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1. Introduction

1.1 Multiaxial Dynamic Failure Modes in Ceramics and Glasses

The failure of ceramic and glass materials under ballistic loading is a complex process involving
a number of distinct multiaxial dynamic failure modes (1-5). These failure modes include, but
are not limited to, (1) front- and back-face radial cracking, (2) pulverization (comminution) in
the vicinity of the penetrator, (3) microcracking, (4) steep and shallow cone cracking, and (5)
lateral cracking.

These failure modes are not particular to just ballistic impacts, since they are also observed to
varying extents in dynamic impacts of spheres and rods on ceramics (1, 6-14) and glass

(8, 15-17) at less than ballistic velocities, and even in quasi-static spherical (Hertzian) and
cylindrical punch indentation tests (18-26). The formation of very narrow shear bands under
impact sites in boron carbide has been observed as well and is thought to be the result of
localized shear failure of the material (12).

The fact that many of the failure modes seen in ballistic impact tests can be reproduced under
quasi-static loading conditions under an indenter provides some motivation for the current work.

Although it is recognized that actual ballistic testing is the definitive way to judge material and
system performance, it is usually time consuming and costly to conduct, and not possible on
prototype or experimental materials that may be too small or in limited supply.

Much effort has been devoted to understanding the material properties that govern ballistic
performance (27-32) in order to guide research and development of new materials that perform
better, while still being lightweight and cost-effective to produce. However, one challenge that
still exists is to create a simple set of experiments that may be used to successfully screen and
down-rank candidate armor materials in terms of intrinsic (material) performance potential. The
current work may possibly form part of such a screening test.

1.2 Objectives

The failure behavior of glass and ceramic tiles to quasi-static loading from spherical indenters
forms the basis of the current study. The failure behavior is examined on both a micro- and
macro-size scale. The former is achieved by using a small spherical diamond indenter to study
the localized contact behavior, and the second is achieved by loading large tiles to complete
structural failure using a unique test configuration.

The influence of tile thickness and indenter radius on the failure behavior is also examined. By
varying the tile thickness and indenter radius, researchers hope to achieve different failure
behavior, which might be meaningful in helping to screen candidate materials. Information on



fundamental damage mechanisms in glass and ceramic materials subjected to localized contact,
including the onset of inelastic deformation and the initiation of cracks, may possibly be
meaningful in relation to screening and ranking materials for potential ballistic protection design.

2. Background Review

2.1 Hertzian Contact

The contact of an elastic sphere on a rigid elastic body is referred to as Hertzian contact, named
after Heinrich Rudolf Hertz (33), who first studied this contact situation. A schematic of this
contact condition is shown in figure 1. If the contact remains entirely frictionless and elastic,
then the Hertz equations relating the contact load, contact radius, and stress are valid. With
either the onset of fracture or plasticity, or the presence of friction, the equations are no longer
strictly valid (22).

specimen

Figure 1. Schematic of Hertzian contact loading. Idealized cross section showing the ring-
cone crack system and several measurable features.

However, it is for these reasons the test is used, i.e., to study the deformation and fracture
response of materials to localized contact. Of the two responses, the onset of plasticity
invalidates the use of the Hertz equations more than fracture does, since the latter can be nearly



reversible (elastic) under certain conditions. In addition, one is usually concerned with the stress
level just up to the point of fracture, or yield, where the Hertz equations are valid.

Indentation contacts can be characterized as either “sharp” or “blunt” depending on whether
inelastic or elastic deformation of the specimen precedes fracture, respectively (22). Thus, the
ball indenter radius can be chosen so as to either promote or prevent yield before fracture. For
Hertzian fracture tests, the ball radius is usually chosen to be large enough to promote fracture
before yield. However, yielding may occur after fracture if the loads are further increased, since
the mean contact stress continues to increase with load.

The indenter material is usually chosen such that its elastic and strength properties considerably
overmatch the specimen to be examined, e.g., steel or tungsten carbide balls for glass specimens
and tungsten carbide or diamond balls for ceramic specimens. This ensures that the majority of
deformation and fracture occurs in the specimen and not the indenter. The appendix defines the
pertinent Hertzian equations used in this study.

