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Femtosecond laser pulses were focused in the interior of a single fused silica piece.
Proper use of optical and laser processing parameters generated structural rearrange-
ment of the material through a thermal accumulation mechanism, which could be poten-
tially used for the transmission welding process. The morphology of generated features
was studied using differential interference contrast optical microscopy. In addition, the
predictive capability of the morphology is developed via a finite element analysis. The

change in mechanical properties was studied through employment of spatially resolved

Y. Lawrence Yao
Professor

Department of Mechanical Engineering,
Manufacturing Research Laboratory,
Columbia University,

New York, NY 10027

g-mail: ylyl@columbia.edu

1 Introduction

Glasses are widely used in optical, electronic, and biomedical
applications because of their excellent mechanical, thermal, and
optical properties. For applications such as microfluidics, lab-on-
a-chip, and flat panel displays, there is a need to join glasses.
Glass joining techniques based on adhesive agents are unreliable
and have poor mechanical, thermal, and chemical durability [1].
Furthermore, anodic bonding, another glass joining technique, re-
quires heating of the entire device by applying a large electrical
field for an extended period of time [2]. This is undesirable as the
entire device is subject to thermally induced changes due to el-
evated temperatures. Therefore, localized melting and joining only
at the interface by transmission welding using a femtosecond
pulse laser has the potential to improve reliability and durability.

Over the last decade, several research groups have studied the
use of femtosecond lasers to process transparent materials. Davis
et al. [3] and Glezer et al. [4] reported on the femtosecond laser
induced changes in the interior of transparent materials, and dis-
cussed the potential for fabrication of photonic devices for tele-
communication applications and three-dimensional optical data
storages. These early reports prompted further investigation into
the laser-matter interactions and the mechanisms for feature for-
mation in transparent materials. Due to the physics of laser-matter
interactions, femtosecond lasers are specifically suitable for pro-
cessing dielectric materials. When a femtosecond laser pulse is
focused into the interior of the material, the laser intensity around
the focal volume is extremely high and causes nonlinear absorp-
tion. Consequently, permanent structural modification occurs lo-
cally at the location of the laser focus. A study of the morphology
of these structural changes showed that laser energy governs the
size and the numerical aperture (NA) of the objective lens governs
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nanoindentation. The specimen was sectioned and nanoindents were applied at the cross
section to examine mechanical responses of the laser-modified region. Fracture tough-
ness measurements are carried out to investigate the effects of the laser treatment on
strength of the glass. [DOI: 10.1115/1.4002062]

the shape of the affected region [5]. It was also shown that the
features can be induced through mechanisms dominated by local-
ized melting or explosive plasma expansion, depending on the
laser and focusing parameters [6,7].

More recently, there has been interest in joining transparent
materials by utilizing the thermal accumulation mechanism. Ta-
maki et al. [8] first reported welding between two pieces of silica
glass by femtosecond laser pulses without the insertion of an in-
termediate layer. The mechanical properties of the weld and
treated bulk samples were then characterized by various methods.
Tamaki et al. [9] conducted tensile tests to determine the joint
strength; however, the testing procedure was not precise because
of inability to continuously increase the applied load. Another
early attempt to characterize mechanical properties of femtosec-
ond laser-irradiated glass was done by Miyamoto et al. [10]. They
performed three-point bending test and showed that the mechani-
cal strength of the laser-melt zone was higher than that of base
material; however, the sample had to be polished to unveil the
laser induced feature at the bottom surface in order to experience
the maximum tensile stress. Borrelli et al. [11] used a double
torsion test to measure fracture toughness and investigate the
strengthening effect, and revealed that the fracture toughness is
increased within the laser-treated area. Bellouard et al. [12] per-
formed nanoindentation tests on treated regions of fused silica and
showed an increase in Young modulus within the laser-irradiated
zones. However, these measurements were not spatially resolved
and were not constrained to within the treated regions.

Studies referenced above demonstrated the feasibility of trans-
mission welding using femtosecond lasers. However, the under-
standing of the changes in mechanical properties within the af-
fected area is limited, while the changes in optical properties were
well described by Schaffer et al. [13,14]. In the study presented
here, two aspects are studied, the feature morphology and its me-
chanical properties. In order to simplify characterizations, experi-
ments were conducted using single-piece specimens. Diffraction
interference microscopy is employed to study morphology, and
spatially resolved nanoindentation is used to develop a further
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understanding of the change in mechanical properties such as
modulus, hardness, ductility, and fracture toughness upon femto-
second laser irradiation of bulk transparent materials. The effects
of laser processing parameters such as pulse energy and scanning
speed on those mechanical properties are also reported.

