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Abstract

Inelastic deformation of anomalous glasses manifests in shear flow and densification
of the glass network; the deformation behavior during indentation testing is linked
strongly to both processes. In this paper, the indentation densification field of fused
silica is investigated using depth-resolved Raman spectroscopy and finite element sim-
ulations. Through affecting the size of the indent, the normal load and the Raman laser
spot size determine the spatial sampling resolution, leading to a certain degree of struc-
tural averaging. For appropriate combinations of normal load (indent size) and laser
spot diameter, a maximum densification of 18.4% was found at the indent center. The
indentation behavior was modeled by extended Drucker-Prager-Cap (DPC) plasticity,
assuming a sigmoidal hardening behavior of fused silica with a densification saturation
of 21%. This procedure significantly improved the reproduction of the experimental
densification field, yielding a maximum densification of 18.2% directly below the in-
denter tip. The degree of densification was found to be strongly linked to the hydro-
static pressure limit below the indenter in accordance to Johnson's expanding cavity
model (J. Mech. Phys. Solids, 18 (1970) 115). Based on the good overlap between FEA
and Raman, an alternative way to extract the empirical correlation factor m, which
scales structural densification to Raman spectroscopic observations, is obtained. This

approach does not require the use of intensive hydrostatic compaction experiments.
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a glass reflects in its Poisson ratio v, which in turn is linked
to atomic packing density.4_7 Shear flow plays a major role

Plastic deformation in oxide glasses can occur through vol-
ume-conservative shear flow or through structural densifica-
tion (depending on the availability of free volume). Glasses
in which the densification effect is dominant are often
referred to as anomalous.'™ The densification capability of

in the deformation behavior of bulk metallic glasses (with a
high Poisson ratio), whereas substantial densification occurs
in classical network-forming glasses with a low Poisson ratio.

Fused silica exhibits a Poisson ratio ranging from 0.15 to
0.18. It can be densified by up to 21%''% and is often taken
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as a model for studying the densification behavior of glasses.
Diamond anvil cell (DAC) experiments are typically employed
for this purpose. Figure 1 shows the progress of densification
with applied hydrostatic stress for fused silica according to pre-
vious studies. "'""'? For describing the progress of densifica-
tion, an empirical sigmoidal fit is usually used, ’

Ap a a
gl = -
Po [ ] 1+ exp (—P/PO) 1+p M

Here, P is the hydrostatic pressure, and a, 3, and P, are fitting
parameters. The value of « is usually small compared to the
value of f and corresponds to the maximum densification (i.e.
a =21% for fused silica). P, represents the hydrostatic pressure
at the onset of densification. It was observed experimentally
that irreversible densification initiates between 8 and 9 GPa
under pure hydrostatic pressulre.7‘9

Densification of glasses can also be studied in situ, for
example, by combining a DAC with a Raman spectrome-
ter. The high achievable hydrostatic pressure (about 25 GPa)
allows one to study the full densification of the mate-
rial. 71213 In this way, structural changes such as in the in-
ter-tetrahedral Si—O-Si angle or variations in ring statistics
can be directly monitored using the Raman spectrum.m_16
Most studies on fused silica focus on the positions of the
defect lines D1 (at ambient pressure found at ~470 cm_l)
and D2 (~600 cm_l).ls_17 However, since the D1 line merges
with the main band for pressures above p ~ 12 GPa, band
assignments become less clear.'” In the simplest case, densi-
fication causes a band-shift to a higher energy wavenumber,
reflecting the more constrained lattice with higher vibra-
tional resonance energies.lo’ls’m’18 Deschamps et al. 10.18 pro-
posed a procedure to determine a Raman parameter ¢, which
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FIGURE 1 Change of densification as a function of applied

hydrostatic pressure for fused silica. Data points are taken from Refs.
7910 and the dashed line is produced from a fit to a sigmoidal function
according to Equation 1 with a = 21%, f = 4059, P, = 1.7 GPa [Color

figure can be viewed at wileyonlinelibrary.com]
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corresponds to the main band centroid and is determined by
the inflection point of the integral of a Raman spectrum over
a certain spectral range (~200-~700 cm™'). The shift of ¢
with applied hydrostatic pressure (Ac) was found to be pro-

portional to the degree of densification A,o/,oo,'o’18
Ap (0] =2= %0 <£>
pO Gmax - 60 pO max
_ Ao < ﬂ) 2
AO-max Po / max

=m-Ac

In this relation ¢ represents the initial main band centroid
at ambient pressure, ¢ the current main band centroid at the
applied pressure, and o,,,,, the maximum band centroid of the
fully densified glass (at densification (Ap/pg)pa,)- Then, a sin-
gle factor m can correlate Ao to densification. For fused silica,
a value m = 0.2% cm was found to yield a satisfying agreement
with studies relying on the analysis of individual band max-
ima (see Figure 1).1% Moreover, it was argued that by using
Equation 2 a higher experimental reproducibility is achieved
compared to using the positions of a single defect line alone.'”
In addition to fused silica,lg_21 this method was successfully
applied to soda lime silicate'® and other glass systems..22

