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Evaluation of Indentation Induced Residual Stress on the Surface of

Substrate Glasses for Display
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Setsurou ITO* and Hiroshi ABE

Department of Molecular and Material Sciences, Graduate School of Engineering Sciences, Kyushu University,
6-1, Kasugakouen, Kasuga-shi, Fukuoka 816-8580
*Research Center, Asahi Glass Co., Ltd., 1150, Hazawa-cho, Kanagawa-ku, Yokohama-shi, Kanagawa 221-8755
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Residual stress field around a Vickers diamond indentation was studied in three commercial glasses with
different strain points (7,=635°C, 570°C and 511°C, respectively) . The basis of the experimental technique is
to use cracks from a small indentation as a microprobe to measure the residual stress at a specific point
around a large indentation and to study the change of the residual stress by heat treatment. Residual tensile
and compressive stresses around a large indentation produced by applying the load of 19.6 N were distribut-
ed up to a distance of about 400 um from the indentation center. For all specimens, the tensile and compres-
sive stresses were about 10 MPa and —50 MPa~ — 30 MPa, respectively, at a distance of 200 zm from the in-
dentation center. The residual stresses decreased by heat treatment at temperatures as low as 300°C below
the strain point and became zero by keeping the indented specimen at temperatures close to the strain point
of each glass, for 7.2 ks. The resistance to decrease in residual stresses against temperature was in the order
Si-B-Al-0 (7,=635°C) > Si-Al-0 (7,=570°C) > Si-Ca-Na-0 (T;=511°C) glass. The results were discussed

t

based on the difference of the mobility of constituent ions and flow of glasses.
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1. Introduction

Glass has excellent optical, mechanical and chemical
properties and has been used in a variety of applications. In
recent years, the area of application has been expanded to
that of electronics and the requirement for properties of
glass has been well pronounced.??

Glass which is used for liquid crystal display or plasma
display is subjected to fairly high temperature during
manufacturing and a micron level distortion affects the
dimensional accuracy, hence the quality of products. It is
useful to measure the temperature dependence of the reduc-
tion of residual stress and to evaluate the heat resistance of
various glasses. Extensive studies have been carried out of

the measurement of residual stresses based on various .

techniques.®-13) With regard to the thin film, coated on a
substrate, a technique to measure the distortion of the thin
film-substrate composite has been used. Uchida recently
reported an analytical technique to determine residual stress
in thin film by asymmetric X-ray diffraction.? Zimmerman
reported a computer simulation analysis to estimate the
residual stress and stress distribution in glass.!” Bistrad
used a ball indentation method to study the residual stress in
glass.’® Zeng developed an indentation technique”® to
measure the residual stress field around Vickers indenta-
tions.

In the present study, Vickers indentation technique?-8)-13)
was applied to evaluate the change of residual stress field;
the creation of stress field by an indentation and reduction
by subsequent heat treatment. The rise and fall of the resid-
ual stress in the surface of glasses with different strain
points were discussed based on experimental results and the
results of computer simulation by molecular dynamics.
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2. Experimental procedure

Experiments were made using three glasses with differ-
ent strain points. They were a Si-Ca-Na-O system glass
(5 mm in thickness), Si-Al-O system glass (3 mm in thick-
ness) and Si-B-Al-O system glass (1 mm in thickness) for
display. Properties of glasses are shown in Table 1 and
glass compositions are shown in Table 2. Vickers diamond
indentation experiments were carried out at room tempera-
ture (20-24°C, with 27-52% humidity) with Akashi AVK
Hardness Tester. The primary indentation was made in the
surface of each glass with a load of 19.6 N. The second in-
dentation was made with a load of 4.9 N. In each indenta-
tion, the load was applied for 15 s. The second indentation
was oriented so that the cracks form in the radial and tan-
gential directions relative to the primary indentation. In-
troduction of the second indentation will affect the stress
field created by the primary indentation. Therefore the load
to make the second indentation should be small so that the
effect on the stress field created by the primary indentation
can be minimized. The length of the cracks from the second
indentation in the radial and tangential directions with
regard to the primary indentation was measured 15 s after
the indentation on a TV monitor which was connected to the
Hardness Tester. The center-to-center distance between
the two indentations was also measured on the screen. The
sequence of indentation experiments was repeated at posi-
tions of different center-to-center distance. The length of
the cracks from the second indentation was measured and
the tensile and compressive residual stresses were calculat-
ed.

