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Abstract

Crack resistance of two types of glass was studied — cover glass (0.17 mm thick) and slide glass (2 mm
thick) using an improved technique through the use of the probe methods, which makes it possible to increase
the accuracy of determining the crack resistance of glass. Colorless silicate glass was used. Crack resistance
was determined by the Vickers pyramid indentation method. Microstructure of glasses surface and deforma-
tion region after indentation were studied using an atomic force microscope. Mechanical properties of glasses
were determined by nanoindentation. Surface relief of a glass slide is rougher than that one of a cover glass.
Roughness R, for a cover glass is less than for a slide glass. Specific surface energy value of 0.26 N/m is
higher for the slide glass compared to the coverslip. One elastic modulus value £ of the cover glass is 48 GPa,
and that one of the slide glass is 58 GPa. The microhardness value H is almost the same for by the glasses
and amounts to 6.7 GPa for a slide glass and 6.4 GPa for a cover glass. Atomic force microscope images of
deformation region after indentation with a Vickers pyramid show that the first cracks appear at a load of
1 N on the slide glass, and at 2 N on the cover glass. At a load of 3 N, the cover glass is destroyed. Based on
the results of crack resistance calculations it was found that critical stress intensity coefficient K, values are
1.42 MPa-m"? for a glass slide, and 1.10 MPa-m"? for a cover glass.
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OmnpenesieHre TPEIMHOCTONKOCTA IOKPOBHOI0 U NPEAMETHOIO
CTEeKJIa METOI0M UHACHTHPOBAHUS ¢ BU3yaIu3alueil METoI0M
ATOMHO-CUJI0BOM MUKPOCKOIIUU
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[IpoBeneHs! ncciea0BaHus TPEIIMHOCTOMKOCTH CTEKJIAa IBYX BUIOB — IMMOKPOBHOTO (TommuHa 0,17 Mm)
Y TIPEeIMETHOro (TOJIIMHA 2 MM) II0 YCOBEpPILIEHCTBOBAHHON METOAMKE 3a CUET MPUMEHEHMs 30HOBBIX
METO/IOB, IO3BOJISIOUINX IMOBBICUTH TOYHOCTH OIpEEeNICeHUs] TPEIMHOCTOMKOCTH cTekia. Mcmonb3oBanu
OeCIBETHOE CHIIMKATHOE CTEKJIO. TPEIMHOCTORKOCTD OMPEIeNIsuId METOAOM WHIACHTHPOBAHUS TTHPaAMUION
Bukkepca. MHKpOCTPYKTYpy IOBEpXHOCTH CTEKIa M 00JacTh JAedopMaluu TOCie WHISHTUPOBAHMS
WCCIIEZIOBAJIM HAa aTOMHO-CHJIOBOM MHKpOCKOMe. MexXxaHHYecKHe CBOMCTBA CTEKJIa OIpeNessuid METOIOM
HaHOMHJICHTUPOBaHUs. Penbed) MOBEpXHOCTH y MPEAMETHOTO CTeKsa Oojiee MIEepOXOBaThl 10 CPABHEHUIO
¢ IOKPOBHBIM cTekioM. IllepoxoBaTocTs R, y IOKPOBHOIO CTEKJIa MEHBIIIE [10 CPABHEHUIO C IIPEIMETHBIM.
VnenvHas oBepxHocTHast sHeprust 0,26 H/M BbIlIe y IpeIMETHOTO CTEKIIA 110 CPABHEHHUIO C MTOKPOBHBIM.
Mopnyns ynpyroctu E'y mokpoBHoro crekia cocrasisieT 48 I'Tla, y mpenmernoro — 58 ['Tla. MukpoTBépocTsb
MpakTUYeCKu coBmamaer u coctaBisier 6,7 I'Tla y mpemmernoro crtekna u 6,4 I'Tla y mokpoBHOTrO.
Ha ACM wu3oOpaxkeHusx oOiactd JeopMalMy IOCIe HMHICHTUPOBAaHUS NUpamMunoi Bukkepca
YCTaHOBJIEHO, YTO IEPBbIE TPEIINHBI MOABISIOTCS Npu Harpy3ke 1 H Ha mpeaqmMeTHOM cTekiie, a Ha MOKPOB-
Hom — mnpu 2 H. Ilpum marpy3ske 3 H mokpoBHOe cTekio paspymaercs. [lo pesynasratam pacuéra
TPEIINHOCTOMKOCTH YCTAHOBJIEHO, YTO KPUTHUCCKHH KOI(MQUIMEHT HHTEHCHUBHOCTH HampsbkeHUd K.