2.2 Cracking Behavior (Elastic Contact)

Generally speaking, one of two scenarios with respect to ring and cone crack initiation can occur
when a ball indenter is loaded onto the surface of a rigid brittle material. The following results
are primarily based on observations in glass because of its transparency: (1) unstable initiation
(“pop-in”) of the entire ring-cone crack system or (2) initiation of the ring crack, stable growth of
the ring crack downward, followed by unstable initiation of the cone crack.

In both scenarios, after the unstable initiation of the cone crack, the crack grows stably with
further increase of the load. That is, the strain energy release rate decreases as the crack extends,
thus making the Hertzian cone a stable crack system. This is to be expected, since the base of
the cone crack grows larger with increasing load, thus supporting the load. More detailed
discussions of the initiation behavior can be found elsewhere in several good references (22, 23,
34-46).

On unloading, the cone crack is usually observed to retract some, and then at a critical load a
portion of the cone surface usually detaches itself from the rest. This can generate an intense
acoustic emission signal. Because of this, the cone crack is highly visible under load, but after
load removal its visibility decreases, except for the portion close to the surface.

2.3 Cracking Behavior (Elastic-Plastic Contact)

If the ball indenter has a sufficiently small diameter, or if a sufficiently high contact load is
achieved, the material may transition from elastic to elastic-plastic during the course of loading.
For glasses, the term plastic is being used loosely to indicate inelastic deformation has ensued.

For example, Swain and Hagan (47) observed plastic yielding and the formation of ring-cone,
radial, and lateral cracks in soda-lime-silica glass indented with 0.49- and 1.0-mm-diameter
spherical tungsten carbide indenters and 1.0-mm-diameter spherical diamond indenters. On



loading, elastic deformation took place first, followed by the formation of surface ring cracks,
and then subsurface plasticity. Occasionally a large cone crack would initiate from the surface
ring crack, but this usually did not occur. Continued loading produced subsurface median
cracks.

On unloading, the median cracks were observed to start closing, and subsequently, radial cracks
initiated. The radial cracks were sometimes extensions of the median cracks, but in most cases
they were observed to initiate separately at the edge of the contact impression. Lateral cracks,
whose orientation are mainly parallel to the surface, were observed to initiate just prior to
complete load removal.

Hagan and Swain (48) show evidence that the initiation of median cracks about Vickers and
small-diameter sphere indentations in soda-lime-silica glass are the result of intersections of
shear flow lines beneath the surface that occur at high loads, while smaller radial cracks were
found to extend from the corners of the indentations at the surface for smaller loads. The shear
flow lines constituted a subsurface region of damage (damage zone) directly below the
indentation. Subsurface lateral cracks were also observed and found to be extensions of the
shear faults.

Lawn et al. (49) show strong evidence that radial cracks in soda-lime-silica glass can also be the
result of extensions of shear flow lines at the surface. Haranoh et al. (50) have examined the
initiation of cracks in chemically strengthened (ion-exchanged) glasses with a Vickers indenter
and found that median and radial cracks did not initiate despite the fact the damage zones
beneath the indents were deeper than the surface compressive stress layers. They interpreted this
to mean that radial and median cracks must also form near the surface, since radial and median
cracks formed in the unstrengthened specimens for the same load. Thus, it appears there is still
some uncertainty regarding the location of median crack initiation in glass.

2.4 Multiaxial Failure

Lardner et al. (51) examined the fracture of glass plates of varying thickness (1, 1.83, and 3 mm)
supported by 3-mm-thick substrates of glass, steel, and poly(methyl methacrylate) (PMMA)
using a 12.7-mm-diameter WC-6% Co spherical indenter. Depending on the glass thickness and
substrate material, different fracture behaviors were observed.

Lardner et al. found that the fracture patterns fell into four categories: (1) ring, cone, and back-
face radial cracking, (2) ring cracking and back-face radial cracking, (3) back-face radial
cracking, and (4) ring and cone cracking. The last mode was seen for the 3-mm-thick glass
samples regardless of the substrate material. Back-face radial cracking occurred for the 1-mm-
thick samples, which were supported by steel, indicating that localized bending of the specimens
can still take place even with rigid support.

Part of the intent of the current work is to produce a similar variety of failure modes, but with
thicker specimens that may be more relevant to ballistic protection design.