2 Background

2.1 FS Laser Interaction and Feature Formation Mecha-
nisms in the Interior of Glasses. When femtosecond laser pulses
are focused in the interior of a transparent material, the laser in-
tensity within the focal volume becomes extremely high resulting
in nonlinear absorption. Due to the high intensity (>10'3 W/
cm?), free electrons are initially produced by multiphoton ioniza-
tion. These electrons serve as seeds for subsequent avalanche ion-
ization, through which a substantial number of free electrons will
be produced. The probability of multiphoton ionization per atom
per second, w,,,;, and that of avalanche ionization per unit time
Wapi» are written as [15]

€p5c | € 20 ey

Wonpi = wnif(ﬁ) and W, = g:(r;zﬁ) (1)
where w is the laser frequency, v is the electron-phonon colli-
sion frequency, ny, is the number of photons necessary for the
electron to be transferred from the valence to the conduction band,
E; is the ionization energy, and &, is the electron quiver energy
in the laser field. €, has units of eV and is expressed in a scaling
form [15], &,5,=9.3(1+a?)IN?/10'4, where « is the coefficient for
beam polarization, / is the laser intensity in units of W/cm?, and
N\ is the laser wavelength in units of um. The density of free
electrons, n,, from the two major mechanisms, multiphoton and
avalanche ionization, is [15]

n (I 1) = (no 4 Zetmpipy e’wavi’]> X Vi )
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where n is the density of initial seed electrons, n, is the density of

neutral atoms, and 7 is time. When the free electron density

reaches the critical value, n,, the ionization threshold is achieved,

and plasma is created in the material. This critical free electron

density is described as [16]

P 3)

where m, is the electron mass, ¢ is the speed of light, e is the
electron charge, and A is the laser wavelength. The free electron
density is saturated in a few femtoseconds at the beginning of the
laser pulse. During the remaining part of the pulse, plasma
strongly absorbs the laser pulse energy, which creates a region of
high energy density. Subsequently after the end of laser pulse, the
transfer of the energy from the hot plasma to the lattice results in
structural changes in the bulk transparent material [16].
Depending on the optical and laser processing parameters, the
bulk transparent material can be modified through the micro-
explosions or thermal accumulation mechanisms [17]. For the
micro-explosion mechanism when a single laser pulse is deposited
into the target material, high laser intensity created by either tight
focusing of low energy pulse or loose focusing of high energy
pulse cause shock wave generation. The shock wave carries mat-
ter and energy away from the focal volume, compressing the sur-
rounding material while a rarefaction wave behind the shock front
propagates into the opposite direction, creating a rarified central
region or void [18]. As a result, a void surrounded by densified
shell is generated. The thermal accumulation mechanism occurs,
when multiple pulses either with low energy and high repetition
rate or with high energy and low repetition rate are irradiated at
same location or at low scanning speed. Heat accumulates inside
the focal volume causing the localized melting, which is followed
by heat conduction into the surrounding material. Due to rapid
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resolidification, the melted region subsequently solidifies into a
higher density phase [13]. In the latter mechanism, the feature size
is determined by a combination of pulse energy and repetition
rate, the stage translation speed, and the NA of the objective lens.

2.2 Characterization of Mechanical Properties by
Nanoindentation. Nanoindentation or depth-sensing indentation
testing is a modern technique, which can be used to characterize
the mechanical properties of materials at small length scales. An
analysis of a load-displacement curve gives hardness and the elas-
tic modulus of the indented material, which are expressed as [19]

P P

Hps—=—5——
=
A ’7TZp2 tan® «

and E=—"—F7— 4
where H;; is the indentation hardness, E;; is the indentation
modulus representing the combined modulus of the indenter tip
and the specimen, P is the indenter maximum load, Z is the
penetration depth, dP/dz is the slope of the elastic unloading
curve, and « is the semi-angle for an equivalent conical indenter.
Lawn et al. [20] studied the deformation properties of materials
using indentation tests. Their primary interest is in the brittle ma-
terials especially glasses. Using the condition for compatibility of
the two half-cycles at the maximum load, the elastic recovery is

z\2 H
(Zm> I Z (5)
where z, is the residual impression depth, z,, is the maximum
depth of penetration, and 7 is the numerical constant related to
Poisson’s ratio and indenter’s geometrical factor. From Eq. (5) the
extent of recovery depends on the H/E ratio. Thus, the ratio of
H/E plays an important role in identifying the elastic/plastic be-
havior of materials.