In Raman spectroscopy lateral and depth resolution are
limited by the experimental setup, ie the wavelength of the
laser and the numerical aperture (NA) of the objective. This
is a minor problem for DAC experiments, which generate a
hydrostatic stress distribution and a homogeneously densified
material. During indentation, a shear component can trigger
the densification process™ and once densification saturates,
shear flow becomes the predominant deformation process.24
Therefore, both shear and densification need to be considered
as deformation mechanisms in fused silica upon indentation,
resulting in complex densification gradients.'®'®* Especially
for small indents, such as generated at low loads (eg, in
nanoindentation testing), a Raman laser probe typically av-
erages structural information over a significant portion of the
indent. In such a case the maximum band shift Ao, which is
present within the indent, cannot be resolved. This effect has
to be taken into account when low-load indentation experi-
ments are combined with Raman spectroscopic investigations.

Several constitutive models®**>* have been developed to
describe the anomalous plastic flow behavior of fused silica.
First attempts considered volume-conservative plastic shear
flow using von Mises plasticity.26 Later, densification-induced
halrdening&n28 and densification saturation, as well as changes
in elastic modulus and in Poisson ratio were implemented.29
Molnar et al. even found complex yield surface shape trans-
formations which occurred upon densification.** In direct
comparison to this advanced model, the simpler approach by
Kermouche et al.,”” who approximated the yield surface of fused
silica using an ellipse, still reproduces the load displacement
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behavior in Berkovich indentation experiments remarkably
well’!; this model was successfully transferred to soda lime
glass.3 In addition, it has been shown>* that the cap section of
the modified Drucker-Prager-Cap (DPC) plasticity theory is able
to replicate the elliptical yield surface for fused silica.

In the present study, the densification field below indents in
fused silica was analyzed using both Raman spectroscopy and
FEA constitutive modeling. The obtained results are compared
to DAC experiments from literature. Different indent sizes and
Raman laser spot sizes were used to study the influence of struc-
tural averaging within the Raman signal. Based on experimen-
tal DAC results, the Drucker-Prager-Cap approach in FEA was
extended by implementing sigmoidal densification hardening
followed by densification saturation (Figure 1). The densifica-
tion profiles from FEA and Raman spectroscopy are evaluated,
compared, and discussed. Finally an alternative way to extract
the empirical correlation factor m on the basis of FEA densifi-
cation and Raman spectroscopic band shift data is suggested.

2 | EXPERIMENTAL METHODS
Commercial silica glass (Corning 7980) was employed
throughout this study. Nanoindentation testing was performed
using a Keysight G200 nanoindenter at room temperature
under ambient pressure. Three-sided pyramidal diamond tips
having centerline-to-face angles € of 65.27° (Berkovich),
50°, and 35.26° (Cube Corner) produced by Synton-MDP
were used for indentation testing. Machine compliance and
tip area function were calibrated in Continuous-Stiffness-
Measurement (CSM) mode according to the procedure of
Oliver and Pharr.®® Indentation testing was conducted in
Constant-Strain-Rate (CSR) mode with an indentation strain
rate of € = 0.2 seconds™
cuted and the median load-displacement (LD) curve was used
for comparison to FEA. The indents for subsequent Raman
spectroscopic investigations were conducted in high load
mode (up to 10 N) using a constant loading rate of 0.1 N/s. A
Vickers indenter geometry was used to ensure comparability
with densification maps available in literature. '6-18:2-3

Raman spectroscopy was performed on a Thermo Fisher
Scientific Nicolet Almega XR Raman spectrometer coupled
to an Olympus microscope. The preparation of unaltered
cross sections of indents for investigation with Raman spec-
troscopy is rather difficult. Instead, Vickers indents with
loadings ranging from 0.3 to 10 N were scanned from a top
view. The spectra were collected for 532 nm laser excitation
through either a 50X (NA = 0.75) or a 100X (NA = 0.9) ob-
jective with three consecutive measurements of 300 seconds
for each point. A pinhole was used to achieve confocal con-
ditions. The objectives exhibited a depth of focus (DOF) of
3.78 and 2.63 um and a spot diameter (waist) of 0.87 and
0.72 um, respectively, taken as the diffraction limits.*’

1 . . .
. At least nine indentations were exe-
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FIGURE 2 Schematic of the Z-scan. The red rectangle is a very

simplified representation of the laser spot [Color figure can be viewed
at wileyonlinelibrary.com]

Depth profiles (Z-scan) were recorded starting at the
pristine glass surface by moving the stage with a step size of
0.5 um until a total displacement of up to 35 um was reached.
Figure 2 shows a sketch of such a Z-Scan.

The spectra were processed according to the method
described by Deschamps at al.'®"® in order to determine
the centroid ¢ of the main band (region between ~200 and
~700 cm_l). The Z-scans were used to determine the maxi-

mum band shift observable upon indentation.

