J Mater Sci (2007) 42:191-198
DOI 10.1007/s10853-006-1051-2

Surface effects on Young’s modulus and hardness of fused silica

by nanoindentation study

Lianqing Zheng - Ansgar W. Schmid -
John C. Lambropoulos

Received: 14 November 2005/ Accepted: 4 January 2006/ Published online: 23 November 2006

© Springer Science+Business Media, LLC 2006

Abstract The surface Young’s modulus (£) and
hardness (H) of fused silica samples have been studied
by nanoindentation. Two factors strongly affect the
results of £ and H. One factor is the polishing quality
of the fused silica surface. Poor polishing quality
produces much smaller £ and H than the literature
values for bulk fused silica. The second factor is surface
flatness. Even for a well-polished silica surface, an
‘““arch bridge effect’” may hinder the measurements of
the true values of £ and H. A correction procedure is
proposed to eliminate this effect, and the corrected
results show substantial improvements.

Introduction

Conventional pitch polishing of a standard glass, such
as fused silica, is not expected to affect the glass’s
mechanical properties. Indeed, polishing is designed
and expected to remove any subsurface damage from
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the glass surface and/or any residual stresses, thus
returning the material surface to a pristine condition.
Such damage and residual stresses are remnants of
earlier grinding cycles in which they were generated. A
polishing cycle is thus designed so that sufficient
damaged or stressed material is removed from the
surface. The classic textbooks by Izumitani [1] and
Karow [2] describe the generation of subsurface
damage and residual stresses during the grinding cycle
of glass surfaces. Correlations between the damaged or
residually stressed surface layers and the glass near-
surface mechanical properties have been described by
Lambropoulos et al. for many optical glasses [3-6].

Near-surface mechanical properties of glasses have
traditionally been measured using microindentation
methods, such as Knoop or Vickers microindentation
[7]. On the other hand, it is usually assumed that the
near-surface elastic properties—for example, Young’s
modulus or shear modulus—are the same as the
material’s bulk elastic properties. One reason for such
an assumption is that near-surface elastic properties
are more difficult to measure, especially when the near-
surface layers are in the range of a few pum or less. With
the advent of nanoindentation, however, both elastic
modulus and hardness can now be measured with
sufficient accuracy in depths ranging from pm to nm
from the material surface [8]. Thus, nanoindentation
allows the direct measurement of near-surface
mechanical properties and can address the question
of what effect polishing process conditions have on
these properties. Equivalently, nanoindentation may
be seen as a means of monitoring the mechanical state
of the polished surface.

We describe in this report a series of measurements
of Young’s modulus and hardness by nanoindentation
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on fused silica samples of high aspect ratio in which
one side was conventionally pitch polished. We first
demonstrate that conventional microindentation hard-
ness (e.g., Knoop) is not affected by the polishing
process. We then show that, depending on the polish-
ing process conditions, it is possible to generate two
sources of error on the nanoindentation-measured
mechanical properties. The first source of error is due
to the state of the polished surface as measured, for
example, by the duration of the polishing cycle or the
amount of material removed. The other source of error
is the ““arch bridge effect’” whereby samples with high
aspect ratio, following polishing, can exhibit a signif-
icant amount of bowing. The effect is that nanoinden-
tation senses a composite stiffness consisting of the
inherent elasticity of the glass surface (measured by the
Young’s modulus) and of the elastic stiffness of a
simply supported beam bending due to the applied
nanoindentation load. We demonstrate how such
errors may be addressed.

Experimental procedures
Sample preparation

Four fused silica specimens were tested. All speciments,
with fine-ground surfaces, were manufactured by Glass
Fab, Inc. (Rochester, NY) to Corning 7980 quality with
a size of 77 X 25 x 6 mm. All samples were conven-
tionally continuously pitch polished on the same pitch
at an optical fabrication shop [Center for Optics
Manufacturing (COM), University of Rochester].
Hastilite PO was used as the polishing compound.
Only one 77 x 25 mm side of each sample was polished
and subsequently used to measure £ and H. Before
each polishing, that surface was reground to remove all
prior indents made by the nanoindenter. All samples
were polished three times for different durations: 17 h,
22 h, and 1 week, respectively. No polishing work had
been done on the samples prior to the first polishing.
After each polishing, the polished surfaces of fused
silica specimens were cleaned using methanol, then
tested in the nanoindenter for £ and H. Special marks
were used on the side surface of each sample to ensure
that the appropriate surface was polished and tested.

