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ABSTRACT

A crack-free ductile mode grinding of fused silica was realized by a controllable dry grinding process in
this research, which is attributed to the improvement of fused silica's ductile machinability induced by
the high grinding temperature. The plastic deformation of fused silica consists of shear flow and den-
sification. Plastic deformation mechanisms and cracking behaviors related to densification were in-
vestigated firstly by high temperature nanoindentation experiments to reveal the ductile-brittle tran-
sition mechanisms. Fused silica exhibits less densification and more shear flow at high temperature than
room temperature. The critical ductile-brittle transition load of fused silica is higher at high temperature
than room temperature. These results may lead to the improvement of the fused silica's ductile ma-
chinability at high temperature. Dry grinding experiments were conducted to investigate the effect of
grinding depth. A mathematical model is established to predict the maximum temperature in workpiece.
A novel infrared radiation (IR) transmission on-line measurement method was presented to acquire the
workpiece temperature in the contact zone directly. The predicted results coincide well with the ex-
periment results. Contrary to the conventional experience, a large grinding depth is beneficial for the
surface quality and integrity in the dry grinding of fused silica due to the increased grinding temperature;
however, the excessive grinding depth results in grinding wheel burn. The ductile grinding depth of the
fused silica increases from sub-micrometers to 5 pm by dry grinding which makes the grinding process
more controllable and effective.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Amorphous silicon dioxide, i.e., fused silica, is an excellent lens
and window material for ultraviolet laser transmission in photo-
lithographic applications, high-peak-power laser fusion facilities
and space telescopes for its high ultraviolet transmission, low
expansion coefficient and high laser damage threshold [1]. Cur-
rently, fused silica lenses are finished by grinding, lapping and
polishing. The polishing process costs over 60% of the entire pro-
duction cycle [2]; thus, it is important to produce higher surface
integrity in the grinding process to reduce the polishing time and
the cost of production.

Ductile mode grinding of hard and brittle materials is an
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attractive method for efficiently generating a surface with nan-
ometer or sub-nanometer level surface roughness. It is widely
recognized hard and brittle materials could be machined in ductile
mode if the undeformed chip thickness were controlled to be
small enough [3].

Single-crystal silica, ceramics and most optical glass are re-
ported to be grindable in ductile mode with a grinding depth of
several micrometers using precision machine tools [4-6]. How-
ever, it is extremely difficult to grind fused silica in ductile mode
without causing any cracks. Taper grinding experiments on fused
silica surfaces without damage demonstrated that critical grinding
depth of the ductile-brittle transition was 0.2 pm [7]. The ex-
tremely narrow range of critical depth makes the crack-free ductile
mode grinding of fused silica uncontrollable and inefficient. Many
efforts for ductile grinding of fused silica, including electrolytic in-
process dressing(ELID) [8], using ultra-fine grits wheels [9] or
truncation coarse grain wheels [10], succeed to reduce the
roughness and sub-surface damage (SSD) depth of fused silica,
while failed to produce an ultra-smooth fused silica surface
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Nomenclature

dc critical chip thickness

E Young's modulus

H hardness

K. fracture toughness

Vs wheel speed

Vi workpiece feed rate

A grinding depth

&m undeformed chip thickness

Rp section area ratio of sink-in to indenter
Sa actual section area of indentation

Si the calculated section area of the indenter

average heat power density

width of the grinding wheel

specific heat

diameter of grinding wheel

temperature rise

geometrical wheel workpiece contact length
ratio of heat power into the workpiece
thermal conductivity

density

tangential grinding force per unit equivalent grinding
thickness

equivalent grinding thickness

I M DT T

Q
Q
=

without any surface and sub-surface cracks in controllable
conditions.

Brittle-ductile transition in machining of hard brittle materials
is a complex interaction of tool (grain) geometry, processing
parameters, environmental conditions (temperature and humid-
ity), material properties, et al. [11]. The factors affecting the tran-
sition are generally divided into two types: external factors, such
as stress condition and strain rate et al., and internal factors, such
as material properties. Actually tool (grain) geometry, processing
parameters et al. affect the brittle-ductile transition through the
variation of stress condition and strain rate while the environ-
mental conditions affect through changing the intrinsic material
properties.

