm™)

2000

Fig. 9. The Raman shift of quartz glass in sparking area and burned diamonds.

quartz glass is low, whereas diamonds and metal binders have good
conductivity of heat. Diamond dicing blades absorb such much heat
that blades are burn, as shown in Fig. 9. This accelerates the wear of
diamond dicing blades.

There is mechanochemical wear due to high dicing temperature
under high strain rate. Egs. (13)-(15) are primary chemical reactions if
there is enough heat. To study the heat generated by high strain rates
during a high-speed dicing process, we exploit the thermodynamic
principle and Raman shift, as shown in Fig. 9. Standard Gibbs function,
standard entropy, and standard enthalpy is derived too. The Gibbs
functions of Egs. (16)—(18) are formulated by exterior differential de-
rived from the second law of thermodynamics. From these equations,
we get the values of enthalpy, Gibbs energy, and entropy.

Si0,(s) + 2C(s) T&»P Si(s) + 2CO(g) 13)

T, P
2C(diamtmcl) + OZ(g) < ZCO(g) (14)

13527



K. Li, et al

Table 1
The thermodynamic parameters of simple substances and compounds.
matters ApHp 4Gor St
KJ.mol ~! KJ.mol ~! K.mol ~*K™!
C giamond 1.896 2.9 2.439
C graphite 0 0 5.694
Si 0 0 18.8
SiO, —910.7 —856.3 41.5
Cco —110.5 —-137.2 197.7
0, 0 0 205.138

(15)

For Eq. (13), combined with Egs. (16) and (17), we achieve the
values of Gibbs energy and the lowest reacted temperature of 1591 °C.
Table 1 presents the thermodynamic parameters of simple substances
and compounds.

C(diamond) ,@ C(graphite)

Ay Gri,T = AyHren,T - TA}, S?n,T (16)

4, Gri,r ~ 4y H?n,298.15 - TAVS?n,Z‘)S.lS a7
A HE, j0515 = [(—=110.5 X 2) + 0] — [—910.7 + 2 X 1.896] x 10°
4,88, 20515 = (2 X 197.7 + 18.8) — (2 X 2.439 + 41.5)

4,GS = 685.908 X 10° — T367.822

T = 1864 K = 1591°C

However, the partial pressure of CO is decreased as linear velocity
increases. As shown in Egs. (18)-(20), if the partial pressure of CO is
0.01 KPa, then the lowest reacting temperature can decrease to 1043 °C.
As the lowest reacting temperature decreases, the wear of diamonds
will be aggravated. Fig. 9 further validates the deduction.

Ay Gy = 4A,Gr + RT InQ 18)
AyGur = A4,GS 1 + RT 111(@)2

' ' P° 19)
AyGoyr = AyHS, 1 — TA,SS, 7 + RT 1n(@)2

’ ’ ' P (20)

0.01

Ay Gy r = 685.908 X 103 — T367.822 + 8.314T ln(i
101.325

)2

Diamonds usually react with oxygen at first if plenty of oxygen is
available. The generated graphite indicates that oxygen hardly exists
around a diamond dicing blade. Fig. 9 shows that silicon and graphite
are generated at the sparking area of quartz glass on the basis of the Si-
Si Raman shift at 518 cm ™' and graphite Raman shift at 1609 cm ™ *.
The peak of 484 cm™! is the quaternary silicon oxygen Raman shift,
whereas the peak of 608 cm™! is the ternary silicon oxygen Raman
shift. The peak of 1332 cm ™! is the Raman shift of diamonds. Eq. (13)
indicates that silicon dioxide does not chemically react with diamonds
if the temperature is below 1591 °C at 101 KPa partial pressure or below
1043°C at 0.01 KPa partial pressure. Generated silicon indicates that
the dicing temperature between diamonds and quartz glass goes up to
1591 °C at 101 KPa partial pressure or 1043°C at 0.01 KPa partial
pressure. This chemical reaction also implies that the temperature be-
tween a diamond and quartz glass is at least 1043 °C. High strain rates
can also bring about plenty of heat which can accelerate chemical in-
terface reactions during high-speed dicing. The chemical interface re-
actions can further accelerate the wear of diamonds. The high strain
rate of quartz glass leads to hardening of quartz glass and heat

T = 1316 K = 1043°C
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generation, both of which accelerate the wear of diamonds during high-
speed dicing.

5. Conclusions

In this research, we study the high strain rate of quartz glass and its
effect during high-speed dicing with a diamond blade by using SHPB
tests and an automatic high-speed dicing saw. The conclusions can be
drawn as follows:

(1) We derive a formula of strain rate at different crashing linear ve-
locities of diamond blades. This rate increases up to
6.65 x 10°s™'at 151.77 m/s.

(2) The theoretical and experimental results indicate that the strain
rate of quartz glass increases with the increase of the linear velocity
of a diamond blade.

(3) High speed brings about high strain rates that cause hardening of
quartz glass and heat generation. The dicing temperature under
high strain rate is at least 1043 °C because of the generated silicon
and graphite in the dicing area.

(4) On the basis of the theories of dynamic hardness and high strain
rate, we reveal the wearing mechanism of diamonds at high speed
dicing of quartz glass. Under high strain rate, hardening of quartz
glass and generated heat accelerate the wear of diamonds and in-
crease the dicing load. Moreover, the dicing speed of quartz glass,
should not be exceed 60.71 mm/s.
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