Nanoindentation test
All nanoindentation tests were performed using a Nano
Indenter® IIs system at COM. The indenter is a

Berkovich type. For a complete and detailed descrip-
tion of the structure and specifications of this nanoind-
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enter and procedures of the indentation test, see Ref.
[9]. The system’s load and displacement resolutions are
+0.1 uN and +0.04 nm, respectively. Proper calibra-
tions of this instrument were performed immediately
prior to any indentation test. The indentation test
procedure consists of six steps: Approach Segment,
Load Segment, Hold Segment, Unload Segment, Hold
Segment, and Unload Segment. In the Approach
Segment (A), the indenter moves down to determine
the “zero” position for load and displacement. Then
load is applied in the Load Segment (LL) at a constant
rate of 35,000 uN/s until it reaches its maximum
350,000 uN. The indent is held in the Hold Segment
(H) at 350,000 uN for 10 s, followed by the Unload
Segment (UL) in which the load is removed with a rate
of —35,000 uN/s until it reaches 35,000 uN. Another
Hold Segment is then applied at this load, and 2 points
(i.e., a load—displacement pair) are logged every second
until a total of 50 points have been accumulated.
Finally, in the second Unload Segment, the residual
load is completely removed with a rate of 35,000 uN/s.

A schematic of the distribution of the indents on a
fused silica sample is shown in Fig. 1. To avoid
interfering with future work performed in the middle
of the sample (e.g., laser irradiation), all indents were
close to, but far enough away from, edges to avoid
possible edge effects. As shown in Fig. 1, the indents
were divided into six groups along the X axis with 11
indents in each group along the Y axis. Spacing was
4 mm along the Y direction and 1 mm along the X
direction, but the distance between group 3 and group
4 was 12 mm.

Knoop microindentation test

Knoop microhardness of samples 1 and 2 was mea-
sured in a Tukon® Microhardness Tester (Instron
Corporation). On sample 2, loads of 10, 25, 50, 100, and
200 g were used, while only 50 g was applied on sample
1. Thirty-three indentations were made approximately
along the lines of group 2 and group 5 on sample 1, and
15 on sample 2 under each load with randomly chosen
positions. The loading duration was 30 s.

Results

Earlier, Young’s modulus and Berkovich hardness of
Corning 7940 UV-grade A fused silica were reported
to be 71.5 and 9.22 GPa, respectively [9], which were
obtained with the same nanoindentation procedure. In
the product literature for HPFS® Corning code 7980,
Young’s modulus is reported to be 72.7 GPa [10].
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Fig. 1 Schematic of indent distribution on a fused silica
specimen. Triangles represent indents. Sixty-six indents are
divided into six groups with 11 in each group. Group 1 is
4.5 mm away from the left edge of the specimen, and indents at
Y = 0 are 18.5 mm away from the upper edge. Spacing between
two adjacent groups is 1 mm, but group 3 and group 4 are
separated by 12 mm. Spacing in the Y direction is 4 mm

Figures 2 and 3 show the distributions of Young’s
modulus and Berkovich hardness of four fused silica
specimens after the first polishing of 17 h, respectively.
Young’s modulus on all of the samples varied with
position from ~10 GPa to ~60 GPa. Variations were
seen along both the X and Y directions, but with
different patterns on different samples. On sample 1, E
increased along the Y axis but decreased along the X
axis. With increasing Y coordinate, the differences
along the X axis became larger (from approximately 2
to 26 GPa). Sample 4 was similar to sample 1 with a
smaller change in X direction. Sample 3 would also
have had a similar pattern if we had put the sample in
reverse such that Y= 0 mm became Y = 40 mm and
indent group 1 became group 6. Sample 2 looked
different from the other samples. Though E also
decreased along the X direction, its variation along
the Y direction was much smaller.