The heat treatment was carried out in an electric furnace
after the primary indentation. The glass specimen was heat-
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Table 1. Properties of Glasses
P—. Strain point  Young's modulus Density Thermal expansion coefficient Fracture toughness
P e /GPa /10%kg m™ e /MPa-m"?
Si-Ca-Na-O system glass 511 72 2.49 87X.107 0.75
Si-Al-O system glass 570 76 297 83X 107 0.64
Si-B-Al-O system glass 635 73 277 49% 107 0.78
Table 2. Glass Composition
Sample Composition / mol%

Si-Ca-Na-O system glass
Si-Al-O system glass
Si-B-Al-O system glass

13 (Na, K),0 - 14 (Mg, Ca)O - 1 Al,03 - 728i0,
9 (Na, K),0 - 18 (Mg, Ca, Sr, Ba)O - 5 Al,03 - 66 SiO; - 2 ZrO,
19 (Mg, Ca, Sr, Ba)O - 14 (B, Al),0; - 67 SiO,

(b)

100 pm

Fig. 1.
ed, far distance.

ed at various temperatures between 200°C and 700°C for 7.2
ks in air. The specimen was cooled to room temperature and
the second indentation was made. Crack length was meas-
ured and the residual stress was calculated in the same way
as was adopted in the as-indented specimen. The indenta-
tion profiles were characterized with a DEKTAK3 Version
2.01a/] profilometer and KEYENCE Color Laser 3D Profile
Microscope VK-8500 instruments for as-indented and heat-
treated specimens.

Molecular dynamics simulation was carried out for three
glass samples with Fujitsu WinMASPHYC Pro by using
Kawamura potential as an interatomic potential. Ions con-
stituting glass samples were distributed, in compliance with
molar fraction, in virtual tetragonal lattice using random
number selection. Stabilized simulations of ionic positions
were repeated for 10000 times, at ten femto second
(10-15 g) intervals and 2000°C under the ambient pressure.
The glass structure, cooled at a speed of 2 x 101°C-s~1, was
defined as initial structure. Stable ionic positions at desired
temperatures were calculated by keeping the glass at each
temperature for ten pico second (10~!'s). The numbers of
ions in a three dimensional lattice was kept constant in the
simulation.

3. Results and discussion

3.1 Crack profiles under residual stress

Figures 1(a) and (b) show examples of crack patterns of
second indentations made under the influence of the prima-
ry large indentation for Si-Al-O system glass. Figure 1(a)
shows that in the area near the primary indentation, there is
a tangential tensile stress which propagates the crack in the
radial direction. A compressive stress is developed in the

100 pm

Optical micrograph of indentations on (a) Si-Al-O system glass; as-indented, near distance, (b) Si-Al-O system glass; as-indent-

Fig. 2. Optical micrograph of indentations on Si-Al-O system
glass; after heat treatment at 600°C.

radial direction and the length of cracks in the tangential
direction decreases. Figure 1(b) shows that at a far dis-
tance from the primary indentation, the influence of the
residual stress diminishes to zero and the second indentation
behaves as a normal indentation.

Figure 2 gives an example of crack patterns of second in-
dentation located close to the primary indentation which had
been heat-treated at 600°C for 7.2 ks before the second in-
dentation was made. No or little influence of the residual
compressive and tensile stresses from the primary indenta-
tion could be observed and the second indentation behaved
as a normal indentation. In case when the crack formed
from a second indentation comes close to the crack from a
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primary indentation, the former crack sometime extended
to the latter; similar behavior as was reported by Lardner
and Malou.!.19 When such behavior is observed, data were
judged invalid.

