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Strain-Dependent Plasticity Evolution of Window Glass
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How the applied strain can affect the plasticity evolution of
window glass was systematically explored through a series of
nanoindentations with various sharp indenters. It was revealed
that, as the strain increases, the contribution of shear flow to
total plasticity becomes larger, whereas that of densification
gets smaller. The results are discussed in terms of the sequence
in which each mechanism plays and the detailed mechanism of
shear flow.

I. Introduction

C ONVENTIONAL oxide glasses are brittle at ambient temper-
ature and fail in a catastrophic manner under tensile or
bending stresses. However, it has been reported that they can
show a considerable plasticity under a certain mechanical
environment since Taylor’s first report in 1949 that indenta-
tion with a sharP indenter lefts permanent impression on
the glass surface.” Due to the absence of crystalline defects
such as dislocations, the mechanism of the plastic deforma-
tion in oxide glasses should be different from that in crys-
talline ceramics. The possible mechanism found earliest was
densification, that is, a permanent volume contraction
under compressive stresses.” This is possible because amor-
phous materials have more open structure than chemically
equivalent crystals and the structure can be condensed into
a more close-packed arrangement by external loading.® The
densified region is known to be recovered by annealing
treatment.* The fact that apparent activation energy of the
recovery in the indented glass is close to that in hydrostati-
cally densified glass® suggests that the densification plays an
important role in the plastic deformation underneath a
indenter possibly due to the existence of indentation core
under hydrostatic pressure.® The extent of densification
varies with glass composition, especially concentration of
network modifiers such as Na,O or CaO’?®; glasses having
more modifiers exhibit smaller densification, because the
modifiers occupy the free space which can shrink by exter-
nal stress.

In 1970, Peter’ argued that the permanent densification
cannot fully explain indentation behavior of oxide glasses;
for example, the presence of material pile-up around hard-
ness impression and the slip lines below the indentation indi-
cates that there is also some contribution of shear flow to the
indentation-induced plasticity.”” " Now, it is well accepted
that plastic deformation in oxide glasses is caused by both
densification and shear flow. Nevertheless, how the contribu-
tion of each mechanism can be affected by mechanical envi-
ronment is not yet fully understood. Especially, only limited
efforts have been made for analyzing the contribution of
shear flow.
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A good first step for addressing this issue can be to ana-
lyze the influence of applied strain on the contribution of
each mechanism to the indentation-induced plasticity. With
continuum mechanics concept, the strains underneath a
sharp indenter are unique and independent of indentation
load or displacement due to the so-called geometrical self-
similarity of the sharp tip. A way to overcome this difficulty
in applying different strain is varying the sharpness of inden-
ter. Generally, sharper indenters with smaller indenter angles
induce larger strains in the material due to the larger volume
of displaced material.'>'> The indenter sharpness depen-
dency of deformation mechanism in metallic materials has
been previously reported.'®!” With this in mind, here we sys-
tematically explore how the applied strain affect the indenta-
tion-induced plasticity evolution of window glass (soda-lime
silicate glass) through a series of nanoindentation tests using
five different three-sided pyramidal indenters having a variety
of sharpness.

II. Experimental Procedure

Nanoindentation tests were performed on a commercial win-
dow glass using a Nanoindenter-XP (formerly MTS; now
Agilent, Oak Ridge, TN) with five different three-sided pyra-
midal indenters having a centerline-to-face angle |y of 35.3°
(cube-corner indenter), 50°, 65.3° (Berkovich indenter), 75°,
and 85°. The sample was loaded to the maximum load, Pp.x,
at a constant loading rate, dP/d¢, of 10 mN/s. More than 30
tests were performed for each condition. To support the
analysis of the sharp indentations, nanoindentations with a
spherical tip (whose radius, R, was determined as 6.38 um by
Hertzian contact analysis'®) were additionally made at 50
and 75 mN.