3 | COMPUTATIONAL METHODS
Finite element analysis was performed using the software
package ABAQUS/Standard. The indentation process was
modeled in a two dimensional (2D, x/y—z) axisymmetric
model using the corresponding equivalent cone for the exam-
ined indenter geometries. It is worth mentioning that Vickers
and Berkovich indenter exhibit the same projected contact
area. Hence, both geometries share the same equivalent-con-
ical indenter with an opening angle of 70.3°. Axisymmetry
was enforced along indentation axis Z and the base was
fixed with an encastre boundary condition. A total number
of 3.5 x 10° full integrating axisymmetric elements (CAX4)
was used to model the indentation process with a refined
mesh in the vicinity of the indenter/material contact where
mesh size dependency was checked. The contact between in-
denter and material surface was assumed to be frictionless.

All material properties were presumed to be rate insensi-
tive, elastically isotropic, and representing room-temperature
values. An elastic modulus E of 70 GPa and a Poisson ratio
of 0.17 were used as input for simulation. The yield model is
described in section 4.2.

4 | RESULTS AND DISCUSSION

4.1 | Indentation densification field of silica
glass by Raman spectroscopy

Raman spectroscopy has become a popular tool to investi-
gate the indentation densification behavior of normal and
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anomalous glasses.16_18’25’36’38 However, the application of
Raman spectroscopy for this purpose is by no means trivial.
Especially for small indents (where the Raman laser spot size
is large compared to the indent size), the structural signal of
different densification states will be averaged. This effect is
studied for a variety of indentation loads and different Raman
excitation spot sizes in this section.

A Z-scan profiling procedure was performed at the indent
center to determine the band shift as a function of the laser spot
depth. Therefore, a reference Z-scan on a pristine fused silica
surface was measured and 6, was determined and averaged to
3984 + 0.4 cm™' over 5 um starting at the sample surface.
At the indent center the o value exhibits an initial increase,
followed by a maximum and a subsequent decrease with
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FIGURE 3

indentations in fused silica for a variety of indentation loads. A larger

(A) Raman Z-scan of ¢ at the center of Vickers

Ao is found in larger indents. The hatched regions represent the
expected positions of the residual indentation depth h, taking the error
on the determination of the surface level into account. The Raman
spectra (baseline corrected and normalized) at o,,,,,, position (indicated
by a star) are shown in (B). A reference spectrum of the pristine glass
surface is shown in black. The spectra for loading at 5 or 10 N are
practically identical [Color figure can be viewed at wileyonlinelibrary.
com]
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decreasing Z (Figure 3A). The zero level of the Z-scan was
determined optically at roughly the pristine glass surface level
with a precision of 0.5 um. The Z-position of the maximum,
Z.x (Where the largest ¢ value was measured, o,,,,,) corre-
sponds approximately to the residual indentation depth h,,
identified as the color hatched regions in Figure 3A. Thus, the
densification maximum, identified by o,,,,,, is located close to
the tip of the indent.'®?” This implies that the first focal loca-
tions at the indent center is positioned in air above the surface.
Similar observations have been made on the pristine surface
when the reference profile was recorded. Even 5 pm above the
surface low-intensity spectra of fused silica were detectable
when using a defocused laser beam (Figure S1F). This implies
that the defocused beam interacts with the material already at
focal distances above the actual sample surface.

In a first approximation, the focus region is taken as a
rectangle (Figure 2). At A, only half of the DOF has pene-
trated into the glass. Full interaction will take place at focal
positions below the surface only. For a more exact analysis,
the change in refractive index between ambient air and the
glass need to be taken into account.” As for the present case,
we have an indent shape with tilted walls partially reflecting
the laser beam and further enhancing the complexity of the
situation. Yet, it is clear that the largest o value, o6, is
related to the most densified region within the indent.

The problem of structural averaging within the Raman
laser spot becomes obvious when comparing Z-scans for
different indentation loads. The value of o,,,, increases
with increasing indent size (Figure 3A). This indicates that
structural averaging over a densification gradient is more
pronounced in small indents where the laser spot size is big
compared to the indent size. The Raman spectra at Z,,,
which correspond to 6., indicated by a star in Figure 3A,
are shown in Figure 3B. With increasing indentation load
the shift of the main band toward lager wavenumbers be-
comes more pronounced (with respect to the black reference
spectrum). The spectra for 5 and 10 N are almost identical
(orange vs blue spectrum). A similar structural averaging
effect can be observed when the laser spot size is increased
by switching objectives from 100X to 50x (Figure S2F).