Without considering the external factors, Bifano presented a
model indicating the relationship between the critical ductile—
brittle transition chip thickness d. and intrinsic material properties
Young's modulus E, hardness H and the fracture toughness K. [9]:

2
oo (3 )
HN\H 1

The E, H and K. of fused silica are 72 GPa, 7.3 GPa, 1.3 MPa m'/?,
respectively [12]. For comparation, the E, H and K. of soda-lime-
silica glass are 70 GPa, 5.7 GPa, 0.6 MPam'/?, respectively [13].
According to Eq. (1) the calculated d. of fused silica is much larger
than that of soda-lime-silica glass. Nevertheless, the ductile ma-
chining of fused silica is actually much more difficult than soda-
lime-silica.

Hardness is the plastic deformation resistance of material.
However, it does not shed light on the mechanism of permanent
deformation of glass under stress, which can be primarily divided
into two modes: volume-conservative plastic (or shear) flow and
volume contraction densification [14]. Fused silica is called
anomalous glass [15] due to its predominant densification under
stress. In ductile mode grinding, the material is removed by shear
flow while densification has no contribution to chip removal. Thus
hardness in Eq. (1) cannot characterize the glasses' ductile
machinability.

The fracture toughness, which is also called fracture resistance
is calculated by the following equation:

E 0.5 P 1.5
Kc'(ﬁ) (?) @)

where c is the lengths of radial cracks in indentation.
Densification causes fused silica to act differently in cracking
behaviors compared to normal glass [16]. It tends to initiate cone
cracks around the impression while the normal glass trend to in-
itiate radial cracks. The radial cracks' lengths of fused silica are
always shorter than that of a normal glass [17]. Nevertheless, it is

more difficult to grind fused silica in ductile mode on contrary.
Thus toughness in Eq. (1) cannot characterize the glasses' fracture
resistance. It has been concluded that the plastic deformation and
cracking behaviors of glass have a strong relationship with den-
sification [18-20].

Michel et al. [12] experimentally investigated the effects of
temperature on hardness and crack nucleation of fused silica during
Vickers indentation under the loads of 5N and 40 N. Comparing
with room temperature, the radial crack length and the threshold
for the cone cracks of fused silica increase at high temperature.
Shear flow is responsible for the residual stress due to the elastic/
plastic mismatch [21] whereas densification is not. The radial cracks
propagate during the unloading process due to the residual stress
induced by shear flow. We can infer that high temperature may
improve the ductile machinability of fused silica for its more shear
flow based on Michel's study. However, deformation mechanisms
and cracking behaviors under nanoindentation below 500 mN
which more closely approximates to the load on a single grain in
the actual grinding process need further investigation.

This paper presents a dry grinding process using a vitrified
bond CBN grinding wheel with high temperature resistance to
achieve crack-free ductile mode grinding of fused silica. The high
temperature induced by grinding heat improves the ductile ma-
chinability of fused silica. Instead of an extremely narrow chip
thickness for ductile grinding with coolant, a large grinding depth
makes the proposed process more controllable and effective. The
physical and chemical properties of fused silica are stable at high
temperatures. The annealing point of it is 1200 °C while the soft-
ening point is 1600 °C. It cannot be oxidized at high temperatures;
thus, the grinding burn of fused silica will not occur at extremely
high grinding temperatures during dry grinding. Plastic deforma-
tion mechanisms and cracking behaviors related to the densifica-
tion are investigated firstly by high temperature nanoindentation
experiments below 500 mN to reveal the ductile-brittle transition
mechanisms. Dry grinding experiments are conducted to in-
vestigate the effect of grinding depth for its significance of pro-
cessing efficiency. A mathematical model is established to predict
the maximum temperature at grinding zone. A novel infrared ra-
diation (IR) transmission on-line measurement method was pre-
sented to acquire the workpiece temperature in the contact zone
directly during surface grinding process.