IUISL IPEIMETHOTO CTeKIIa paBeH 1.42 MIla-m'?, a K ;¢ U1 IIOKPOBHOTO cTekiIa paseH 1.10 MITa-m"?.

KimoueBble cjioBa: IIOKPOBHOEC CTEKJIO, IIPEAMETHOEC CTEKIIO, TpeHIHHOCTOﬁKOCTB, METOJ MHIACHTUPOBAHUS,
ATOMHO-CHJIOBast MUKPOCKOITUA

Aopec ona nepenucku:

Jlanuykas B.A.

HUncmumym menno- u maccooomena um. A.B. Jleikosa HAH benapycu,
ya. II. bposku, 15, e. Munck 220072, Berapyco

e-mail: vasilinka.92@mail.ru

Address for correspondence:

Lapitskaya V. A.

A.V. Luikov Heat and Mass Transfer Institute of NAS of Belarus,
P. Brovki str., 15, Minsk 220072, Belarus

e-mail: vasilinka.92@mail.ru

Jna yumuposanua:

Lapitskaya VA[Kuznetsova TA,|Chizhik SA.
Determination of Crack Resistance of the Cover and Slide
Glass by Indentation Method with the Visualization Using
Atomic Force Microscopy.

ITpubops! 1 METOBI U3MEPEHHH.

2024.T. 15. Ne 1. C. 60-67.

DOI: 10.21122/2220-9506-2024-15-1-60-67

For citation:

Lapitskaya VA, [Kuznetsova TA,|Chizhik SA.
Determination of Crack Resistance of the Cover and Slide
Glass by Indentation Method with the Visualization Using
Atomic Force Microscopy.

Devices and Methods of Measurements.
2024;15(1):60-67.

DOI: 10.21122/2220-9506-2024-15-1-60-67

61



Tpubopwvr u memoowl usmepeHul
2024. T. 15. Ne 1. C. 60—67
V.A. Lapitskaya et al.

Devices and Methods of Measurements
2024,15(1):60-67
V.A. Lapitskaya et al.

Introduction

Glass is a material which is widely used in ev-
eryday life, various technologies, medicine, and mi-
croelectronics. However, the glass is a very fragile
material. Mechanical properties (including the crack
resistance) of the glass may change depending on
its composition [1-5]. Internal stresses [6] and glass
thickness of the product can also affect to the crack
resistance. Glass deformation under load occurs in
different ways: from the crack’s formation (in which
the integrity of the glass as a product is still pre-
served) to the complete destruction (this is the de-
struction of the product into parts) [7-9]. The most
common method for determining crack resistance is
the indentation method [2, 3, 5, 10]. The crack resis-
tance varies from 0.38 to 1.79 MPa-m"? depending
on the composition of the glass [2, 10]. Previously,
in [11-13], an improved method for determining crack
resistance by the indentation method was described
through the use of high-precision probe methods
(atomic force microscopy and nanoindentation). This
makes it possible to increase the accuracy of deter-
mining the crack resistance of brittle solid materials.

The aim of the work was to determine the crack
resistance of two types of glass (cover glass and slide
glass) using the indentation method with visualiza-
tion of the deformation area using atomic force mi-
croscopy and determination of the mechanical prop-
erties by nanoindentation.