The densification was determined from the Raman
main band shift using Equation 2 with a correlation value
m = 0.2% cm with Ac = 64, — 0y- This densification
value is henceforth referred to as “Raman evaluated den-
sification”. A spherical equivalent laser focus spot with
a radius r (half the average of DOF and laser waist) was
assumed in this analysis. This laser spot size r was nor-
malized to the size of the residual indentation depth hr.35
In reality, the laser spot geometry is more complex and fur-
ther refraction effects occur. The obtained densification as
a function of the normalized parameter r/h, is plotted for a
variety of indentation loads and two different objectives in
Figure 4 and summarized in Table 1.
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With decreasing r/h, the extent of structural averaging
decreases, consequently larger Raman evaluated densifica-
tion values are obtained for larger indent sizes. The normal-
ization procedure aimed to achieve comparability between
the 50x objective and 100X objective data. A small off-
set remains, which is likely based on simplifications made
regarding the laser spot geometry. For r/h, values smaller
than 0.3 the obtained Raman evaluated densification con-
verged to a single value indicating that a homogeneously
densified region is probed. Those findings are supported
by the Raman spectra, where no further band shift can be
observed between 5 and 10 N of normal load (Figure 3B).

44 Raman, different optics: B o
o] v 100x objective (r~0.8 ym)
A 50x objective (r~1.2 um)

Raman evaluated densification Ap/p, [%]

0.0 0.2 0.4 056 0.8 10 12
Spot radius r / Residual depth h_[-]

FIGURE 4 The Raman evaluated densification at the indent
center as a function of the laser spot size r normalized by the residual
indentation depth /4, The residual indentation depth A, was varied

by applying different indentation loads, hence the laser spot in
Raman spectroscopy averages over different densification gradients.
Additionally, the laser spot radius was varied by using different
objectives. The dotted lines represent the corresponding linear fits.
The maximum Raman evaluated densification is plotted as dashed
white line with the corresponding standard deviation as light grey
background [Color figure can be viewed at wileyonlinelibrary.com]

Similar densification values were found at the center of the
10 N indent even for different objectives (Figure 4). Results
within this range (r/h, < 0.3) were averaged to a maximum
Raman evaluated densification value of 18.4% + 0.8%
(dotted white line with light grey border in Figure 4). This
evaluation corresponds well to values reported for macro-
scopic Vickers indents in literature'®?”*" and indicate that
a densification of 21% as found in DAC”™'? is not reached
by (Vickers) indentation after unloading.

High indentation loads are required to develop a homo-
geneously densified region large enough to be resolved by
the Raman microscope setup. Figure 5 shows that indents
satisfying r/h, < 0.3 are heavily affected by cracking. For
smaller indentation loads, it is possible to find occasional
indents without cracking (Figure 5A). Indents produced at
loads below 3 N are mostly affected by edge cracks only, a
crack type known to penetrate the material only to a rela-
tively low depth.*' The present dataset indicates that crack-
ing does not affect the determination of o,,,,,. Yet, cracking
can introduce local shape modifications and thereby affect
the expected laser spot position and the shape of the o
depth profile. Moreover, energy release upon cracking may
affect the observed degree of densification. Indentation
under inert atmosphere and using advanced preparation
techniques might shift the onset of cracking toward higher
loads*™** and could therefore improve laser positioning.
For fused silica, 3 N appears to be a good compromise be-
tween averaging of structural information within the laser
spot (the max. Raman evaluated densification is underesti-
mated by less than 10%) and incipient cracking.

4.2 | Drucker-Prager-Cap plasticity with
sigmoidal densification behavior

The anomalous flow behavior of fused silica is implemented
into FEA following the approach by Bruns et al.** It could be

FIGURE 5 Vickers indentation crack pattern in Corning 7980 fused silica loaded with (A) 3 N, (B) 5 N, and (C) 10 N. Indents loaded with
less than 3 N exhibit mostly a similar crack pattern as shown in A). Edge cracks are to some extent already present at 300 mN
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TABLE 1 A summary of the ¢ data for the 100X objective Raman test series on Vickers indentations
Indentation load 300 mN 1N 3N 5N 10N
Residual depth A, 0.85 um 1.6 um 2.7 um 3.5 um 5 um
O 4215+ 187 cm’! 477.8 +2.9 cm’! 482.9 + 3.2 cm’! 490.2 + 4.8 cm’! 490.4 + 3.2 cm’!
Ac 23.1+18.7cm’ 79.4 +2.9 cm’ 84.5+33cm’ 91.7 + 4.8 cm’ 92.0 +3.3cm’
Raman evaluated 46+37% 159 +0.6 % 16.9 +0.7 % 184 +1.0% 184 +0.7 %
densification
shown, that the cap section of modified Drucker-Prager-Cap (A) 35 T . T . T
plasticity is suitable to depict the elliptically shaped yield sur- s F‘fed;l"'fa By, ]
face of fused silica with a two-parameter model. For this pur- =
o 1. z FEA (d = 7.5 GPa)
pose the DPC model was modified in a way that only the cap £ 254 — sigmoidal hardening / .
surface remains in the positive sector of the meridional (p-g) 2 = == lingarhardening (Bruns 2017)
plane (Figure 6B). This is realized by assuming an initial-volu- 5 2 T
L . . e n
metric-inelastic strain p, = 0, shifting both the Drucker-Prager 5 15- ]
failure surface and transition failure surface into the tensile re- o
. . @
gion. The pressure dependency of the Drucker-Prager failure S 104 1
surface was eliminated by minimizing the friction angle to s
10™*: doing so a von Mises like failure behavior is achieved. l |
The shape of the cap is controlled by parameter R, the cap ec- 0 - I : s 0 e
centricity, which forces the yield surface to be elliptical. It cor- 0 100 200 300 400 500
responds to the ratio of the hydrostatic yield strength p, to the Displacement Into Surface [nm]
yield strength under pure shear d. Further details on this consti- (B) 1o ——— T
tutive description can be found elsewhere #4340 Fused Silica (d = 7.5 GPa):
. ) . . O sigmoidal hardening
The input for the hydrostatic yield strength p, is based sd linear hardening ]