The Berkovich hardness of fused silica had similar
distributions as Young’s modulus on each sample.

Generally the larger the Young’s modulus, the larger
the hardness. The values of hardness changed from 1.3
to 8.8 GPa with position. Due to the similar patterns of
E and H, only the spatial distribution of E is reported
for the second and third polishings.

To find the reason for these large variations of £ and
H and discrepancies of their values from those in the
literature, a standard fused silica sample of
12.7 x 12.7 x 6.4 mm, which came with Nano Inden-
ter® IIs, was tested with the same nanoindentation
procedure as described in Section “Experimental
procedures”. From 30 indents, we obtained a Young’s
modulus of 68.8 + 0.2 GPa and a Berkovich hardness
of 9.54 + 0.04 GPa. This result ruled out the possibility
that there was any system problem in the nanoindenter
itself.

Table 1 shows the results of Knoop microhardness
of fused silica from our experiment and Ref. [7].
Considering the different grades of fused silica tested,
different instruments and testing conditions, our results
are in good agreement with those of Hirao and
Tomozawa. Shown in Fig. 4, Knoop microhardness of
sample 1 is randomly distributed around the mean
value. The pattern of hardness variation found for
nanoindentation in sample 1 is not found for Knoop
microhardness. This result underscores that the tradi-
tional microhardness test may not reveal some char-
acteristics of the solid surface that only the
nanoindenter is able to probe.

The nanoindenter load-displacement curves for
typical indents on our sample and on the standard
fused silica sample are compared in Fig. 5. Under the
same loading conditions, indenter displacement in our
sample was much larger with a maximum of more than
4,000 nm, while the maximum displacement in the
standard sample was less than 1,800 nm. During the
Hold Segment (H), the indenter crept under a constant
load. Compared to a creep deformation of about 10 nm
in the standard fused silica, the creep distance in the
Hold Segment right after the Load Segment (LL) on
our sample was more than 350 nm. A larger indenter
displacement produced a smaller Young’s modulus and
hardness, i.e. the material appeared ‘“‘softer.”” Since the
nanoindenter measures the near-surface Young’s mod-
ulus and hardness, the quality of the polished surface of
these fused silica samples was questioned. To investi-
gate this problem, we performed a second polishing
with a 22-h duration.

The Young’s modulus of all fused silica samples
after the second polishing are shown in Fig. 6. Its range
of variation became much smaller, from approximately
42 to 62 GPa, and its average was closer to the
literature value. Berkovich hardness (not shown) had
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similar changes. From this perspective, the quality of
the polished surface of fused silica specimens was
greatly improved; however, each sample still possessed
its own pattern of variation in £ and H.

Though a major improvement was achieved after
the second polishing, the Young’s modulus and hard-
ness were still 20 and 10% lower than the literature
values, respectively. The third polishing was performed
to obtain further improvement. This continuous pol-
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ishing lasted for 1 week. The results for Young’s
modulus are presented in Fig. 7. Further improve-
ments, such as less variations and better average values
were observed. A similar distribution of Young’s
modulus, which appeared on samples 2, 3, and 4, was
that the variations of E along the Y axis were
symmetric about Y =20 mm, at which the minima
were located. E became smaller at first and then larger
after the turning point at Y = 20 mm. This intriguing
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Table 1 Knoop microhardness of fused silica

Load (g) Knoop microhardness (GPa)

Present study Ref. [7]
10 9.03 + 0.93* >6.57°
25 7.48 + 1.00° 5.88-6.47°
50 6.48 + 0.27%, 6.52 + 0.39° 5.934
100 6.28 + 0.15% 5.49-5.88°
200 6.10 + 0.06 5.364