3.2 As-indented residual stress

By measuring the second crack length, it is possible to cal-
culate the residual stress field around the primary indenta-
tion. In order to calculate the residual stress around an in-
dentation, fracture mechanics analysis has been proposed
by Zeng.” The residual stresses were calculated by using
the following equations.

1—(Go/Cy)2

g, =K. (DC%/?‘

; for tensile residual stress

(1
1—(Co/Cy) 2

g.=—K. <15C%/2

; for compressive residual
stress
2)

where K, is the critical stress intensity factor at the indenta-
tion crack tip which is not affected with residual stress, C, is
the crack length at a load P without residual stress and @ is
a geometrical constant and & =nr'/2 for surface cracks. In
the subsequent calculation, K, values of 0.75 MPa-m!/2,
0.64 MPa-m'/2, 0.78 MPa-m!/2 were used for Si-Ca-Na-O,
Si-Al-0 and Si-B-Al-0 glasses, respectively. It is assumed
that both tensile and compressive stresses are constant over
the second crack. This assumption is good only if the second
crack is small. However, for simplicity, this assumption will
be made in the present paper. The crack formed from the
second indentation extended from C; to C; under tensile
residual stress o, from the primary indentation. While the
crack length decreased from C, to C, under compressive
residual stress o.. The crack length C, of each glass was
51.6 um with standard deviation of 1.4 um for Si-Ca-Na-O
glass, 61.3um with standard deviation of 1.1 um for
Si-Al-O glass and 50.1 um with standard deviation of 0.8
um for Si-B-Al-0 glass, respectively.

In Figs. 3-(a), (b) and (c), the residual tensile and com-
pressive stresses from the primary indentation are plotted
against the distance, which is defined as the distance be-
tween the crack tip of small indentation and the center of the
primary indentation.!® The figures show that the residual
tensile and compressive stresses distributed up to the dis-
tance of about 400 um for all three glasses. The stress
decreases as the distance from the center of the primary in-
dentation increases. In the area where the distance is below
150 um, the cracks from the second indentation interfere
with the cracks from the primary indentation and the ac-
curacy of the calculation of residual stress is apparently
affected. It was a general trend that the compressive stress
was larger than the tensile stress; at the distance of 200 um,
the compressive stress was about —50 MPa~ —30 MPa
while the tensile stress was about 10 MPa.

3.3 Residual stress after heat treatment

Figure 4 gives residual tensile and compressive stresses
from the primary indentation after heat treatment at 500°C
for 7.2 ks. As for Si-Ca-Na-O glass, with the strain point of
511°C, the residual stress was reduced to zero, while the
residual stress still remained in Si-Al-O system glass with
the strain point of 570°C after the heat treatment. In Fig. 5,
the average residual compressive stress at the distance of
200 um is plotted for Si-Al-O system glass, after heat treat-
ment at various temperatures for 7.2 ks. The change of the
depth of primary indentation measured with a Laser 3D Pro-
file Microscope is also shown in the figure. Both the residual
stress and the depth of the indentation decreased with the
increase in temperature. Similar curves were also observed
for Si~Ca-Na-O and Si-B-Al-O glasses. Curves in Fig. 5

40 l Edge of primary indentation
(a) @sﬁm} :::::%;tensi{le di:jectio‘n ) I
< 20 o
o
=
PR
g
1]
~ -20}-
=
2
3 40! -
~
-60} -
-80
0 100 200 300 400
Distance to center of primary indentation / um
J Edge of primary indentation
e Ol primary
(b) O Residual stress in tensile direction
o Residual stress in ive di —'
B D0
2 (o]
2
£ 0-
i
I
:é =20t
w2
&
_40 ..
-60| -
-80
0 100 300 400
Distance to center of primary indentation / um
2 | Edge of primary indentation
(c) O Ees%:iua.} ::::: r‘ ft.msile dir'ecti:)'n
20} -
<
S
P
g
2201
<
=
=
% 40,
~
@
601 i ....................................
,z
[ J
-80
0 100 200 300 400

Distance to center of primary indentation / um

Fig. 3. Residual stress around a 19.6 N indentation in the surface
of (a) a Si-Ca-Na-O system glass, (b) a Si-Al-O system glass,
(c) a Si-B-Al-0 system glass; as-indented.