on diamond anvil cell densification data from literature.”*'°

27134 ysed a simplified linear
approximation of the sigmoidal densification hardening be-
havior where yielding was assumed to initiate at 11.5 GPa
followed by linear isotropic densification with a hardening
slope of 100 GPa. Since this approach considers no satura-
tion to occur, densification could theoretically continue until
infinity. The present study aims to include densification sat-
uration by a less simplified implementation of the densifi-
cation hardening behavior. The fused silica hardening data
from literature (Figure 1) is fitted according to Rouxel’ using
Equation 1. Values of 21%, 4059 and 1.7 GPa were deter-
mined for a, f and P, respectively (Table 2). A stepwise
linear approximation was used to implement the sigmoidal
densification behavior as input for yielding under pure hy-
drostatic compression into ABAQUS. A plastic strain &
exceeding 1% was assumed as the onset point for densifica-
tion py,. This corresponds to a hydrostatic pressure of 8 GPa,

which corresponds well to the onset of densification reported
7,9,18,27

Previous computational studies

in literature.

The input for the yield strength under pure shear d is deter-
mined following the approach proposed by Kermouche et al.*’
using an inverse analysis of nanoindentation load displace-
ment (LD) curves. Experimental LD curves were recorded for
three different indenter geometries (ie Cube Corner, 50° and
Berkovich) and compared to the FEA LD output for different
values of d. The best fit was found for a d value of 7.5 GPa

_| d: yield strength
under pure shear

Equivalent Mises stress q [GPa]

4 "r,,"” e
Q
) \
% X
24 ‘..' A E
p,: vield strength under 9 \
hydrostatic pressure ™~ M
0 T T T T X T T & T T z T
0 2 4 6 8 10 12

Hydrostatic Pressure p [GPa]

FIGURE 6 A, Nanoindentation load displacement curves

(open circles) are fitted to calibrate d, the yield strength under pure
shear, exemplarily shown for Berkovich indented fused silica. B, The
final Drucker-Prager-Cap including sigmoidal densification behavior
as input for yielding under hydrostatic compression is sketched

as open blue symbols. The onset of densification p, shifts toward
higher p as indicated by “sigmoidal hardening” labeled arrow. The
calibration of a previous study®* (with linear densification behavior) is
sketched as dotted line for comparison [Color figure can be viewed at
wileyonlinelibrary.com]

(Figure 6A), comparable to d values found in literature, >+

With the given pair of yield strengths (p,, and d), the cap eccen-
tricity R can be calculated by p,/d ~ 1.067. The resulting yield
surface for fused silica is sketched in Figure 6B. All material
parameters used in the present study are summarized in Table 2.
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A 2D axisymmetric model with a 70.3° Berkovich/
Vickers equivalent conical indenter is used to study the
influence of the densification hardening behavior on the
indentation response. The implementation of sigmoidal in-
stead of linear densification hardening has a small influence
on the nanoindentation load displacement response (Figure
6A). This agrees well with Molnar's>' observation that small
changes in the densification behavior exhibit only a negli-
gible effect on the macroscopic LD response. The densifi-
cation field beneath the residual impression (Figure 7) can
be visualized using the volumetric inelastic strain, which
is given by the parameter PEQC4 in ABAQUS. The linear
densification DPC model does not consider densification
saturation. Thus, densification values in the range of up to
100%-170% are reached in the zone immediately beneath
the indenter tip at the indent center (Figure 7, left side).
Consequently, densification is strongly overestimated.
The sigmoidal hardening DPC model in turn delivers a
maximum densification value of 18.2% at the indent center
(element face output). This value is in good agreement with
both the maximum Raman evaluated densification value of
18.4% (Figure 4) and the densification profiles present in
literature.'®?7-?%3340 Fyrthermore, the input densification
saturation value of 21% is not reached in the simulation.
With sigmoidal densification hardening the densification
field penetrates deeper into the material and spreads larger

toward the surface while maintaining the half penny con-
tour shape longer with ongoing densification. This effect
can be attributed to the earlier onset of densification py (8
vs 11.5 GPa) considered in the sigmoidal hardening law.

The sigmoidal densification hardening implementation
gives a far better description of the experimentally observed
anomalous deformation behavior of fused silica and will be
used in all further investigations.