# Sample 2, loading duration = 30 s
® Sample 1, loading duration = 30 s
¢ Estimated from Fig. 3 in Ref. [7], loading duration = 900 s
¢ Estimated from Fig. 2 in Ref. [7], loading duration = 30 s
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Fig. 4 Distribution of Knoop hardness of fused silica sample 1
after the first polishing. The pattern of variation in hardness
found for nanoindentation is not found for Knoop microhardness

pattern differed from those obtained from previous
polishing and should be caused by different factors.
Table 2 provides the mean values and standard
deviations of Young’s modulus and Berkovich hard-
ness of all samples after each polishing, compared with
those from the standard fused silica sample and the
literature. After each polishing, distributions of E and
H became more uniform on each specimen and
between specimens. Their averages also approached
the literature values and those of the standard sample.
However, even after the third polishing, the Young’s
modulus was still about 15% smaller than the literature
and standard sample values. Further polishing work
was not expected to improve this condition by much;
therefore factors other than polishing were affecting
these results. One such factor was discovered by
inspecting the distributions of E after the third polish-

ing and by measuring the flatness of the samples using
an interferometer.

The flatness of surfaces on which nanoindentation
tests were performed was measured using a Zygo GPI
XP interferometer after the third polishing. For all the
specimens, the highest part was found at the center of
the samples, while the shorter edges were the lowest.
This flatness made the sample look like an arch bridge,
and the height of the “bridge,” i.e., the peak-to-valley
(P-V) difference of the flatness, ranged from 2.2 to
3.6 um for different samples. Due to this arching
structure, when the nanoindenter applies load to the
sample, the sample deforms like a simple edge-
supported beam subject to a transverse load. The
deflection of the sample is superimposed on the
displacement of the indenter, producing a larger
displacement and resulting in a lower Young’s modulus
and hardness [11]. For an indent near the sample
center, the deflection of the sample was larger than one
produced by an indent closer to the shorter edges of
the sample and the measured Young’s modulus
became smaller. This is in agreement with Fig. 7. In
the next section, a correction method is proposed to
account for the effect of sample deflection, further
improving the results for Young’s modulus and Berko-
vish hardness.

Analysis

To eliminate the deflection effect of a fused silica
specimen caused by its arch bridge structure, we at first
study how Young’s modulus and hardness are calcu-
lated from the load-displacement (P-h) curve (see
Fig. 5) obtained by the nanoindenter [8, 12, 13].

The reported Young’s modulus E from nanoinden-
ter is calculated by

! 1‘“2}1, 1)

_ VAN 1
E=(1 VS)|:EC E

where v = 0.16 and v; = 0.07 are the Poisson’s ratios
for the fused silica sample and the diamond indenter,
respectively, and E;= 1,141 GPa is the Young’s
modulus of the indenter [12]. The measured
composite modulus E. is defined as

g _VES

2 VA,

where the contact area A, is a function of the contact
depth A, and A = Apax—0.75Pnax/S. Amax and P, are

)
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Fig. 5 Load—displacement
curves from nanoindentation.
LL denotes Load Segment, H
denotes Hold Segment, and
UL denotes Unload Segment.
(a) Indent at group 1, Y =0
on sample 1 after the first
polishing. (b) An indent on
the standard fused silica
sample
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0.00063492, C, = 0.0031821, Cs= 0.00015795,

respectively. The indent area function is given by

7 .
Ac=24560 + > Cihl ',
i=0

where C; are coefficients determined through a tip-area
and in the present study C;=
0.0001518, C; = 8.4204 x 107, C, = 0.0016722, C5 =

calibration [12]

Fig. 6 Distributions of
Young’s modulus on fused
silica specimens after the
second polishing (22 h).
Improvement was seen but
the average value of E was
still 20% smaller than the
literature value
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E (GPa)

E (GPa)

3)

Ce¢ = 0.045883, and C; = 0.027571.
The contact stiffness S is the derivative of P with

respect to & at hy,, in the unloading part of the P-h

curve. To calculate S, the upper 90% of the unloading
curve is fitted by a least-squares fit to the following

form:
P=a(h—hy)", (4)
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obtained by ST T 3LEd

dP

S=|,

.