2. Experiments

The specimens are high purity synthetic fused silica with a
transmission wavelength of 0.175-2.5 pm. This type of fused silica
is particularly developed for ultraviolet laser transmission. The
size of the specimens is ¢p20 mm x 1.5 mm.



128 W. Wang et al. / International Journal of Machine Tools & Manufacture 109 (2016) 126-136

Table 1
High temperature indentation parameters.

Table 2
Dry grinding experimental parameters.

Species Temperature (°C) Load (mN) Loading/unloading Dwell time
time (s) (s)
Fused silica 20, 150, 300, 450 10, 50, 10 15
100, 500
Soda-lime- 20 10, 50, 10 15
silica 100, 500

N\
i

Nanotoch 3507¢

b y@ rotation

CBN grinding
wheel

Fig. 1. Set-up for grinding experiments. (a) Global structure. (b) Partial structure
from view b. (c¢) Partial structure from view c.

No. Grinding Wheel Workpiece feed Undeformed chip
depth A (pm)  speed v rate v, (mm/min) thickness® g,, (nm)
(m/s)
1 1 26 200 22
2 3 26 200 39
3 5 26 200 50
4 7 26 200 59

2 Undeformed chip thickness g, =2a(v,/v){/A/D [22].

' 5
|
Indenter

Densification Shear flow

Nondense material Dense material

Fig. 2. Schematic of densification and shear flow generation. (a) Situation of sink-in
with nondense material. (b) Situation of pile-up with dense material.
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Fig. 3. Variation of Berkovich hardness with temperature for fused silica.

High temperature nanoindentations were performed with a
diamond Berkovich indenter by the Micro Materials NanoTest
system using a high temperature stage. Both the sample stage and
the indenter were separately heated to ensure no heat flow occurs
during indentation at a high temperature (isothermal contact).
Soda-lime-silica glass, a kind of normal glass, was chosen to
comparing with fused silica at room temperature in this experi-
ment. Before the experiments, the specimens were polished to
entirely remove the surface and the subsurface damage. The
roughness Ra of the specimens was controlled to within 1 nm. The
experimental parameters are listed in Table 1. Five indentations
were performed under each parameter. The indentations were
observed by an atomic force microscopy (AFM) and scanning
electron microscope (SEM).

The grinding experiments were performed on an ultra-preci-
sion machining system Moore Nanotech 350. The grinding ex-
periment set-up is illustrated in Fig. 1. A GC dressing wheel was
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Fig. 4. Comparation of the cross-sectional curves of indenter tip and resulting indenting under 100 mN. (a) Berkovich indenter, and indents obtained at (b) room tem-
perature, (c) 150 °C, (d) 300 °C, (e) 450 °C.
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Fig. 5. Variation of the shear flow coefficient f» with temperature.

fixed on the spindle to make the on-machine dressing of grinding
wheel. The spindle would rotate during the dressing process
while be locked during the grinding process. A fixture with a hole
as IR transmission window was fasten on the end face of the
dressing wheel. The fused silica was bonded on the hole and an IR
sensor with laser aiming was fixed behind the window to acquire
the IR signal during the grinding process. The response wave-
length of the IR sensor is 2.3 pm. Fused silica is an excellent
material for IR window and its transmissivity at the wavelength
of 2.3 pm is 0.95. The fused silica surface measured in grinding
experiments was nontransparent because of the micro cracks on
the rough ground surface, the other side was well polished and
transparent. Hence, the infrared ray emitted from the wheel-
workpiece interface could transmit through the internal part and
the polished surface of fused silica, and be acquired by the IR
sensor. The temperature of workpiece in the contact zone could
be measured directly by the IR sensor in consequence. A dy-
namometer Kistler 9257B was fasten under the air bearing
spindle to measure the grinding forces.

A vitrified bond CBN grinding wheel with high temperature
resistance was used in the experiments. The average grain size of
the wheel was 5 pm. The wheel's diameter and width were 25 mm
and 3 mm, respectively. The grinding wheel was well dressed to a
radial runout error below 1 pum. After the dressing a dynamic
balance was adjusted to retain a wheel vibration under 2 nm
during grinding. The dry grinding experiments were conduct on a
rough ground surface in brittle mode (Ra=0.17 pm, Rz=1.11 um,
SSD depth=3.56 pm). The grinding parameters are listed in Ta-
ble 2 .The grinding process was up cut, i.e., the speed directions of
the wheel and workpiece were opposite.