3. Material Selection

The materials used in this study were transparent, with the exception of the AION, which was not
as transparent compared to the glasses. This allowed direct observation of the formation of
cracks from indentation contact.

3.1 Glass Materials

All glass materials examined in the current work were from commercial glass manufacturers.
The glasses were soda-lime-silica float glass (Starphire®), borosilicate float glass
(BOROFLOATY), and vitreous silica. The Starphire and Borofloat materials are produced by
PPG Industries and Schott Glass, respectively. The vitreous silica specimens were made by
Corning Inc.

All glass materials were furnished in the form of 4- x 4-in square tiles with different thickness.
The Borofloat tiles were 19 mm thick, while the Starphire tiles were provided in thicknesses of
3.2, 6, and 12 mm with beveled edges. The vitreous silica specimens were provided in
thicknesses of 6.35, 19.05, and 25.4 mm. Table 1 lists several mechanical properties of the
glasses as provided by the manufacturers.

Table 1. Material mechanical data.

Young’s Poisson’s Knoop
Material Modulus, E Ratio v Hardness Density
(GPa) (GPa) (glem®)
Starphire 73.1 0.22 4.6 (500 gf) 2.51
Borofloat 63 0.20 4.7 (100 gf) 2.23
Silica glass 72.7 0.16 5.1 (100 gf) 2.201
AION 323 0.24 18.1 (200 gf) 3.69
Diamond (indenter) 1141 0.07 ~70 3.52
Steel (indenter) 200 0.30 ~7 7.5

3.2 Ceramic Materials

The ceramic material chosen for study was polycrystalline aluminum oxynitride (AION). AION
is a transparent ceramic with the spinel crystal structure and has a large, average grain size, i.e.,
about 150 um (52). The oxygen and nitrogen anions form a close-packed, face-centered cubic
lattice (53, 54).

*Starphire is a registered trademark of PPG Industries.
TBOROFLOAT is a registered trademark of Schott Glass.



The approximate composition is Aly30,7Ns. The cubic structure leads to mainly isotropic
behavior; however, the large grain size can introduce anisotropies on a localized scale. For
example, microhardness measurements performed on AION may only sample a single grain
depending on the indentation load and hence are susceptible to crystallographic effects.

4. Experimental Procedures, Results, and Discussion

4.1 Instrumented Indentation Testing (11T)

Instrumented indentation testing (IIT) was utilized to study the deformation and fracture
behavior of the materials to localized indentation contact. In this test format, the load and
displacement of the indenter into the material are simultaneously, and continuously, monitored
throughout the load-unload cycle.

This format provides valuable information on material behavior, including penetration depths,
hardness under load, elastic recovery, and energy dissipation that cannot otherwise be obtained
from conventional hardness testing equipment.

A 500-um-diameter spherical diamond indenter was used. It was made from a single crystal by
Gilmore Diamond Tools, Inc., (Attleboro, MA) by a special process called precision spindle
method. This resulted in a surface that was exceptionally smooth and uniform in diameter.

Temperature and relative humidity were monitored and varied from 22 to 24 °C, and 41% to
58%, throughout the course of all testing, respectively.

4.1.1 11T Equipment

The IIT equipment consisted of a specialized hardness testing head made by Zwick, Inc.,
attached to a standard universal testing machine (Model Z005), also made by Zwick. A
schematic of the hardness head is shown in figure 2.

The hardness head is attached to a cross member (not shown), which is attached to the test frame
(not shown), which provides the up and down linear motion via a stepping motor. A load cell
inside the head measured the force, while a transducer measured the displacement to a resolution
of 0.02 um. The load cell had a 2500-N useable range.

The entire system was computer controlled. The test software allowed total user control of the
entire indentation process, including loading rate on both loading and unloading, maximum load,
hold time at maximum load, type of control (i.e., load or position control), etc. In addition, a
variety of results could be reported, including the maximum load, maximum displacement depth,
residual indentation depth, hardness under maximum load, total test time, etc. The load and
displacement data could be exported for subsequent user analysis as well.



Shell

Force measurement
system

Depth measurement
system

Indenter
Sensor foot

Figure 2. Schematic of Zwick hardness measuring head. Key components
are shown.