When dealing with an elastic/plastic field in large scale events,
where cracking occurs, H/E can be related to toughness. Lawn et
al. [21] showed that the quantity E/H emerges as the primary
manifestation of the elastic/plastic far-field driving force for frac-
ture. The crack opening force, P,, produced by the residual stress
field, can be expressed as P,~ (E/H)"? cota®3P, where P is the
peak indentation load, and « is the semi-angle for an equivalent
conical indenter. Assuming half-penny crack geometry, the stress
intensity factor due to residual far-field force is written as K
~f(p)P,/c? [22], where f(¢) is an angular function introduced
to allow for the effects of the free surface, and c¢ is the crack
length. Assuming that the crack arrests when it grows to a length
at which the stress intensity factor is just equal to the fracture
toughness [23]. An appropriate expression of fracture toughness,
K, evaluated by indentation testing can be written as
E\2 p
k() ©

where & is an empirical constant that depends on the geometry of
the indenter.

Because brittleness measures the relative susceptibility of a ma-
terial to two competing mechanical responses, deformation and
fracture, H/K. has been proposed as the quantification of the
brittleness [24] based on the critical flaw condition, C*
=uo(Ko/H)?, where py is the geometrical constant. The inversion
of brittleness is the ductility; therefore, K-/ H, which is related to
the allowable critical flaw size, represents the ductility index of
materials in indentation testing.

In addition to the fracture mechanics analysis, an energy-based
analysis is another approach that is used to determine elastic re-
covery, densification energy [25], and ductility [26] from load
versus displacement curves obtained through indentation testing.
Ductility is typically defined as the degree of plastic strain at
fracture. The ductility index, D, is defined in terms of the inden-
tation energy ratio as follows [26]:
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Femtosecond laser pulses
Wavelength 1+ 800 nm
Pulse duratlon ' 130 fs
Repetition rate ' 1 kHz
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Fig. 1 Schematic illustration of experimental setup. The laser
beam is focused into the interior of the fused silica sample, and
the scanning direction is along the y-axis.

Ut = (f Plddz/f uddz) (7)

where U, is the irreversible hysteresis energy, U, is the total ap-
plied energy, U, is the elastically recovered energy, z, is the re-
sidual indentation depth, z,, is the maximum indentation depth,
P, is the indentation load during loading, and P, is the indenta-
tion load during unloading.

3 Experimental Setup and Characterization

Experiments have been conducted utilizing a chirped amplified
Ti:sapphire laser system, which outputs high energy ultrashort
pulses with 800 nm wavelength and 130 fs pulse duration at a 1
kHz repetition rate. S1-UV grade fused silica was used as the base
material for these experiments. The laser beam was focused by
40X objective lens with NA 0.60 into the interior of 1.0 mm thick,
10 mm? fused silica specimen mounted on a motorized linear
stage. A schematic diagram of the experimental setup is illustrated
in Fig. 1. Different conditions of laser processing parameters were
applied by varying the feed rate of the stage and the energy of the
laser pulses. Pulses were applied at energies ranging from 12 wJ
to 30 wl at stage velocities between 0.04 mm/s and 0.2 mm/s.
After the femtosecond laser treatment, the samples were then sec-
tioned, ground, and polished with cerium-oxide and a leather pol-
ishing pad. Due to the transparency of the sample, transmitted-
light differential interference contrast (DIC) optical microscopy,
which can reveal more contrast and detail in the feature morphol-
ogy was used to obtain the side view optical micrographs.

After the femtosecond laser treatment, the affected region was
examined via nanoindentation using a three-sided Berkovich in-
denter tip to characterize the mechanical properties. The Berkov-
ich geometry has the advantage that the edges of the pyramid are
more easily constructed to a sharper point than the four-sided
Vickers geometry, and is generally used in small-scale indentation
[19]. 200 nm depth spatially resolved nanoindents with 5 um
spacing in the x and z directions were conducted to cover both the
affected and unaffected regions of the cross section. 2 um deep
and 440 mN load nanoindents were also performed on the features
to induce cracks, which were then scanned by atomic force mi-
croscopy (AFM) to measure the crack length and investigate the
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Fig. 2 Transmission DIC optical microscopy of cross section
view (x-z plane) of femtosecond laser-irradiated fused silica
(beam diameter of 1.5 um, scanning speed of 0.04 mm/s, and
rep rate of 1 kHz)

change in fracture toughness of the laser-irradiated zones. Five
feed rate conditions at the same energy level, 30 wJ, and another
five laser pulse energy conditions at the same feed rate, 0.04
mm/s, were used to investigate the effects of laser pulse energy
and laser scanning speed on feature morphology and mechanical
properties due to structural modifications.