The indented samples were annealed at 753 K (~0.97,
where T, is the glass transition temperature) for 2 h in an
electric furnace. Based on previous reports,*® one may expect
that this annealing condition allows a nearly complete recov-
ery of the densified region, and only the shear flow contribu-
tion remains after the annealing. Before and after annealing,
hardness impression morphologies were imaged using both a
field-emission scanning electron microscopy (FE-SEM), JSM-
6330F (JEOL Ltd., Tokyo, Japan), and an atomic force
microscopy (AFM), XE-100 (Park System, Suwon, Korea).
Prior to taking SEM images, thin gold coating was applied
to the indented surface to avoid charging.

III. Results and Discussion

Figure 1 shows representative load-displacement (P—/) curves
from nanoindentations made with various indenters. As one
may expect, maximum /1 (/,,,) increases with decreasing s
(or increasing sharpness). While the indenter having \y = 85°
exhibits purely elastic contact, as evidenced by the fact that
the loading and unloading curves are identical, all other ind-
enters ( = 35.3°, 50°, 65.3°, and 75°) left the residual / (/)
after unloading. Difference in the ratio of /i /hy.x for each
indenter (e.g., ~0.747 for 35.3° and ~0.253 for 75°) indicates
that indeed different level of plastic deformation occurs in
the window glass.
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Fig. 1. Representative P-h curves (Pp.x = 50 mN) and hardness
impressions (P, = 100 mN) obtained during nanoindentations with
different indenters. The hardness impression was obtained at a
higher load for clearer observations. Note that the magnification of
each SEM image is not the same.

Figure 1 also exhibits typical SEM images of hardness
impression obtained at 100 mN, a higher load for more clear
observations. No image is provided for \y = 85° since its con-
tact is purely elastic. The morphology of the impression is
significantly varied with \: The edge of contact is unclear for
Y = 75° and becomes a little clearer (but not fully clear yet)
for y = 65.3°. This uncertainty is expected due to the shallow
depth of the indentations. For \y = 50°, the contact edge is
very clear and well-developed radial cracks are observed in
each corner. Finally, for | = 35.3°, pronounced indentation
pile-up behavior with shear banding occurs around the
impression, which is the evidence for the large contribution
of shear flow to the total plasticity.

The influence of \y on each contribution of densification
and shear flow was examined by analyzing the AFM surface
profiles of the hardness impressions taken before and after
annealing. Inset of Fig. 2 provides extreme cases of
V= 35.3° and 75°. Two important features can be captured:
First, annealing-induced change in the indent morphology
due to the recovery of densification is much more pro-
nounced for = 75° than for 35.3°. Oppositely, second,
material pile-up around indentation (which may be an evi-
dence of shear flow) is much more developed for \y = 35.3°
than for 75°. For quantitative evaluation of densification and
shear flow, pile-up height, /pjie.up, and the residual /i before
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Fig. 2. Representative AFM data (for \y = 35.3° and 75°) and the
variations in recovery ratio and pile-up ratio as a function of
indenter angle.

a

and after annealing (4" and /%, respectively) were measured
from the AFM data. Both recovery ratio, (h,> — hra)/h,b, and
pile-up ratio, hpﬂe_up/h,b, (which is an indicator for the contri-
bution of densification and shear flow to total plasticity,
respectively) are calculated and summarized as function of \
in Fig. 2. As \ is reduced (or sharpness is increased), recov-
ery ratio decreases and pile-up ratio increases. Additionally,
annealing-induced changes in the indentation volume (¥jngent)
and pile-up volume (Vpie.up) were estimated by the AFM
software. From the data, both recovery ratio of indentation
Volume, VR = {(Vindemb - Vindenta) + (Vpile-upa - Vpile-upb)t/
Vindemb, and ratio of pile-up volume, Vp = Viyiic-up/ Vindent »
were calculated as summarized in Table I. As one might
expect, the trends in Fig. 2 and Table I are quite similar.
From this, one may gain an insight for the effect of indenter
sharpness on densification and shear flow, that is, during
indentation with a sharper tip, the contribution of shear flow
becomes larger, whereas that of densification becomes
smaller.