43 | Influences of FEA tip geometry on the
densification maximum in indentation testing

The FEA indentation simulation (Figure 7, right side) did
not achieve the densification saturation value of fused silica
(21%) from literature’™'® when using the equivalent cone
of Berkovich/Vickers geometry. Stress trajectories in p-
q plane provide additional insight into the plastic flow and
densification behavior during deformation.”>?! Figure 8A
shows exemplarily a stress trajectory for a single element
at the indent center upon loading. The initial deformation
is purely elastic until the trajectory enters the yield cap at a
hydrostatic pressure of about 1.5 to 2 GPa. Yielding is fol-
lowed by densification, showing that the shear stress com-
ponent (about 7.35 GPa) causes densification to initiate at
a lower hydrostatic pressure component compared to DAC.

TABLE 2 Drucker-Prager Cap calibration with sigmoidal densification hardening data for fused silica

Drucker-Prager-Cap

Sigmoidal hardening®

Glass Poisson's ratio v E [GPa]

Fused Silica 0.17 70 7.5

“Densification data taken from the studies by Rouxel, Deschamps and Sonneville, ™

Linear hardening

d [GPa]

py, [GPa] a [%] p
8 21.0 4059 1.7

P, [GPa]

see also Figure 1.

Ap/p (%)
! 18.7
| 16.7

14.3

11.9

_1 9.55

Sigmoidal hardening

FIGURE 7 A PEQC4 contour plot export from ABAQUS showing the FEA densification profile beneath the indent of a Vickers/Berkovich
equivalent cone with an opening angle of 70.3° in fused silica after unloading (side view). Drucker-Prager-Cap plasticity with linear (left) and

sigmoidal (right) densification behavior is compared. A similar view was used for both exports in order to visualize differences in densification

field expansion. The scale was chosen to represent the max. nodal output of the sigmoidal approach. This has the consequence that all larger

densification values present in the linear approach are not visible. Therefore, the dashed box provides a scale oriented on the max. nodal output of

the linear hardening model [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 A, Stress trajectory of a single element at indent center while loading with the eq. cone of Berkovich/ Vickers geometry. B, The

densification state within the single element at indent center as a function of the hydrostatic pressure. The densification input from DAC”*! is

sketched for comparison [Color figure can be viewed at wileyonlinelibrary.com]

With ongoing (sigmoidal) densification the stress trajectory
propagates almost parallel to the p-axis. The shear compo-
nent rises, roughly at a point where the slope in the sigmoidal
densification hardening curve is steepest, and the densifica-
tion limit of about 18% determined for Berkovich/Vickers
geometry is approached at a hydrostatic pressure of about
9.3 GPa. From this point on, the deformation consists mainly
of growth of the plastic zone without a further increase of
the densification maximum value. This behavior is similar
to Johnson's expanding cavity model, which describes the
self-similar extension of the plastic zone below the indenter
for elastic-plastic materials.*® The densification as a function
of the hydrostatic stress component is shown in Figure 8B.
Starting from a hydrostatic stress of about 2 GPa an increase
in density becomes noticeable, which corresponds to those
data points in Figure 8 A which have passed the yield surface.
Densification proceeds along the stress trajectory in a sig-
moidal manner until a saturation in densification is achieved
at about 18%. Compared to the pure hydrostatic DAC input,
the shear component in Berkovich/ Vickers indentation low-
ers the onset of densification by about 6 GPa.

The data presented in Figure 8 shows the loading history
of the stress states in a single element at indent center. The
stress states of all elements below the indenter at maximum
penetration depth can provide further useful insight into the
plastic deformation.?***! This corresponds to the loading situ-
ation in Figure 7 (right side). The stress state of all elements
in the vicinity of the contact is therefore plotted in Figure 9A.
It can be seen that the onset yielding varies with the position
beneath the indenter. Areas which appeared blue in Figure 7
remained fully elastic, hence corresponding data points are
located within the yield ellipse in Figure 9A. Elements which
are located close to the contact situation exhibit a larger shear
component than elements located deeper in the material.
They require a larger hydrostatic component to initiate plas-
ticity. The densification maximum in the range of 18% is,
however, not exceeded in any of the elements.

Sharper indenter geometries are known to displace
more volume and to introduce higher stresses at a given

(A) T T T T T T T T T T T

o Stress states (within all elements in the vicinity of the contact)

* Distance from
indenter contact

0% 21 %

18 %

\
\
\
v
'

Equivalent Mises stress q [GPa]

sigmoidal hardening

0 T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22
Hydrostatic Pressure p [GPa]
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| Pyramidal centerline-to-face
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FIGURE 9 The stress states within all elements in the vicinity
of the contact situation exported at maximum indenter penetration
for A, Berkovich/ Vickers indenter geometry and B, a variation of
the indenter centerline-to-face angle [Color figure can be viewed at
wileyonlinelibrary.com]