4 Results and Discussion

4.1 Experimental Morphology by Transmission DIC. As
mentioned previously, when femtosecond laser pulses are focused
through an objective lens to a spot inside bulk glasses, if proper
conditions are met, the material confined within the focal volume
experience structural modification. Usage of objectives with high
NAs (NA>0.4), feature morphologies appear to have shapes with
smaller ratios of longitudinal to lateral radii [5]. This agrees well
with the ratios of major to minor radii of an ellipsoidal focal
volume as described by Zipfel et al. [27]. Using a three-
dimensional Gaussian ellipsoid to approximate focal volume, the
radii of focal volume at 1/¢? intensity are NA dependent and
written as [27]:

1) ,=M NA=0.7 or w ,=w NA>0.7
T NA v T 4091
(8)
0.532x
: [n —\n NA2]
where oy, and o, represent the lateral and longitudinal radii of the

Gaussian elhpsmd at 1/e? position in their corresponding direc-
tion, respectively, N is the laser wavelength, and n; is the refrac-
tive index of the transparent material.

The cross sections of features created by different laser pulse
energies with a scanning speed of 0.04 mm/s and by 30 uJ laser
pulses at various feed rates are seen clearly with the use of DIC
optical microscopy, as shown in Figs. 2 and 3, respectively. These
features have a long and narrow teardrop shape with an ellipsoidal
dark core in the center. The shape and size of the core relates to
the focal volume, as described by Eq. (8), and the distinctive color
of this region could be a consequence of the high level of inter-
action of a material with laser pulses, which repeatedly deposit
energy into this region with large overlap. The outer regions show
some discoloration and are expected to have experienced a tem-
perature equal or greater than the softening point of fused silica.
The asymmetric shape of outer regions is considered to be the
result of focusing effects [16] and different temporal slices of the
energy above the threshold [1,5]. The irregular profile near the top
area of the features is probably caused by the inhomogeneous
distribution of the laser intensity rather than material properties.
Due to the nature of the process, the focal volume can be seen as
heat source. This inner darker region can be associated with focal
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Fig. 3 Transmission DIC optical microscopy of cross section
view (x-z plane) of femtosecond laser-irradiated fused silica
(beam diameter of 1.5 um, pulse energy of 30 uJ, and rep rate
of 1 kHz)

volume, where laser energy is directly deposited and the presence
of the outer region is due to heat conduction between the focal
volume and surrounding material [10,13,17]. From Figs. 2 and 3,
it can be seen that the feature size is strongly dependent on the
scanning speed and laser pulse energy. The higher laser pulse
energies and lower feed rates correspond to formation of larger
features. This is particularly important for transmission welding of
the glasses in flat display industry where components inside of the
enclosure can be thermally sensitive and highly localized weld is
desired.

Figures 4 and 5 show the feature heights, widths, and aspect
ratios (height/width) as a function of laser pulse energy and laser
scanning speed, respectively. The feature heights and widths are,
respectively, defined from the longest and the widest portions of
both regular and irregular features. For higher laser pulse energies,
the temperature in the focal volume is higher, and when it is
conducted to the surrounding area, the affected region, which ex-
periences the temperature above the softening point is bigger in
both directions, as shown in Fig. 4. On the other hand, the higher
the speed, the less time there is for heat to accumulate inside the
focal volume. As a result, the temperature is lower, and the af-
fected region is smaller both in height and width, as shown in Fig.
5. At same laser scanning speed, 0.04 mm/s, the aspect ratios are
more-or-less constant with the laser pulse energy in the range of
this study, as shown in Fig. 4. This suggests that since each area of
the material is processed for the same amount of time and there is
no change in the focal volume ratio, the percentage of increasing
in size in each direction due to different pulse energies is about the
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Fig. 4 Height, width, and height/width ratio of the feature (af-

fected area as shown in Fig. 2) in femtosecond laser-irradiated

fused silica at different pulse energy levels but same scanning

speed of 0.04 mm/s. Error bars denote standard deviation.
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Fig. 5 Height, width, and height/width ratio of the feature (af-
fected area as shown in Fig. 3) in femtosecond laser-irradiated
fused silica at pulse energy level of 30 uJ with various scan-
ning speeds. Error bars denote standard deviation.

same. However, from Fig. 5, the aspect ratios are decreased when
the laser scanning speed is decreased, as similarly observed by
Vukelic et al. [17]. Since the temperature gradients between the
focal volume and the surrounding material in the axial and lateral
directions are different due to the Gaussian ellipsoidal shape of
the focal volume, heat flux will be greater and strongly conducts
in the lateral direction. Thus, the percentage of increasing size in
this direction is higher than another direction as a function of
time, resulting in the decreased aspect ratios.