A schematic illustrating the principles of operation is shown in figure 3. At position 1, the head
is sitting above the sample and moves down toward the sample at speed Vig. At step 2, the unit
has moved down until the sensor foot contacts the specimen. Further motion downward at speed
Vore-test auses the indenter tip to contact the specimen (step 3). However, just before this contact
occurs, the speed switches to Vontact-

Start Contact Contact F=F F=0 Start

max
position sensor foot indenter position

® O]

F=Fngch=h ps

pre-test Vcontact Vtest Vlest Vreturn

Figure 3. Schematic of a test sequence illustrating how the load and displacement data are collected.
Also shown are the speeds (V) corresponding to the different steps involved for a test.

The very slight increase in load brought about by the contact establishes the zero point of the
measurement. The speed at which the indenter approaches the sample during this step (Vcontact)
is set very low such that the zero point is established very accurately, i.e., with minimal
overshoot. Once the zero point is established, the test cycle commences at step 4, in which the
displacement rate is set by the user as Vieg.



For spherical indenters a “preload” can be employed at the beginning of step 4, in which a small
load is applied to “settle” the indenter and specimen for the ensuing major test cycle. The
preload function does not need to be used but is recommended by the manufacturer. Once the
desired maximum load, or displacement, is reached, the indenter is withdrawn at Vi (step 5),
which can be set different than Vs on loading.

At the end of step 5, the load is zero, and if permanent deformation of the sample has occurred, a
residual depth of hp,i, is measured. After step 5, the entire hardness head is withdrawn at a rate
of Viewm. Note that the permanent indentation depth is given by the difference in displacement
readings of steps 3 and 5, while the maximum displacement depth is given by the difference in
readings between steps 3 and 4. The elastic recovery is given by the difference in readings
between steps 4 and 5.

Instrument compliance can be a significant factor leading to inaccurate displacement depths,
where elastic deformations of the machine are superimposed on those from the specimen. Note
that instrument compliance does not affect the value of hy,, since all elastic deformations of the
machine and specimen are recovered when the load reaches zero, neglecting any anelastic
deformations. However, at all other points of the load-displacement curve, the measured depths
will not necessarily reflect the actual displacement into the sample due to machine compliance.

Because of the design of the Zwick instrument, the only compliance that is sampled occurs in the
indenter material located between the sensor foot and the measurement transducer, which is
relatively small. To account for this, the manufacturer has calculated this compliance and
factored it out of the displacement readings. The result of this is a displacement measurement
that accurately reflects only the inelastic and elastic deformations occurring in the sample.

The compliance factor, as given by the manufacturer, is 0.0049679 um/N. According to the
manufacturer, the resolution of the displacement measuring system was 0.02 pm.

To test the accuracy of the measurement system, a piece of polycrystalline aluminum metal was
indented with a Vickers diamond six times at a 20-N load. The diagonals of the resulting
indentations were measured under an optical microscope equipped with a digital camera and
measurement software.

The depth under load was then calculated for each indentation by dividing the average diagonal
length by seven. This stems from the geometry of the Vickers diamond, where the indentation
depth is one-seventh the length of the diagonals (49). Since aluminum metal is soft and does not
undergo significant elastic recovery, particularly along the diagonals where the plastic strain is
very intense, the measurement of the diagonals of the residual indent can give a good measure of
the depth under load.



This calculated depth was then compared with the actual depth measured by the IIT. The results
are shown in table 2. As shown in table 2, the measured depth was about 8 % lower than the
calculated depth, which amounted to an absolute difference of just 2.2 um. This data is taken as
evidence that the IIT gives accurate displacement readings. The load-displacement traces for

these tests are shown in figure 4. An indentation in the aluminum is shown in figure 5.

Table 2. IIT accuracy test results.”

Diagonal Length Calculated Depth Measured Depth Difference
(Hm) (Hm) (Hm) (%)
1883 +1.5 26.9+0.2 24.7+0.3 8.0+1.5

*Values in table are average +1 standard deviation

Polycrystalline Aluminum
25
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Figure 4. Load-displacement traces in polycrystalline
aluminum from Vickers indentation.

Figure 5. Vickers indentation in polycrystalline
aluminum made at 20-N load.