The characteristic (or indentation) strain, €., underneath
a sharp indenter is independent of /& due to its geometrical
self-similarity, and the &, of a conical indenter is
commonly determined asl3’lg

Echar = 0.2 -cot 0 (1

Here, 0 is half-cone angle, related to the | by

%tan\p

' which is derived under the assumption that similar behav-
ior is obtained when the angle of the cone gives the same
area-to-depth ratio as the three-sided pyramid. Thus,
= 35.3°, 50°, 65.3°, 75°, and 85° would correspond to
6 =42.3°, 56.9°, 70.3°, 78.2°, and 86.1°, respectively. Equa-
tion (1) leads to &qa, for ¥ = 85°, 75°, 65.3°, 50°, and 35.3°
as 0.014, 0.042, 0.072, 0.13, and 0.22, respectively.

Analysis of the applied e, effect can be supported by
additional indentations using a spherical tip where geometri-
cal self-similarity does not exist. For a spherical indentation,
the gcnar of Eq. (1) is often redescribed as
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Table I. Summary of Indentation and Pile-Up Volumes and Their Changes by Annealing
V) Vinden'” (hm*) Viie-up” (Him’) Vindent" (Hm”) Vpile-up” () Vi Ve
353 1.995 + 0.111 1.619 + 0.222 1.443 + 0.057 1.639 + 0.291 0.282 + 0.084 0.752 + 0.129
50 0.950 + 0.018 0.242 + 0.023 0.598 + 0.032 0.372 + 0.093 0.464 + 0.030 0.163 + 0.037
65.3 0.462 + 0.028 0.067 £+ 0.004 0.170 £+ 0.004 0.106 £ 0.001 0.717 + 0.014 0.068 + 0.036
75 0.151 £ 0.007 0.016 + 0.003 0.037 + 0.002 0.021 + 0.001 0.794 + 0.009 0.064 + 0.024
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Fig. 3. Representative P—h curves of spherical nanoindentations (at
Prax = 50 and 75 mN). Inset images show the corresponding AFM
surface profiles obtained before and after the annealing.

a
Echar = 02} (2)

where a is the contact radius and R is the radius of spherical
tip.'”?° The value of a can be calculated by putting the con-
tact depth /4. (given by h. = h — (nf—;w where S is the contact
stiffness and © is a geometric constant of 0.75 for sphere)
into the contact geometry equation a® = 2Rh, — h2.° Thus,
the g for spherical tip can be systematically varied by sim-
ply changing P (and thus a). For this purpose, nanoindenta-
tions with a spherical tip (having R = 6.38 pm) were
conducted at 50 and 75 mN, and their P—/ curves and AFM
data are shown in Fig. 3. It is obvious that annealing-
induced change in the indent morphology depends on P ..
While almost complete recovery was observed for
Prax = 50 mN, the annealing could not fully recover the
impression for 75 mN. This provides a clue for the sequence
in which each mechanism plays; that is, plastic deformation
at the early stage is primarily caused by densification, and
then shear flow starts to contribute at higher strain level.
Considering that there is saturation level of densification in
the glasses,®?' it can be suggested that once saturation of
densification is achieved, additional plasticity should be
accommodated by means of shear flow.

According to Eq. (2), the values of &, for the spherical
indentations (in Fig. 3) were calculated as 0.059 and 0.063
for Pn.x = 50 and 75 mN, respectively. Therefore, it is rea-
sonable to believe that saturation of densification is reached
between g, of 0.059 and 0.063. In sharp indentation, since
€char fOr Y = 65.3° (~0.072) is higher than 0.063, the satura-
tion level of densification is already reached and shear flow
plays nonnegligible role in the deformation. Thus, the
increase in €.,y With reducing | can explain the variations in
the contribution of shear flow in Fig. 2, and the contribution
of the shear flow becomes the largest for \y = 35.3° due to its
highest €. (~0.22). Note that, although g, for \ = 75°
(~0.042) is lower than 0.059, there is still a possibility of
small role of shear flow due to the stress singularity of tip.*

Displacement [nm]

Fig. 4. P-h curves of cube-corner indentations obtained at four
different indentation strain rates. The influence of the strain rate on
the shear flow is provided in the inset.