4.2 Morphology From Isotherm Modeling. As described in
Sec. 4.1, heat accumulation and diffusion play an important role in
feature formation. A simplified heat conduction model was used in
order to capture the basic mechanisms of structure changes and to
predict the size of the softening/melting region induced by femto-
second laser processing of transparent materials. The work piece
material is assumed to be isotropic, and the temperature depen-
dence of thermal conductivity and specific heat is taken into ac-
count. Modeling includes deposition of the femtosecond laser
pulses at a 1 kHz repetition rate into the interior of a finite three-
dimensional plate of fused silica. One-temperature heat conduc-
tion equation has been solved since the two-temperature model is
suitable only for low fluences and widely used for metals [28].
The governing equation is therefore the temperature dependent
classical heat equation with a laser source:

PG/ 2 = VKD VT + 153,20 (9)

where p is density, Cp is specific heat, k is conductivity, x, y, and
z are the Cartesian coordinates, ¢ is time, and / is the laser inten-
sity or the energy rate supplied externally into the body. Laser
energy is assumed to be absorbed only inside a focal volume.
Based on Eq. (8), the focal volume is modified to use a double
ellipsoidal shape in order to compensate for a teardrop shape of
features caused by focusing effects [16]. Therefore, the intensity
profile of a moving laser beam is a 3D spatial Gaussian ellipsoid
and a 1D Gaussian in time, which can be written as

— 2 2 _ 2
Iy, =1y exp[ 28"+ (4) )]exp[ 2039 }
y , 2
XeXp[_“n 2(%) } (10)
14

where I, is the peak intensity, Ax, Ay, and Az are distances mea-
sured in Cartesian coordinate system from the center of the laser
beam, and #, is a full-width-at-half-maximum (FWHM) pulse
width. The aspect ratio of the focal volume, w./w,,, is kept con-
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Fig. 6 Representative temperature distribution in femtosecond laser-
irradiated fused silica at pulse energy level of 30 uJ and scanning speed of
0.04 mm/s. The gray area represents the material region that experiences
the temperature equal or greater than the softening point (step time of 520

fs).

stant as it depends on wavelength and NA only, which are con-
stant. Although simplified with respect to actual process, the
established numerical model allows one to estimate the size of
the affected region based on the input parameters, laser pulse
energy, repetition rate and feedrate. The analysis is implemented
with the commercial finite element method (FEM) program
ABAQUS/STANDARD.

The representative isothermal contours of the affected region
during processing using 30 wJ laser pulse energy and 0.04 mm/s
laser scanning speed is illustrated in Fig. 6. The gray color contour
represents the material region that experiences temperatures equal
to or greater than the softening temperature of fused silica. This
contour shape is similar to the feature morphology, as shown in
Figs. 2 and 3. The feature sizes and aspect ratios of these numeri-
cal results along with the experimental ones are plotted as a func-
tion of laser pulse energy in Fig. 7. The numerical models predict
the same increasing trend of feature size as the experimental re-
sults both in height and width, as shown in Fig. 7(a), and also the
same more-or-less constant trend of the aspect ratios as the ex-
perimental ones, as shown in Fig. 7(b). However, there is some
discrepancy between the numerical and experimental sizes. This is
due to the fact that the numerical model does not take into account
hydrodynamic motion and shock wave that comes as its conse-
quence, as well as pressure effect. As a result, the size of the
feature is underestimated. From Fig. 7(a), it is clearly seen that
there is higher discrepancy in the prediction of the feature widths.
Thus, it could be thought that the effects of shock wave and pres-
sure are more dominant in determining the feature size in the
lateral direction than in the axial direction. Subsequently, the as-
pect ratios are overestimated, as seen in Fig. 7(b). Therefore, the
thermal model suggests that the mechanisms responsible for fea-
ture formation of femtosecond laser-irradiated fused silica using
low repetition rate, high energy regime, and low scanning speed
are more complex and could be the combinations of high pressure
explosive plasma expansion and high temperature thermal diffu-
sion. Future studies will concentrate on further improvement of
the established numerical model.

4.3 Spatially Resolved Nanoindentation. An array of 200
nm depth nanoindentation measurements were performed over the
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cross section of femtosecond laser-modified fused silica with a
spatial resolution of 5 um, as shown by the reflection DIC optical
micrograph in Fig. 8. The radius of plastic zone from a cavity
model of an elastic-plastic indentation by a conical indenter,
which described by Johnson [29], was used as a guideline to de-
fine the spacing between each indent. The plastically deformed
radius is written as

Etan B 2—41»]”3 an

d
= +
" tan,eLY(L—V) 3-30

where r, is the radius of plastic zone, d is the indentation depth, 8
is the angle between the indenter face and the surface (19.7 deg
for the equivalent cone for a Berkovich indenter), E is Young’s
modulus, Y is the yield stress, and v is Poisson’s ratio. The load-
displacement curves of indents on both modified and unmodified
regions in Fig. 8 were measured, and the representative curves of
these two regions were compared, as illustrated in Fig. 9. Hard-
ness and Young’s modulus are extracted from the loading and
unloading curves, respectively.