After the grinding experiments, a 3D laser confocal microscope
Keyence VK-X200K was used to measure the surface morphologies
and the roughness of the ground surface. The roughness was
randomly measured three times, and the average values were
calculated. Elastic Emission Machining was conducted to polish
the ground surface for measuring the subsurface damage (SSD)
depth [7]. The SSD depth was measured 3 times, and the max-
imum values were selected.

3. Results and discussion

3.1. The ductile machinability at room temperature and high
temperature

3.1.1. Analysis of deformation mechanisms

The Berkovich hardness of fused silica with an increasing
temperature measured by the Oliver-Pharr method under the load
of 500 mN is indicated in Fig. 3. The hardness of fused silica at

room temperature was 9.09 GPa and decreased to 7.14 GPa at
450 °C. As illustrated in the Introduction, the hardness is the
plastic deformation resistance of material. Thus the decrease of
hardness indicates that the plastic deformation is easier for fused
silica at high temperature.

However, the permanent deformation of glass under stress can
be divided primarily into shear flow and densification. At the
molecular scale, the opened structure of the glass network and
more atomic cavities make the fused silica not densified. Thus it
always exhibits more densification behaviors under the hydro-
static compression. The densification volume ratio for fused silica
is up to 92% in Vickers indentation under the load of 100 mN [21].
In ductile mode grinding, the material is removed by shear flow
while densification has no contribution. Hence the decrease of
hardness does not equal to the shear flow is easier for fused silica
at high temperature.

It is reported the fused silica exhibits an anomalous volume-
temperature behavior. The volume reduces while the density in-
creases with the increasing temperature until 1550 °C [23]. It
suggests the fused silica become denser at high temperature than
room temperature. Hence it can be concluded the fused silica
would exhibit less densification at high temperature. Combined
with the decrease of hardness, it can be inferred shear flow is
easier for fused silica at high temperature which would contribute
to material removal in ductile mode. This inference is investigated
by the high temperature nanoindentation.

In the nanoindentation experiments, permanent microscopic
deformation events aiming at efficiently relaxing the contact stress
by increasing the contact surface area will initiate in a process
zone near the indenter tip as indicated in Fig. 2 [21]. If the material
is dense, the material under the indenter is resistance to the flow
material motion, so the material moves to the surface causing pile-
up. However, for the fused silica, densification occurs in the hy-
drostatic compression field out of the indenter-material contact
regime. The material moves downwards into the material and
sink-in is observed [24,25]. The extent of sink-in will thus depend
on the densification for fused silica.

In order to compare the deformation mechanism of fused silica
at room temperature and high temperature, the indentations un-
der the load of 100 mN were scanned by AFM. The indentation
section curve across of the indentation tip and parallel to the
borderline is compared with the cross section curve of indenter as
indicated in Fig. 4. Fig. 4(a) indicates the Berkovich indenter cross
section curve. The equivalent half cone angle of Berkovich indenter
is 70.32°. Fig. 4(b)-(e) compare the cross-section curves of actual
indentations with the calculated indenter from room temperature
to 450 °C. The penetration depths increase with the temperature
which indicates more plastic deformation.

In this study, we define Rp as the area ratio of sink-in to in-
denter, Rp is calculated by the following equation:

_Sa_si

R
b= s, €)

where S, is the actual cross-section area of the indentation; S; is
the calculated cross-section area of the indenter at the same
contact depth. Actually Rp is not only determined by the densifi-
cation but also by the plastic deformation. Since the plastic de-
formation consisted of densification and shear flow, the extent of
densification Rp should be calculated by the following equation:

S, —S;
S; @
Nevertheless, the value of Rp and Rp have no absolute sig-

nificance of evaluating the extent of densification and plastic. It is
clear that the larger Rp is related to more densification while the