()

= am(hmax — Iy

Similarly, the reported Berkovich hardness H from
nanoindenter is defined by

Pmax
Az

C

H:

(6)

Due to the arch bridge effect of the specimen, the
displacement recorded in nanoindenter A actually
includes two parts: the real displacement of indenter
h; and the deflection of the sample at the indenter Ag. If
the sample is considered as a simple edge-supported
beam, then /4 is given by

where L is the length of the beam, I the moment of
inertia, ¢ the distance from indenter to one end of the
beam, and Ey, the Young’s modulus of bulk fused silica.
In the present study, L =77 mm, [ =450 mm?*,
E, =727 GPa, and c¢ =185 mm for indents at
Y = 0 mm.

In the correction process, the P-h curve is cor-
rected by substracting g, then a, k¢, and m in Eq. 4
are calculated from the unloading part of the
corrected P-h curve. After we get S, h., A., and E,
from the corrected P-h curve, the corrected Young’s
modulus and hardness are obtained by Eqgs. 1 and 6,
respectively.

Table 2 Mean values and standard deviations of £ and H of fused silica samples after each polishing

First polishing

Second polishing

Third polishing

E (GPa) H (GPa) E (GPa) H (GPa) E (GPa) H (GPa)
Sample 1 20.1 = 11.1 3.48 + 1.67 528 £45 8.10 £ 0.46 59120 8.78 £ 0.22
Sample 2 39.4 +13.0 6.07 + 1.74 541 +43 8.41 + 0.44 60.0 + 1.8 8.97 + 0.15
Sample 3 324196 5.56 £ 1.24 573+ 1.7 8.68 + 0.21 60.9 + 1.6 9.09 + 0.14
Sample 4 37.6 £ 10.3 6.25 = 1.30 582 +£22 8.74 £ 0.20 589 1.5 8.83 £ 0.12
Standard sample 68.8 = 0.2 9.54 = 0.04
Literature 71.5%, 72.7° 9.22°

Values from standard fused silica samples and literatures are also included for comparison

? Ref. [9]
° Ref. [10]
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Table 3 Mean values and standard deviations of corrected
Young’s modulus and Berkovich hardness of fused silica

E (GPa) H (GPa)
Sample 1 67.1 +2.6 9.09 + 0.24
Sample 2 68.1 +1.7 9.28 + 0.16
Sample 3 692 + 1.4 9.41 + 0.14
Sample 4 66.7 + 1.4 9.14 + 0.14

Table 3 shows the mean values and standard devi-
ations of corrected Young’s modulus and Berkovich
hardness for each sample after the third polishing. The
mean values and standard deviations of E and H from
all the indents after the third polishing are
59.7 + 1.9 GPa and 8091 + 0.20 GPa, respectively;
while after correction, they become 67.7 + 2.1 GPa
and 9.22 + 0.21 GPa. The corrected E and H are now
in good agreement with those of the standard fused
silica sample (see Table 2). This improvement is also a
validation of the hypothesis of the arch bridge effect.

Conclusions

After testing four fused silica samples that were
polished three times by conventional pitch polishing,
we found by using the nanoindentation technique that
the surface Young’s modulus and Berkovich hardness
of these samples depended strongly on the quality of
polishing. The longer the polishing time, the better the
quality of the surface, the more uniform the distribu-
tions of E and H, and the closer to the literature values
their mean values. However, even after polishing for
1 week, the measured Young’s modulus was still 15%
lower than the literature and standard fused silica
sample values. This discrepancy originated from the
flatness of the sample surfaces. Whenever polishing
produces a flatness distribution of an arch bridge type,
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the measured displacement of the indenter actually
includes two parts: the real displacement of the
indenter and the deflection of the sample under the
load from the indenter. The elimination of the sample
deflection effect results in a Young’s modulus and
Berkovich hardness in good agreement with those of a
standard fused silica sample.
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