The contour maps of two basic material properties, Young’s
modulus and hardness, correspond to the array of nanoindents in
the optical micrograph were plotted, as shown in Fig. 10. It is
observed that Young’s modulus and hardness in the femtosecond
laser-irradiated region are reduced, and that the size and shape of
these contours look similar to the morphology of the affected
region in Fig. 8. The reduction in modulus and hardness confirms
the presence of structural modifications inside the affected region.
The region undergoes irreversible densification, which is a conse-
quence of high pressures created by the plasma expansion. At the
same time, the presence of breaks in the linkage within a structure
due to the nature of the process also allows easier displacement of
the atoms and reduces the elastic modulus [30]. Young’s modulus
should be proportional to the number of bridging bonds per unit
volume of glass [31], and the hardness relates to the connectivity
of the structure [32]. From fluorescence microscopy it was shown
that, in fused silica, nonbridging oxygen hole centers (NBOHCs)
are formed in the regions exposed to femtosecond laser irradia-
tion, especially in high pulse energy regime [14]. NBOHCs are
considered as defects and cause the connectivity of glass network
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Fig. 7 Experimental and numerical feature morphology com-
parison: (a) feature size (b) height/width ratio of femtosecond
laser-irradiated fused silica at different pulse energy levels with
the same scanning speed of 0.04 mm/s. Error bars denote stan-
dard deviation.

structure to be decreased. Therefore, the combination of high pres-
sure and high temperature generated by femtosecond laser pulse
trains cause the material in the affected region to become more
flexible (lower E) and softer (lower H). As the point that has the
lowest value of Young’s modulus and hardness shown in Fig. 10 is
aligned with the optical axis of laser pulses and is almost in the
middle of the feature, it could be the center of the intensive inter-
action region as discussed in Sec. 4.1, and the existence of this
weakest point is a consequence of that.

Figure 11 shows the spatially resolved mapping of H/E ratios
over the femtosecond laser-irradiated region. It is observed that
the H/E ratios in the femtosecond laser-irradiated region are re-
duced. When focusing on elastic and plastic strains and consider-
ing each of the two properties, Young’s modulus and hardness,
materials with lower values of Young’s modulus exhibit lower
resistance to elastic deformation or higher elastic strain, while
materials with lower values of hardness exhibit lower resistance to
plastic deformation or higher plastic strain. However, in
displacement-controlled nanoindentation, there is the same
amount of total strain, and the elastic and plastic strain portions
cannot increase or decrease at the same time. Thus, the changes of
these two properties will compete with each other, and the mate-
rials will show their changes in elastic/plastic behavior. Plastic

041009-6 / Vol. 132, AUGUST 2010

Fig. 8 Representative reflection DIC optical microscopy of
spatially resolved nanoindentation array (200 nm depth and
5 pm spacing) on the cross section (x-z plane) of fused silica
irradiated by femtosecond laser. The circle locates the weakest
point in Young’s modulus and hardness corresponds to Fig. 10.

behavior dominates at lower values of H/E, while elastic behavior
dominates at higher values of H/E. Therefore, the decrease in
H/FE ratios means the material in the modified region experiences
a higher degree of plastic deformation, which can be viewed as an
increase in ductility.

Furthermore, one can determine the ductility index through em-
ployment of Eq. (7). The ratio of the irreversible hysteresis loop
energy U, to the total energy, U,, is defined as the degree of plastic
flow [26]. The ductility index D varies from 0.0 for a purely
elastic to 1.0 for a purely plastic material. A mapping of the results
from this approach is illustrated in Fig. 12. The contour map

5 -
—— Untreated Glass z
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- - - - Irradiated Glass
4 E controlled
H controlled
£ °-
o
g
3
- 24
14
Y J T X T T T T T
0 50 100 150 200

Indentation Depth, z (nm)
Fig. 9 Representative load-displacement curves for 200 nm in-

dentation in untreated and irradiated regions of fused silica
sample

Transactions of the ASME

Downloaded 25 Oct 2010 to 128.59.46.109. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Y-Position(um)

LI N NN N
0 10 20 30 40 50 60 70 80 90 100
(a) X-Position(um)

120
‘ H_(GPa)
100 11.00
1050
10.00
= 9500
E 80 9,000
2 8500
8 8.000
= 7.500
i3 = 7.000
o 6.500
! 6.000
> 40 5.500
5.000
20
0+ - T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
(b) X-Position(um)

Fig. 10 Spatially resolved determination of (a) Young’s modu-
lus (b) hardness on the cross section of laser-irradiated region
(30 wd pulse energy and 0.04 mm/s scanning speed). The
maps correspond to the array of 200 nm depth nanoindents
with 5 um spacing shown in Fig. 8 and are constructed based
on the load-displacement measurement results shown in Fig. 9.

showed that the ductility index of femtosecond laser-irradiated
region is increased up to 25%. The increase in ductility index
corresponds well with the highly plastic behavior indicated by the
decrease in H/E ratio.