load.* It is unclear, however, how the changed stress field
affects the densification field beneath the impression. For
this purpose, simulations of sharper (6 = 35.3°, cube cor-
ner) and blunter (8 = 75° and 6 = 85°) pyramidal indenter
geometries with respect to the Berkovich/ Vickers geome-
try were performed as well. In all cases the corresponding
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2D axisymmetric equivalent cone was used for simulation.
The stress state distribution at peak load (Figure 9B) indi-
cates that a decreasing indenter opening angle introduces a
larger shear component. Consequently, the yield ellipse is
surpassed at a smaller pressure and densification is initi-
ated earlier for cube corner geometry (red). The maximum
indentation densification interestingly does not exceed 18%
either. The plastic zone expansion (sketched grey in Figure
10) covers the whole contact zone in case of cube corner
geometry. The plastic zone approaches the free surface
and is therefore less confined. As a result, slight pile-up
formation can be observed and the position of maximum
densification shifts toward the surface. For blunter indent-
ers the plastic zone size decreases with increasing indenter
opening angle. It covers a smaller part of the contact area
with increasing elasticity. Therefore, higher pressures are
required to introduce densification. As a result, a slightly
smaller indentation densification maximum of 17.3% is
observed for @ = 75°. This effect is even larger if blunter
indenters are used, eg for 8 = 85° a densification value of
5% is not exceeded.

Changing from one indenter geometry to another does not
necessarily result in higher densification values. The simu-
lations indicate that the extent of densification is strongly
linked to the hydrostatic pressure below the indenter, which
does not exceed P = 10 GPa for all examined indenter ge-
ometries (Figure 9B: light grey sketched vertical line).
Interestingly, this hydrostatic pressure corresponds remark-
ably well to fused silica's indentation hardness of about
9.6 GPa.”” According to Hill’" and Johnson*® the hydrostatic
pressure saturates in a central region (inside the plastic zone)
below the indenter. In Johnson's expanding cavity model
the pressure acting within this so-called hydrostatic core
corresponds approximately to the mean indentation contact
pressure, ie the indentation hardness H, which is defined as
the applied load per projected contact area of the indenta-
tion.*$5253 If p = H is reached, the hydrostatic core expands,
causing thereby the extension of the plastic zone. The hy-
drostatic stress is thus limited, which thereby also limits
the amount of densification below the indenter. Materials
which exhibit a higher hardness should also sustain larger
hydrostatic stresses and exhibit larger densification values.
This behavior is confirmed via FEA simulations where the
hardness of the material is altered by changing the input for
the yield strength under pure shear in Figure SF 3. Johnson's
expanding cavity model has also been applied to pressure
sensitive®® and strain hardening materials.”® Due to the
self-similarity of the indenter this behavior is independent of
the indent size.”

For indenter geometries which are mainly used in exper-
iments, ie 6 ranging from 75° to 35°, this results in small
variations of the maximum densification value, as the onset
of densification differs by about 1 GPa only (Figure 8B).

8 = 35.0° (Cube Corner)

8 = 65.3° (Berkovich)

FIGURE 10 Plastic zone spread for eq. cones of various three
sided pyramidal indenter geometries. The corresponding centerline-
to-face angles 0 are listed in the figure. The indenter is sketched in red
[Color figure can be viewed at wileyonlinelibrary.com]

The plastic zone spread suggests that Berkovich/Vickers or
the & = 75° geometry are nicely suited to investigate inden-
tation densification experimentally using Raman spectros-
copy. Their plastic zone does not reach the surface and is
aligned more horizontally as compared to cube corner geom-
etry. This facilitates improved lateral resolution for Raman
spectroscopic investigations. The plastic zone size and with


www.wileyonlinelibrary.com

BRUNS ET AL.

it the densification field decrease for blunter tip geometries.
Consequently, Raman spectroscopy would reach the resolu-
tion limit earlier.

4.4 | Relating FEA densification to Raman
spectroscopy Z-profiling

The results presented in the previous sections have shown
that FEA is capable to reproduce the indentation densification
maximum determined via Raman spectroscopy with reason-
able accuracy. The densification estimate from FEA exhib-
its both a similar dependency on the investigated volume as
observed with Raman spectroscopy (not shown here) and a
similar densification-depth profile (Figure 11). A normaliza-
tion of the densification-depth profile to the indent size (h,)
allows comparison between different indentation loads and
FEA. The Z positions of the depth profiles from Raman spec-
troscopy (Figure 3) were corrected with A, in order to set the
surface level to zero. The FEA profile affirms this assump-
tion as it can only depict the densification gradient within
the material. This section agrees reasonably with the Raman
densification profile from Z_,, position onwards into the ma-
terial. For larger depths, however, deviations between Raman
and FEA can be noticed in Figure 11. Those deviations might
either be attributed to simplifications in the FEA constitutive
model or the complicated laser spot geometries and refrac-
tive effects in Raman spectroscopy (i.e. changes in the index
of refraction with densification™ ) which are not taken into
account in this analysis.