4.1.2 Yield Stress Measurements

The 500-pum-diameter spherical diamond indenter was used to measure the yield stress of the
three glass materials and the AION by making indentations at progressively higher loads, starting
at 2 N up to 200 N. Ten indentations at each load were made. The “tin” and “air” sides of the
Starphire, and the tin side of the Borofloat glasses, were tested.

By plotting the average residual indentation depth as a function of load, the onset of inelastic
deformation can be determined. This method is believed to be more sensitive than trying to
visually observe when a permanent impression is left in the material, since the deformations may
be smaller than the wavelength of light and thus impossible to detect.

According to the manufacturer, the displacement measuring system has a resolution of 0.02 pm,
so in principle, it should be able to detect yielding before optical detection can. The results are
plotted in figure 6 for the three glass materials. At low loads the materials behave elastic, but as
the load is increased a permanent set depth begins to appear. Table 3 lists the residual depths as
a function of load. Differences of residual depth between the materials are more noticeable at
the higher loads.

Glass Materials
10.00
-| & Borofloat (Tin)
900 | e Starphire (Tin)
8.00 | a Silica Glass %
| = Starphire (Air) E
S 700 F
= N
- 600 [
Y ¢
8 500 |
c_:d 400 | ¥ $ {
i) T Y
8 L
@ 300 [ E
2.00 .
1.00 [ = * .
C [ JPS
*
000 me = oenga® s
0 50 100 150 200 250
Load (N)

Figure 6. Residual indentation depth as a function of load for the three glass
materials using a spherical 500-um-diameter single-crystal diamond
indenter. Tin side of the Starphire and Borofloat glasses was tested.
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Table 3. Residual depth.?

Residual Depth
(Hm)
Load Starphire Starphire Borofloat Silica Glass AION
(N) (Tin) (Air) (Tin)
2 0.03 £0.01 0.03 £0.01 0.04 £0.01 0.03 £0.01 0.02 £0.00
5 0.03 £0.01 0.04 £0.01 0.04 +£0.01 0.03 £0.01 0.02 £0.01
10 0.04 £0.02 0.05 £0.01 0.04 +£0.01 0.04 +£0.01 0.03 £0.01
20 0.05 £0.01 0.07 £0.01 0.05 +0.01 0.05 +0.01 0.04 £0.01
30 0.07 £0.01 0.10 +£0.00 0.07 £0.01 0.06 +0.02 0.08 £0.05
35 0.10 +£0.02 0.11 £0.01 0.09 +0.01 0.06 +0.02 0.07 £0.05
40 0.11 £0.01 0.14 £0.01 0.11 £0.02 0.07 £0.02 0.12 £0.11
45 0.15 £0.01 0.18 £0.01 0.13 £0.01 0.07 £0.01 0.26 £0.14
50 0.22 +£0.02 0.23 £0.01 0.17 £0.01 0.08 +0.02 0.33 £0.18
55 0.30 £0.01 0.33 +£0.02 0.21 £0.02 0.11 £0.02 0.32 £0.21
65 0.54 +0.02 0.59 £0.03 0.32 +0.02 0.11 £0.02 0.51 £0.19
75 091 +£0.09 0.96 +0.04 0.48 +£0.03 0.15 £0.01 0.72 £0.10
100 221 £0.24 246 £0.14 1.16 £0.06 0.36 £0.02 1.12 £0.16
125 4.00 £0.16 4.18 £0.06 2.54 £0.30 0.90 +0.06 1.63 £0.20
150 532 +£0.16 5.62 £0.29 420 £0.29 1.85 £0.11 2.11 £0.18
200 8.06 +0.54 8.40 +0.23 7.30 £0.26 448 £0.34 3.37 £0.35

*Values in table are average +1 standard deviation.

As discussed by Tabor (56), initial yielding under a ball indenter occurs at #1.1Y, where Y is the
yield stress measured in simple uniaxial tension or compression. According to theory, yielding
begins to take place at a point ~0.5a below the surface directly under the indenter, where a is the
contact radius (18). At this location the shear stress is a maximum, given by ~0.48p,, where p,
is the mean contact stress. Only when the mean stress reaches ~3Y does all the material begin to
yield around the indenter, a condition referred to as “full” plasticity.