Rp=1 - R =1-
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Fig. 6. SEM photographs of nanoindentations under load from 10 mN to 500 mN at room temperature of fused silica and soda-lime-silica. (a) 10 mN of fused silica. (b) 50 mN
of fused silica. (c) 100 mN of fused silica. (d) 500 mN of fused silica. (e) 10 mN of soda-lime-silica. (f) 50 mN of soda-lime-silica. (g) 100 mN of soda-lime-silica. (h) 500 mN of
soda-lime-silica.

larger Rp is related to more shear flow. Therefore, they should be _Rp

compared relatively with each other at different temperatures. The fr= E 5)
shear flow coefficient fp which is used to investigate the relative

variation of shear flow with the increasing temperature is calcu-  where the Rp, is the Rp at room temperature, i.e., 20 °C. The Eq. (5)
lated as following: has significance only if S, > S;, i.e., the sink-in exists. The variation
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Table 3

Thermal properties of fused silica and CBN.

Property Unit Value
Fused silica CBN
Density (p) kg/m> 2201 3490
Thermal conductivity (1) W/m °C 14 20
Specific heat (c) J/kg °C 800 793
1200
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Fig. 9. Comparison of the experimental and predicted maximum temperature in

workpiece.

of fp with temperature is indicated in Fig. 5. fp is 1 at room tem-
perature defined as the comparative standard, while it increases to
1.24 at 450 °C. It indicates that high temperature improves the

shear flow of fused silica.

3.1.2. Analysis on cracking behaviors

The microfracture behaviors of fused silica were compared
firstly with soda-lime-silica glass by nanoindentation experiments
below 500 mN at room temperature in this research. As indicated
in Fig. 6, no crack is observed on the surface of fused silica under
the load of 10 mN. Borderline cracks along the impression initiate
when the load is 50 mN. For the soda-lime-silica glass, no crack is
observed on the surface until 100 mN. Radial cracks initiate under
the load of 500 mN in one indentation. There is still no crack on
the surface of the rest 4 indentations. It can be concluded the
critical ductile-brittle transition load for fused silica is much lower
than soda-lime-silica glass. Actually, the atomic cavities in fused
silica are flaws of the material at the molecular scale. The cracks
will nucleate from the cavities easily during loading process.

Different with Michel's study under high load, the micro-
fracture behaviors of fused silica at high temperature were in-
vestigate by nanoindentation under the load below 500 mN. The
probability of crack initiation with increasing loads at different
temperatures are compared in Fig. 7. There is always no crack
under the load of 10 mN at any temperature. At room temperature,
100% indentations initiate cracks on the surface when the load is
more than 50 mN. The probability of crack initiation decrease with
the increasing temperature. The probability is only 80% at the
temperature of 450 °C. The probability of crack initiation at high
temperature are almost lower than that at room temperature.
High temperature improves the critical ductile-brittle transition
load of fused silica for the less atom cavities induced by more
densified molecular structure.

Based on the results and discussion in Sections 3.1.1 and 3.1.2, it
can be concluded high temperature may lead to improvement of
the fused silica's ductile machinability.

3.2. The maximum workpiece temperature at contact zone

The temperature field at the grinding zone can be calculated by
considering the wheel-workpiece interface as a band moving heat
source. The power density of the heat source follows a triangular
distribution, as indicated in Fig. 8 [26].

The average heat power density is . The heat source length is
the contact length of the geometrical wheel workpiece I. The heat
source moves along the y-axis at the workpiece feed rate v,,. The
heat power of a point y' at the grinding zone can be calculated as
follows:

q(y’)=2c7( 1—y7’)

(6)
The workpiece temperature 6, ,, at a point (y, z) is:
7 2 zsz
Oy = W‘[4_8y _ 2wz ]e4kwy
Jkw(co) ~a vy | 31 3kl
_ 2
. L[M_ (1_1)]erfc 2% ]
kw( Cp)w 3k, 1 l 4k .y )