With the “open” network structure of fused silica, it is consid-
ered that the main mechanism for plastic deformation is densifi-
cation rather than plastic flow [33] and that the irreversible hys-
teresis loop energy U, can also be defined as the energy consumed
for densification [25]. The increase in normalized irreversible loop
energy shown in Fig. 12 corresponds to the increase in refractive
index of the treated glass [13]. Spatially resolved and decomposed
Raman spectral analysis [17] revealed that the volume fraction of
three- and fourfold rings of affected regions irradiated by 30 uJ
pulse energy and 0.04 mm/s scanning speed increases as illus-
trated in the contour map of Fig. 13. The densification has been
related to the change of structure from five- and sixfold rings to
become three- and fourfold rings, which have smaller intertetra-
hedral angles and thus are more densely packed. Therefore, in
addition to the increase in refractive index [13,14], as well as the
structural changes characterized by spatially resolved Raman
spectroscopy [17], the increase in normalized dissipated energy by
spatially resolved nanoindentation testing also suggested that
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Fig. 11 Spatially resolved determination of the ratio between
hardness and Young’s modulus (H/E) on the cross section of
laser-irradiated region (30 uJ pulse energy and 0.04 mm/s
scanning speed). The maps correspond to the array of 200 nm
depth nanoindents with 5 um spacing shown in Fig. 8 and are
constructed based on the load-displacement measurement re-
sults shown in Fig. 9.

fused silica irradiated by femtosecond laser pulses undergoes
densification.

Toughness, a measure of the ability of a material to absorb
energy up to fracture, is an integration product of strength and
degree of plastic strain or ductility. Considering the conservation
of the volume in the cavity model, Johnson [29] located the
elastic-plastic boundary for conical or pyramidal indenters during
contact. The expression, which relates hardness, H, to yield
strength, Y, and Young’s modulus, E, is written as

0.4150
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Fig. 12 Spatially resolved determination of the normalized dis-
sipated energy on the cross section of laser-irradiated region
(30 mJ pulse energy and 0.04 mm/s scanning speed). The
maps correspond to the array of 200 nm depth nanoindents
with 5 um spacing shown in Fig. 8 and are constructed based
on the load-displacement measurement results shown in Fig. 9.
The maps represent ductility index and densification.
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Fig. 13 Volume fraction distribution of three- and fourfold ring

structures based on the 606 cm~' and 495 cm~' peaks in Ra-

man spectra of cross section of femtosecond laser-irradiated

region (30 uJ pulse energy and 0.04 mm/s scanning speed)
E tan 8

[17]
g_g[l 1( 2(1—21;))]
y 3 T Me(i-ny T 3(1-p)

where 3 is the angle between the indenter face and the surface,
and v is Poisson’s ratio. As can be seen from this equation, when
H/E is decreased, the yield strength is also decreased. Femtosec-
ond laser-irradiated regions showed a decrease in yield strength
and an increase in ductility. Thus, the changes in toughness result
from the competitions between the percentage decrease in yield
strength and the percentage increase in ductility. If the change in
yield strength was less dominant, the affected regions of fused
silica would have higher toughness.

(12)

4.4 Effect of Laser Processing Parameters on Mechanical
Responses. As demonstrated previously, the materials in the af-
fected region are more flexible (lower E), softer (lower H), and
highly plastic (lower H/E ratio). Referring to the difference of
each property between the untreated and the irradiated regions,
Figs. 14 and 15 show the maximum decrease of modulus, E, hard-
ness to modulus ratio, H/E, and hardness, H, as a function of laser
pulse energy and laser scanning speed, respectively. All three
quantities show decreasing trends in cases of increasing pulse en-
ergy or decreasing scanning speed. The decreasing trend of the
H/E ratios revealed more dominant plastic behavior in the new
structural materials created by more energetic pulses or by slower
scanning speeds. Due to higher pressures and temperatures caused
by more energetic pulses, the mean separation between the atoms
increases, and the structure of the irradiated glass tends to exhibit
more breaks in the linkage. Thus, the more NBOHCs are created,
and the connectivity of the structure decreases. Therefore, £ and
H decrease further with an increase in laser pulse energy. On the
other hand, the lower the speed, the more interaction time and a
higher number of pulses are used to modify the network structure
of the glass. As a result, there are more NBOHCs, and the con-
nectivity of the structure decreases. Therefore, there is a further
decrease in E and H due to the decrease in laser scanning speed.