An important issue remaining unclear yet is the detailed
mechanism for the shear flow. In the absence of dislocation,
Argon suggested that the shear flow in both metallic and
ceramic glasses is the result from a succession of localized
structural rearrangements.”>>* Especially in oxide glasses, it
was proposed that the local rearrangement proceeds through
a shear transformation (that is, a complex and cooperative
internal exchange of atoms) in a roughly equiaxed region. In
this theory, strain-rate (¢) dependence of shear stress (1) can
be given by**:

- (Inoyyvg — In€) (3)

(] 1.-)2 _4(1 - BT

B 5 0,

Here, g is the threshold plastic resistance at a given abso-
lute temperature 7, k is the Boltzmann constant, €2 is the
volume of shear transformation zone, v, is the transforma-
tion shear strain, vg is the normal mode frequency of the
transforming complex along the activation path, o is a con-
stant related to the fraction of material that is available to
deform via the activated process, and B is the scale factor of
the modified elastic energy stored around the transformed
region that can be determined as

(7—5v) Gy
3_30(1 —V) T “
where v is the Poisson’s ratio (~0.23) and G is the shear mod-
ulus (~30.1 GPa). If the above suggestion by Argon®* holds
valid for the shear flow observed in this study, the data of
cube-corner indentations (y = 35.3°), which exhibits the larg-
est contribution of the shear flow, should fit well with Eq.
(3). To examine this, a series of cube-corner indentations
were performed under four different indentation strain
rate & = h'(dh/dr) of 0.01, 0.025, 0.05, and 0.125s™".
The representative P—h curves recorded during the tests are
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provided in Fig. 4 where obvious rate dependence is
observed; that is, s, decreases as ¢ increases. At a given &,
hardness H was estimated according to Oliver-Pharr (O-P)
method.'® In the estimations by O-P method, two points are
noteworthy. First, the value of correlation constant B (that
relates stiffness S to contact area) is validated only for a Ber-
kovich indenter ( = 65.3°) and not for any other \y. Thus,
here B for \y = 35.3° was assumed to be 1.097 following a
previous study on fused quartz.®> Second, estimated H values
may be overestimated due to its pronounced pile-up behavior
for |y = 35.3°.

From H, the t in Eq. (3) can be determined by von Mises
conversion of flow stress ¢ and the well-known Tabor’s rela-
tion,?’ t ~ % = %C where C is the constraint factor (~1.4 for
window glass’). Iﬁ addition, the strain rate for uniaxial load-
ing ¢ can be obtained by an empirical relation of
&~ 0.09%,.%° Then, one can draw the plot of (I — 1t/t0)* ver-
sus In & as shown in the inset of Fig. 4 in which indeed the
experimental data are in good agreement with the theoretical
predictions by Eq. (3). From the slope of the plot, the value
of Q can be directly determined as 3.014 nm® with the
assumptions of 15 = G/2n (as predicted from a sinusoidal
shear resistance) and v, = 0.125 (as for metallic glasses*>>*).
Reasonable agreement between our 2 and literature data
(~1.5 nm*** led us to conclude that shear flow in the
examined window glass is mainly due to the shear transfor-
mation in a roughly equiaxed region.

1V. Conclusions

In summary, we have explored the influence of applied strain
(or indenter sharpness) on the plastic deformation behavior
of window glass through a series of nanoindentation experi-
ments with five different three-sided pyramidal indenters.
Experimental results revealed that, as the sharpness (and
strain) increases, the contribution of shear flow to total plas-
ticity becomes larger, whereas that of densification gets smal-
ler. Detailed sequence in which each mechanism plays could
be determined by additional nanoindentations with a spheri-
cal indenter. The strain-rate dependency of the cube-corner
indentation data suggested that the shear flow in the exam-
ined window glass results from a shear transformation.
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