Journal of the Ceramic Society of Japan 110 [ 9] 2002 837

Tatsushi NAGAE et al.

40

20
<
S

~ 0
w
wa
(5}
=

@ 20
<
=
=

6 40
[=4

‘ Residual stress | Si"C2Ne-0 Si-Al0
_60 .................. system system
* Tensile O YAN
Compressive . A
-80
0 100 200 300 400

Distance to center of primary indentation / pm

Fig. 4. Residual stress around a 19.6 N indentation; 500°C, 7.2 ks-
heated.

Wstrain point
——7.5

T T T
a7

16.5

16

' T 5 '5

N O : . 5

S~ ; 4.5

: 4

K § 435

: 13

; 2.5

v -2

Si-Al-O system glass ' L5

O Residual compressive stress [ 11

@ Indentation depth b 40.5

50,

S
(=]

w
(=
T
o}

]

S
Indentation depth / um

Residual stress / MPa

—
(=3
T

. 1 L 1 L 1 n 1 >
r.t. 200 300 400 500 6%50 700
Processing temperature / C

Fig. 5. Residual compressive stress at the distance of 200 ym and
indentation depth after heat treatment at various temperatures.

show that the residual stress and the indentation depth
decrease by heat treatment at the temperatures far below
the strain point. In Fig. 6, similar plots of the change of the
residual compressive stress are summarized for all three
glasses. In Fig. 7, the same data as were shown in Fig. 6 are
replotted against normalized stresses; residual stress after
heat treatment/as-indented residual stress. It was a com-
mon trend that the residual stress decreased at the heating
temperature as low as 200°C and became zero at the temper-
atures close to the strain point of each glass.

The basic mechanism for the creation of indenter induced
residual stress was discussed by Anstis!® whose analysis is
based on a model in which the elastic/plastic field beneath
the indenter is resolved into elastic and residual compo-
nent.!” The radially expanded plastic zone,'® after unload-
ing, exerts a hydrostatic pressure across the outerboundary
of the plastic zone hence causing a tangential elastic tensile
stress and a radial elastic compressive stress outside the
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Fig. 6. Residual compressive stress at points 200 um to the center
of primary indentation.
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boundary. The residual stress is detected and calculated by
measuring the crack length of the second indentation as was
described in this study.

Approximate pressure beneath the indenter is estimated
to be as high as the hardness value of the specimen, 5.3 GPa
for Si-Ca-Na-O system glass.!® The pressure causes plas-
tic zone which created a residual elastic stress field extend-
ing to as far as 400 um. The heat treatment reduced the
residual stress to zero at temperatures close to the strain
points.

With regard to the relationship between the change of the
residual stress by heat treatment and the properties of
glasses, overall trend of the resistance to the decrease of the
residual stress against temperature is in the order of
Si-B-Al-O (Ty=635°C) >Si-Al-0 (Ty=570°C) > Si-Ca-
Na-O (T,=511°C) glasses, with some concession due to the
scatter of the original data shown in Figs. 3 and 4. The
shape of the curves in Fig. 7 suggests that the residual
stress in Si-Ca-Na-O glass decreases relatively monotoni-
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Fig. 9. Estimated mean square distance of network former and
oxygen ions held at each temperature for ten pico seconds.