4.5 Fracture Toughness Comparison. Cracks were produced
in the glass using 2 um depth displacement-controlled and 440
mN load-controlled nanoindentation tests. Due to the feature size
and the residual imprint size, only one or two indents could be
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Fig. 14 Maximum decrease of modulus (E), hardness (H), and
hardness to modulus ratio (H/ E) of 200 nm depth nanoindents
inside the femtosecond laser-irradiated regions (same scan-
ning speed of 0.04 mm/s but different pulse energy levels.) Er-
ror bars denote standard error.

placed on each feature as shown by the reflection DIC optical
micrograph in Fig. 16. After indentation, the fused silica samples
were scanned by AFM to investigate and measure the final crack
lengths, ¢, from the center of the residual impression to the ends
of cracks at specimen surface, as shown in Fig. 17. The decrease
in H/E ratios of the affected regions, as shown in Sec. 4.3, which
represents highly plastic behavior, will cause the larger impression
lengths, a, measured from the center of the contact to the corners
of the impression. As expected, the final crack lengths, ¢, which
should have a direct relationship with the impression lengths,
were larger in the affected regions that were created by both load-
and displacement-controlled nanoindentations.

From the final crack length, ¢, max load, P, and the E/H ratio,
the fracture toughness, K¢, in the femtosecond laser-irradiated
regions was calculated as a function of laser pulse energy and
laser scanning speed and compared with the values from the un-
treated regions, as shown in Fig. 18. Although the higher E/H
ratios of the modified materials enhance the residual forces, which
drive the crack, the power of the E/H term is three times less than
that of the ¢ term in Eq. (5). Thus, the fracture toughness is de-
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Fig. 15 Maximum decrease of modulus (E), hardness (H), and
hardness to Young’s modulus ratio (H/E) of 200 nm depth
nanoindents inside the femtosecond laser-irradiated regions
(same pulse energy level of 30 uJ with various scanning
speeds). Error bars denote standard error.
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Fig. 16 Reflection DIC optical microscopy of 2 um depth
nanoindents on and off the femtosecond laser-irradiated region
for fracture toughness measurements

creased compared to the untreated regions. However, the brittle-
ness index H/Kc in the affected region is decreased as well,
which corresponds to the increase in ductility index. As shown
previously in Figs. 14 and 15, the H/E ratios were more reduced
in cases of increased laser pulse energy and decreased laser scan-
ning speed. The increase in E/H ratios and the larger crack
lengths, ¢, in cases of increasing pulse energy or decreasing scan-
ning speed, cause decreasing trends of fracture toughness, as
shown in Fig. 18. It is shown that the maximum decrease is less
than 10%, and the decrease in fracture toughness can be mini-
mized if lowering the pulse energies or increasing the scanning
speeds.

5 Conclusion

The interior of fused silica was irradiated by femtosecond laser
pulses with pulse energies higher than the threshold for multipho-
ton and avalanche ionization. The morphology of the affected re-

Fig. 17 (a) AFM scan (the derivative of topography) of 2 um
depth indentation. (b) Crack parameters for Berkovich indenter.
Crack length c is measured form the center of the residual im-
pression to the tip of crack at specimen surface.
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Fig. 18 Comparison of fracture toughness measured by
crack-induced indentation method between untreated and irra-
diated regions at 30 uJ pulse energy with various scanning
speeds, and at different pulse energy levels with 0.04 mm/s
scanning speed of fused silica sample

gions has been investigated, and it has been observed that the
feature size increased in both height and width with an increase of
the laser pulse energy or with decrease of the scanning speed. The
aspect ratios remain more-or-less constant with pulse energy due
to the constant size of focal volume and constant interaction time.
Furthermore, an increase with scanning speed is due to reduced
interaction time and the preferable direction of heat conduction
caused by the differences in temperature gradients between the
radial and longitudinal directions. Spatially resolved measure-
ments of mechanical properties, i.e., hardness, Young’s modulus,
and H/E ratios, on cross sections of the affected regions were
performed. Decreases in Young’s modulus and hardness were ob-
served due to higher content of the NBOHCs in treated regions
that cause lower connectivity of the atomic structure caused by
energetic pulse interaction with the material. However, the new
structural material exhibits greater plastic behavior, and the duc-
tility increases. This study has also shown that the fracture tough-
ness is slightly decreased (<10%) and the processing conditions
of this study could be used for transmission welding applications.
Furthermore, this study has shown that the decrease in fracture
toughness can be minimized by lowering the laser pulse energy or
increasing the laser scanning speed.
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