Experimental details

Slide glass and cover glass were used for the
study. Slide glass type is: colorless silicate glass
(according to TU 9464-012-52876859-2014), di-
mensions 26x26+1.0 mm, thickness 2+0.2 mm.
Cover glass type is: colorless silicate glass (accord-
ing to TU 9464-012-52876859-2014), dimensions
18x18 £+ 1.0 mm, glass thickness 0.17 + 0.02 mm.

The determination of the crack resistance was
conducted using the indentation method [11-14]. In-
dentation imprints were performed on a PMT-3 mi-
crohardness tester (LOMO, St. Petersburg, Russia).
A Vickers tip was used as an indenter. The load on
the indenter varied from 0.01 to 5.0 N. Three inden-
tations were performed at each load.

Structure of the glass surface, topography of the
indentation imprints and formed cracks on the glass
were determined using a Dimension FastScan atomic
force microscope (AFM) (Bruker, USA) in Peak-
Force QNM mode. The standard silicon cantilevers

of the NSC-11 type (Mikromasch, Tallinn, Estonia)
were used. The radius of the probe tip is 25 nm and
the console stiffness is 6.1 N/m.

Microhardness H, elastic modulus £ and de-
formation n (plastic and elastic deformation) of the
glass were determined using a Hysitron 750 Ubi na-
noindenter (NI) (Bruker, USA) [15]. A Berkovich
diamond indenter with a curvature radius of 60 nm
was used. During nanoindentation, the deformation
curves are continuously recorded. As a result, data
on the applied load and the corresponding the inden-
tation depth are obtained in the form of the depen-
dence function F' = f{h). On each sample, 9 indenta-
tions were performed with a constant load of 5 mN.
Microhardness and elastic modulus were also deter-
mined depending on the depth. In this case, the load
varied from 0.2 to 10 mN.

The elastic recovery m,,, and plastic defor-
mation 1,,,,,, were calculated from the shape of the
stress-strain curves F = f(h) [16]. The mechanical
energy W,,, performed during indentation is only
partly spent on the plastic energy W, [16]. When
the applied load is removed, part of the energy (elas-
tic recovery energy W,,.) is released. Relation (1)
contains information characterizing the plastic prop-
erties of the test sample:

elast

nelas = > (1)
t I/Vz‘ol‘al

where Wtolal = VVelast + Wplast'
The plastic component is equal to:

T]plozst = (1 - nelast) : 100% (2)

To determine critical stress intensity coefficient
K¢, the following formulas were used [11-13]:

weoon{t] (2] 2}
reom(s) (2] ]

where P is the load on the indenter, ; / is the crack
length near the indentation imprint, m (Figure 1);
c is the crack length from the center of the inden-
tation imprint, m; «a is the length semi-diagonal of
the indentation imprint, m (Figure 1); H is the mi-
crohardness, GPa; E is the elastic modulus, GPa;
@ is a constant, an indicator of the bond reaction
in the crystal lattice, @ = 3. The ¢/a ratio must be
determined to select the formula. If ¢/a <2.5, then

1
Ha?
(<)

A3)

1
Ha?
(o)

(4)
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Palmquist cracks (Figure 1) form in the sample and
the calculation is carried out according to formu-
la (3) [12, 17, 18]; if ¢/a > 2.5, then median cracks
(Figure 1) form in the sample and the calculation is
carried out using formula (4) [12, 17,18]. Formulas
(3) and (4), as already shown in [12], were chosen
for calculation as the most reliable. The values of H
and E obtained by the NI method were used as mi-
crohardness and elastic modulus in K- calculations.

side view

Vickers
c/a<2.s imprints
\ Palm(t]ist /
cracks

7

Wiodian oacks——

Figure 1 — Indentation imprint with indication of cracks
and them type

Results and discussion

AFM-images with the surface profiles of the
cover and slide glass are shown in Figure 2. On the
surface of the cover glass and slide glass there are
stripes oriented in the same direction. The surface re-
lief of the slide is slightly more developed than that
of the cover glass (Figure 2b). The surface roughness