The good correlation among the densification profiles
between FEA and Raman spectroscopy at the indent center

Raman, 100x optics 4

Vickers indentation loads:
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o
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FIGURE 11

residual indentation depth 4, Densification is estimated from the

Densification-depth profiles normalized by the

o-profiles presented in Figure 3 using Equation 2. The Z position is
corrected by the residual indentation depth s, The FEA densification
estimate is based on face element output [Color figure can be viewed
at wileyonlinelibrary.com]
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suggests the use of simulations for Raman density calibration.
The correlation factor m (Equation 2) is usually determined
from Raman peak shifts measured on bulk densified samples
from high-pressure experiments (eg DAC, Multi-Anvil press,
etc). Density is measured with conventional methods, such
as Archimedes' principle, and related to the Raman shift Ac
using a linear fit (Figure 12). Using literature, this method
provides a correlation constant m of 0.2% cm for fused
silica.'”

As already noted, the m factor from DAC experiments
is useful for quantifying indentation-induced densification
from band shifts in Raman spectroscopy. However, data on
m are scarce and presently not available beyond fused silica
and soda lime silicate glass.lo’lg’25 The present results have
shown that FEA is able to provide the densification state at
the indent center, hence, it can be used for densification scal-
ing. Associating the obtained maximum of densification to
the observed Raman band shift Ac at the center of 3 to 10 N
indents produces three new data points (blue open hexagons)
in Figure 12 (through the intersection of maximum Raman
band shift with maximum densification data from simula-
tion). The blue error bars represent the standard deviation and
the light grey hatched area indicates data scatter. Then, using
Equation 2 and the FEA densification value, m is estimated
at 0.198 + 0.015% cm for 5 and 10 N indentation loads. For
3 N, a different value of 0.216 + 0.015% cm is obtained. All
three indentation loads are located within the scatter field
of Deschamps data (black squares) based on DAC experi-
ments,'” showing in fact very good agreement between both
methods. Thus, the procedure enables determination of the
empirical m parameter without using extensive high-pressure
experimentation such as DAC studies. Previous results have

25 T T T T
= DAC /Raman - Deschamps et al. (2013)
————— linear fit according to Equation 2

. 20+
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Raman shift Ac [cm™]

FIGURE 12 DAC densification data of fused silica (black
symbols) according to Deschamps et al'® with linear fit as black dotted
line. Correlating the Raman shift in Vickers indentation center to the
densification value delivered by FEA (open blue symbols) matches
the DAC data surprisingly well. The standard deviation from As in
indentation center is sketched as hatched area
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shown that indentation does not reach densification satura-
tion, so a direct correlation of Ac at the indent center to the
model-predicted densification saturation value’ is not possi-
ble. The model prediction, however, can be used for FEA to
construct the yield surface of a given glass (Figure 6). The in-
dentation simulation can then provide the indentation densi-
fication state which belongs to the Ao determined by Raman
spectroscopy. Its accuracy, however, is determined by the
careful analysis of the spatial resolution of the Raman set-up.

5 | CONCLUSIONS

The investigation of densification-induced Raman band
shifts requires deeper knowledge on the spatial resolution
of the experimental set-up. This includes consideration of
the laser focal position and spot size relative to the indent
size and shape. Z-scans at the indent center are useful for
examining the maximum degree of densification. For Vickers
indentation on fused silica, as a practical guide, the Raman
laser spot radius » should not exceed 0.3 times the residual
indentation depth /£, so as to not underestimate the maximum
densification by more than 10%. We observed a maximum
densification value of 18.4% for indentations loads exceeding
5 N. The loading range used in conventional nanoindenta-
tion testing (<1 N) produces indent sizes which are typically
too small to resolve the given indentation densification maxi-
mum when conventional Raman microscopes are used.

The implementation of sigmoidal densification hardening
for hydrostatic compaction is an effective approach in FEA
to improve the Drucker-Prager-Cap constitutive description
of fused silica. Even though the nanoindentation load dis-
placement behavior is affected only slightly, the consideration
of densification saturation leads to a significantly improved
reproduction of the densification profile beneath (Vickers)
indents. A densification value of 18.2% is determined at the
indent center, a value matching the Raman evaluated densifi-
cation and data presented in literature.'®?%3340 The amount
of densification is strongly linked to the hydrostatic pressure
component below the indenter. For fused silica a p,,,, in the
range of 10 GPa was observed, which is close to the indenta-
tion hardness H of the material. This observation agrees well
to expanding cavity models,*®*** where the pressure compo-
nent within the hydrostatic core is limited. Further penetration
expands those zones, but the hydrostatic pressure and thus the
densification is limited. The homogeneously densified region
found in indents satisfying r/h, < 0.3 can be attributed to this
behavior. The indenter geometry affects the indentation den-
sification maximum only slightly. The plastic zone shape of
various indenter geometries indicate that the Berkovich or
Vickers indenter geometry are well-suited to study densifi-
cation by Raman spectroscopy. Blunter indenter tips exhibit a
smaller plastic zone size while for sharper indenters the plastic

zone is less confined and more vertically aligned, which are
both disadvantages for Raman spectroscopic investigations.

The close agreement between Raman spectroscopy and
FEA suggests that the FEA densification field can be used to
estimate the empirical density correlation factor m for scaling
the Raman shift to structural densification.
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