A

where c is specific heat; p is density; l<=a; A is thermal con-

ductivity. The subscript w is workpiece, fused silica. erfc(s) is error
compensation function.
The maximum temperature 6,4 can be obtained at the median

point of the surface at the wheel-workpiece interface (z =0, y=%)
as follows:
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Fig. 10. 2D and 3D Morphologies of the fused silica surface in different grinding conditions. (a) Rough grinding. (b) A=1 pm. (c) A=3 pm. (d) A=5 pm. () A=7 pm.
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where A is the grinding depth; and D is the diameter of the
grinding wheel. By substituting Eq. (9) into Eq. (8), we can
obtain
= A1/4p1/4
6 z/Az 2 12
(k C/’)W"W (10

The total heat power density g, at grinding zone is calculate as
[27]:

Onax=1. 0

_ Ey,
G@="pr a1

where b is the grinding wheel width; F; is the tangential grinding
force. Bus presented that F; has the flowing relationship with the

equivalent grinding thicknessaep(aep = ‘:/—WA)[ZS]:
S
F = Foaf, (12)

where Fy is a constant that the tangential grinding force in per unit
equivalent grinding thickness. f is an index between 0.4 and 0.9.

In the dry grinding process, the ratio of the heat power into the
workpiece € can be calculated using Ramanath's model [29] as
follows:

[ (koc) ]_]
e=| 1+ 5
(koc), 13)

Thus, the average heat power density g can be given as follows:

(koc), Y wiu1AU-112)
( kﬂc)w bD! 12 14)
By substituting Eq. (14) into Eq. (10), the relationship between

the maximum temperature in workpiece and the grinding para-
meters can be given as follows:

q = eq, :FO[1+
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(kpc), ) A1 11)0=119
(kec),,

(k”zc,o) bD'/*
w

By measuring the grinding force, Fo and f in this study can be
calculated: f=0.73; Fy=1.013 x 107 N/m®73. Other parameters
needed for calculating the grinding temperature are listed in Ta-
ble 3. Fig. 9 compares the measured and predicted the maximum
temperature at the dry grinding zone with different grinding
depth. The grinding temperatures were measured 3 times with
each grinding depth and the average values were calculated.

The results demonstrated that the predicted grinding tem-
perature shows good agreement with the measured values both in
magnitude and variation trend. The relative errors between the
experimental and calculated temperature were less than 10%. This
has proved the validity of the proposed grinding temperature
model.

Omar=1. 06F0[1 :
(15)

3.3. Effect of grinding depth in dry grinding experiments

3.3.1. Surface morphologies and integrity

The ground surface morphologies observed by a 3D laser con-
focal telescope are illustrated in Fig. 10. The roughness and SSD
depth are indicated in Fig. 11. Fig. 10(a) indicates the morphologies
of rough grinding surface. Fig. 10(b)-(e) indicates the morpholo-
gies of surfaces with different grinding depth.

As indicated in Fig. 10(b), the surface was ground with a 1 pm
grinding depth. The morphologies appear to be similar to the
surface after rough grinding as shown in Fig. 10(a). A multitude of
micro cracks are distributed uniformly on the surface. No streaks
induced by the grits can be found. The roughness of the surface
(Ra=0.27 pm, Rz=1.77 pm) appears even worse than that of the
surface after rough grinding. The SSD depth measured using the
polishing method is 3.61 um, which is nearly equal to that after
rough grinding. The material is clearly removed in entire brittle
mode.

The surface ground with a grinding depth of 3 pm is illustrated
in Fig. 10(c). Grinding streaks can be observed. The surface
roughness (Ra=0.04 pm, Rz=0.26 pm) is improved compared to
that after rough grinding. The SSD depth is 1.90 pm, which is
considerably reduced. Both the number and the depth of the micro
cracks decrease when compared to rough grinding. Hence, it is
considered to be a semi-ductile mode grinding.

The surface ground with a grinding depth of 5 pm is shown in
Fig. 10(d). A series of grinding streaks are clearly observed on the
surface. A superior surface quality (Ra=0.03 pm, Rz=0.22 pm)
without any cracks is observed. No subsurface micro cracks were
exposed after polishing. The material is removed in the ductile
mode without a crack.