From figure 6, the full plasticity condition is taken to occur in the region where the residual
depth is linear with the load. Straight line fits through these higher load data points were used to
determine the loads for full plastic yielding. This is shown in figure 7, where the x-intercept of
the straight lines corresponds to this load. The Hertz equations (equations 1-3 in the appendix)
were then used to calculate the mean stress corresponding to these loads. The results are
summarized in table 4.

The Vickers hardness of the materials measured at 0.98 N (100 gf), with a 15-s hold time, is
shown in the last column in table 4. Residual depth data for the AION is plotted in figures 8 and 9.
The transition from elastic to elastic-plastic behavior is more well-defined for AION compared to
the glasses. Since AION is a crystalline material, a definite yield stress exists for the movement
of dislocations and the formation of mechanical twins, and this may result in a more defined
transition point.
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Figure 7. Straight line fits through high-load data points for determining load at
“full” plastic yield. The x-intercept marks this load. Error bars are same
as in figure 6.

Table 4. Yield data.?

Yield Load Contact Yield Vickers
Material (x-Intercept) Radius Stress Hardness
(N) (Hm) (GPa) (GPa)

Starphire (tin) 57.6 53.1 6.5 5.1+0.1
Starphire (air) 56.6 52.8 6.5 48=+0.1
Borofloat (tin) 74.3 60.7 6.4 53+£0.2
Silica glass 98.8 63.7 7.8 6.8+0.4
AION 41.9 31.1 13.8 21.3+£0.8

*Values in table are average 1 standard deviation.
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Figure 8. Residual indentation depth as a function of load for AION using a spherical
500-pum-diameter single-crystal diamond indenter.
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Figure 9. Straight line fit through high-load data points in AION for determining load
at “full” plastic yield.
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Both slip and mechanical twinning have been shown to occur in the permanent deformation of
aluminum oxide by indentation (51) and hence are also expected to occur in AION. In table 5,
the loads for permanent deformation (dimpling), ring cracking, and radial cracking are shown for
the three glasses and AION based on postmortem observations of the indentation sites.

Table 5. Deformation and fracture loads.?

All Tests
Onset All Tests Onset Ring All Tests Onset Radial Radial

Material Dimpling Dimpled Cracking | Ring Cracked Cracking Cracked
(N) (N) (N) (N) (N) (N)
Starphire (tin) 30 30 65 75 75 100
Starphire (air) 20 30 65 100 100 125
Borofloat (tin) 30 35 30 45 100 200
Silica glass 75 100 20 30 65 75
AION 35 45 45 65 40 75

*Values in table are average +1 standard deviation.

Loads are listed for both the onset of this behavior and that for which all tests displayed ring
cracking, dimpling, and radial cracking. That is, at the onset loads, not all tests may have formed
dimples, ring cracks, or radial cracks.

The vitreous silica exhibited ring cracking at a much lower load compared to the Starphire and
slightly lower compared to Borofloat. On the other hand, the silica glass had the highest load for
which all tests were dimpled, followed by Borofloat, then Starphire. Little difference was seen
in the deformation and fracture loads for the air and tin sides of the Starphire glass.

The behavior for the three glasses with increasing load, with respect to the onset of elastic,
plastic, and fracture responses, can best be described as (1) Starphire: elastic—plastic—{fracture;
(2) Borofloat: elastic—plastic and fracture; or (3) silica glass: elastic—fracture—plastic. Note
how the silica glass fractures well before yielding, which could be considered a more brittle
response compared to the other glasses. For AION, the trend is elastic—plastic—{fracture.

4.1.3 Indentation Damage Patterns

Figures 10—18 show indentation patterns and corresponding load-displacement traces for the
three glasses and AION.

4.1.3.1 Starphire Glass. Figure 10 shows indentation patterns in the tin side of Starphire glass
for loads ranging from 35 to 200 N imaged using differential interference contrast (DIC) lighting
conditions on an optical microscope. At loads from 2 to 20 N, no visual damage (cracking or
dimpling) was seen in the glass.
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Figure 10. Indentation sites in the tin side of Starphire glass produced with spherical
500-pum-diameter single-crystal diamond indenter.
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Figure 11. Load-displacement traces for the tin side of Starphire glass. The curves correspond to the

same indentation sites shown in figure 10. Curves produced with spherical 500-um-diameter

single-crystal diamond 