14.3 nm

a
E |
2500 -
= |
on
2 o
2 -
S -500 -
S
m 1 T T T T T T T T T 1
0 1 2 3 4 5
Profile length, pm

Cc

of the slide glass and cover glass they are close in
terms of values (Table 1). Only the roughness R, of
the cover glass is lower compared to the slide glass.
Specific surface energy for the slide glass (0.26 N/m)
is higher compared to the cover glass (0.08 N/m).

Table 1

Roughness (R,, R,, R) and specific surface

energy v of glass
Gl
ass > M R,, nm R,,nm v, N/m

type

Slide 1.24+£0.06 1.58+0.08 3.51+£0.18 0.08+0.01
glass

COVer | 164005 1574008 2.6440.13 026+ 001
glass

Mechanical properties of two types of glass
were studied under constant (Table 2) and increasing
load (Figure 3) by the nanoindentation method.

Table 2
Mechanical properties of glass

Glass
type E’ GPa H? GPa nplust’ % Nelase> %
Slide 58+3 6.7£0.2 37.8+5.7 62.2+9.3
glass
Cover  yeuy 64402 337451  66.3+9.9
glass

g

=

=

.20

Q

=

2

=

£-1.5 1

Profile length, pm
d

Figure 2 — Atomic force microscope images of the cover glass («) and slide glass (b) (in a field of 5x5 pm?) with surface

profiles (¢, d)
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Based on the study results of the mechanical
properties of glasses at a load of 5 mN (Table 2),
it was found that the elastic modulus £ of the cov-
er glass is 48+1 GPa, and that of the slide glass is
58+3 GPa. Microhardness H is almost the same
and amounts to 6.7+0.2 GPa for the slide glass and
6.4+0.2 GPa for the cover glass. Mechanical prop-
erties values are lower than those of pristine silica
glass and fully densified silica glass [19]. Microhard-
ness practically coincides with the values in [20]. It
can be said that the composition of the glass can sig-
nificantly affect the mechanical properties and, sub-
sequently, the strength characteristics of the glass.

100 -
< ° ® cover
& xslide
N 90 N
0
= .,
!
o
g 80 A
2
7]
S
= 70 : . . ;
0 50 100 150 200
Indentation depth, nm
a
12 -
Q‘f ® cover
&) Xslide )&8‘
)
10 t}’)‘("p
g o
o0,
2
< 8 0 gt0n s o X
2 oo XXX
2 " x*x'
I
= -
6 T T T T
0 50 100 150 200
Indentation depth, nm
b
s I slide
| cover "
z ]
€ ;|
g
<
g2
1 -
0 : ——
0 50 100 150 200 250
Indentation depth, nm
C

Figure 3 — Dependences of elastic modulus («) and micro-
hardness (b) on indentation depth and indentation curves
(c) on the slide glass and cover glass

When studying microhardness H with increasing
load (from 0.2 to 10 mN), it was found that the val-
ues are almost the same for both glasses (Figure 35).
Elastic modulus £ of the slide glass at small depths
(up to 70 nm) practically does not change, and then
increases to 80—85 GPa (Figure 3a). For the cover
glass, the elastic modulus decreases with increas-
ing depth from 50 to 100 nm. After depth 100 nm,
the elastic modulus remains virtually unchanged —
73-75 GPa. Plastic deformation of the slide glass
is higher than that of a cover glass and amounts to
37.8 % and 33.7 %, respectively (Table 2, Figu-
re 3c).