The surface ground with a grinding depth of 7 pm is shown in
Fig. 10(e). The grinding temperature was excessively high
(801.4 °C) and burned the wheel. The friction between the binder
and the workpiece surface results in a poor quality and integrity
(Ra=0.13 pm, Rz=1.24 pm and SSD depth=4.73 pm).

3.3.2. Surface generation mechanisms

Fig. 12 illustrates the surface generation mechanisms in dif-
ferent grinding parameters. The grinding depth of 1 pm is much
smaller than the subsurface damage depth induced by rough
ground in fused silica (SSD1). Fig. 12(a) illustrates a situation in
which the grinding depth is much smaller than the SSD1. The
maximum grinding temperature is about 250 °C in these grinding
parameters. At this temperature, fused silica's ductile machin-
ability is a little improved but not enough to increase the critical
depth of brittle-ductile transition significantly. The subsurface
damage can be removed partly. However, the cutting force of the

grains has exceeded the threshold of crack propagation at the
corresponding grinding temperature. Thus material is still re-
moved in an entire brittle mode.

The grinding depth of 3 pm is a little smaller than the sub-
surface damage depth induced by rough ground in fused silica.
Fig. 12(b) illustrates a situation in which the grinding depth is a
little smaller than the SSD1. The maximum grinding temperature
is 522.5 °C in these grinding parameters. The high grinding tem-
perature can improve shear flow and prevent crack initiation,
thus the surface integrity and quality are improved. However, the
subsurface damage is not completely removed for the SSD1 is
deeper than the grinding depth. The micro cracks which are
shallower than the SSD1 are removed while the primary
cracks which are deeper than the 1 are left behind and
propagate downwards. Therefore, a smaller SSD2 still exists on this
condition.

The grinding depth of 5 pm is larger than the subsurface da-
mage depth induced by rough ground in fused silica. Fig. 12
(c) illustrates a situation in which the grinding depth is larger than
the SSD1. The maximum grinding temperature is 651.1 °C in these
grinding parameters. The high grinding temperature improves
shear flow and prevent crack initiation and propagation. The
subsurface damage is completely removed. A smooth surface
without any damage is ground in a superior ductile mode.

Instead of the conventional experience that the brittle-ductile
transition occurs with the narrow enough grinding depth, this
study concludes a contrary result that lower surface roughness
and higher surface integrity is attributed to a large grinding depth.
Actually the larger grinding depth corresponding a higher grinding
temperature which induces an easier shear flow and prevents
cracks initiation and propagation. This result may be related to the
more densified molecule structure of fused silica at high tem-
peratures. A high grinding temperature which may improve the
fused silica's ductile machinability, and a larger grinding depth
than the SSD induced by the previous grinding pass are two pre-
requisites for dry grinding of fused silica in crack-free ductile
mode. However, an exceedingly large grinding depth induces
wheel burn, which results in a poor quality and integrity of the
ground surface.

4. Conclusion

Fused silica exhibits less densification and more shear flow at
high temperature than room temperature. The critical ductile-
brittle transition load of fused silica is higher at high temperature
than room temperature under the same indentation load. The
densified molecules structure at high temperature may lead to the
improvement of the fused silica's ductile machinability.

A mathematical model is established to predict the maximum
workpiece temperature in contact zone. The maximum workpiece
temperature in the grinding zone of different grinding depth was
measured precisely by a newly developed infrared radiation (IR)
transmission on-line measurement method. The predicted mag-
nitude and variation trend of temperature coincide well with the
experiment results.

Because of the increased grinding temperature, lower surface
roughness and higher surface integrity are attributed to a large
grinding depth in the dry grinding of fused silica; however, an
excessive grinding depth results in grinding wheel burn. The
ductile grinding depth of fused silica increases from a few sub-
micrometers to 5 pm by the dry grinding process which makes the
grinding process more controllable and effective.

A high grinding temperature which improves the fused silica's
ductile machinability, and a larger grinding depth than the sub-
surface damage (SSD) depth induced by the previous grinding pass
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are two prerequisites for dry grinding of fused silica in crack-free
ductile mode.
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