cally with the increase in temperature. On the other hand,
the curves for Si-B-Al-O and Si—Al-0 system glasses seem
to have plateaus at the temperatures 100 to 200°C below the
strain points. The decrease in the residual stress at relative-
ly low temperatures could have been caused by the diffusion
of ions; probably enhanced by the high mobility of alkali
ions. The electric resistivities at 150°C are 8.5, 12 and >15
log ohm-cm~! for Si-Ca-Na-O ((Na, K),O content=13
mol%), Si-Al-O ((Na, K),0 content=9 mol%) and Si-B-
Al-O (No alkali, Alkaline earth oxide content=19 mol%)
system glasses, respectively.*

The results of molecular dynamics simulation are given in
Figs. 8 and 9. Figure 8 shows the relationship of time (pico
second) and mean square distance (nm2) from the original
location of ions in Si-Ca-Na-O glass kept at 400°C. Owing
to the limitation of short time and diffusion distance of each
ion, it is not clear whether the mean square distance and

*Data Sheet, Asahi Glass Co., Ltd.

time have the diffusion controlled proportional relationship
or not. However, general trend of the results of similar cal-
culation for Si-Ca-Na-0, Si-Al-O and Si-B-Al-O system
glasses showed that alkali ions ; Na and K are high mobility
ions while network formers; Si, Al and B, are low mobility
ions. The mobility of alkali earth ions is generally lower than
that of alkali ions and higher than that of network formers.
As for the effect of the mobility of ions on the reduction of
residual stress by heat treatment, the diffusion of the net-
work formers are considered to play more important role
than that of modifiers. Figure 9 plots the mean square dis-
tance (nm?2) of network former and oxygen ions from the
original location in each glass kept at different temperatures
for 10 pico seconds. Although there are fractuations in the
mean square distance vs. temperature curves, overall trend
of the mobility of network former and oxygen ions is in the
order of Si-B-Al-0 < Si-Al-0 < Si-Ca-Na-O glasses.

It is probable that the high mobility of alkali ions in
Si-Ca-Na-O glass enhanced the mobility of network form-
ers, hence reduced the residual stress by heat treatment
monotonically. In the region where temperatures are some-
what below the strain point of Si-B-Al-O glass, in which no
high mobility alkali ion is contained, the diffusion may not
have been sufficient to reduce the residual stress to zero,
and a plateau is observed in the residual stress curve. After
this transition zone, flow becomes eminent near the strain
point hence reduces the residual stress to zero. The results
of MD simulation of Si-B-Al-O glass show that there is no
specific change in the mobility of network formers below
and above the strain point temperature. It is presumed that
the fact that the residual stress becomes zero at around the
strain point has resulted from the flow, the scale of which is
larger than that of each step of the diffusion of ions. The be-
havior of Si-Al-O glass is assumed to be intermediate be-
tween Si-B-Al-0 and Si-Ca-Na-O glasses.

4. Conclusions

Residual stress field around a Vickers diamond indenta-
tion was studied using three glasses with different strain
points as specimens. The basis of the experimental tech-
nique is to use a small indentation to measure the residual
stress at a specific point around a large indentation. Molecu-
lar dynamic simulation was also carried out to discuss the
results. They are summarized as follows.

(1) Residual tensile and compressive stresses around a
large indentation distributed to the distance of 400 um from
the center of the indentation. The tensile and compressive
stresses were about 10 MPa and —50 MPa~ —30 MPa,
respectively, at a distance of 200 um from the indentation
center.

(2) The residual stress decreased by heat treatment at
temperatures as low as 300°C below strain points and
became zero by keeping the indented specimen at the tem-
perature close to the strain point of each glass, for 7.2 ks.

(3) The resistance to the decrease of the residual
stress against temperature was in the order of Si-B-Al-O
(Ts=635°C) >Si-Al-O (T,=570°C) >Si-Ca-Na-0 (T,=
511°C).

The results were discussed based on the difference of the
mobility of constituent ions and plastic flow of glasses.
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