Morphology of the indentation imprints on the
glasses surface has been studied after studying the
surface morphology of the glasses and mechani-
cal properties. It has been established first cracks
appear at a load of 1 N on the slide glass, and on a
cover glass — at 2 N using the AFM method. Cracks
(Figure 4), which appear parallel to the edges of
the imprint at low loads (up to 1 N), are breaks, not
cracks [2]. These breaks initiate the appearance of
the radial cracks when large loads are applied [2].
The structure of the deformation area is similar to
the structure in [2, 7, 21, 22]: there are imprints on
the glass surface with breaks along the verges of the
imprint and cracks spreading from the corners of the
imprint.

Also, from the AFM images, the diagonals
length d and the indentations depth % for the slide
and cover glasses were determined (Figure 5). For
both the slide and cover glass, the values of /& and
d are almost the same up to a load of 2 N. Cover
glass is destroyed at a load of 3 N (Figure 5b). The
¢/a ratio for the cover and slide glasses is given in
Table 3.

Table 3
c/a ratio for slide glass and cover glass
c/a

Load, N .

Slide glass Cover glass
1 1.3+0.1 —
2 2.0+£0.2 22402
3 2.1+£0.2 destruction
5 22+0.2 destruction

It is established that c¢/a < 2.5 and Palmquist
cracks form in the glasses (Table 3). The critical frac-
ture intensity coefficient K, should be calculated us-
ing formula (3).
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Figure 4 — Atomic force microscope images of the indentation imprints on the surface of a cover glass (a, b) and slide
glass (¢, d) at 0.01 N (a, ¢, ) and 2 N (b, d, f) and their profiles

50 - 30 1 -e—d
g -o—d g &4
N L4 g 3| eh s Lao §
N 40 - =3 = &eﬁ:\ <
= < = a
& = %“20 ] L 30 B
S 30 - 5 - <
p— pc p—
g g g """"""" . L 2.0 .5
§ 20 - 2 so Jestruction =
S 3 5 10 4 =
_a - o 5]
© 5 e - 1.0 2
= 10 - el -2 =
'g' 0 0 T T 0.0
0 0 1 2 3
Load, N Load, N

a b

Figure 5 — Dependence of the diagonal length and indentation depth on the load for slide glass (@) and cover glass (b)
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According to the calculation results, it was
found that K. for the slide glass is equal to
1.42+0.03 MPa-m'?, and K, for a cover glass is
1.10+0.05 MPa-m"?. The K, values obtained in this
work are close to the values in [10] for silicon oxyni-
tride glasses and B,0;-based glasses.

The destruction of the cover glass under a load
of 3 N is associated with its smaller thickness com-
pared to the slide glass. Thus, the glass thickness can
influence the value of the fracture toughness: the
thinner the glass, the lower its breaking force.

Conclusion

The crack resistance of two types of glass (slide
glass and cover glass) was determined using an im-
proved indentation method. The used of probe meth-
ods (atomic force microscopy and nanoindentation),
which allowed it possible to accuracy increase of
determining the crack resistance of glass. Colorless
silicate glass was used.

Using a Vickers pyramid was carried out inden-
tation. The deformation area was visualized using
atomic force microscopy. The mechanical properties
of glasses were determined by nanoindentation (at a
constant load and with increasing load).

Based on atomic force microscopy images,
it was established that there are stripes oriented in
the same direction on the surface of the cover glass
and slide glass. The surface relief of a slide glass
is slightly more developed than that of a cover
glass. The specific surface energy is higher for the
slide glass (0.26 N/m) compared to the cover glass
(0.08 N/m). The elastic modulus £ of the cover glass
is 48 GPa, and that of the slide glass is 58 GPa. The
microhardness H is almost the same and is 6.7 GPa
for the slide glass and 6.4 GPa for the cover glass.
The elastic modulus E of the slide glass at small
depths (up to 70 nm) practically does not change,
and then it increases to 80—85 GPa. For a cover glass,
the elastic modulus decreases with increasing depth
up to 100 nm, and then remains virtually unchanged
(7375 GPa).

Atomic force microscopy images of the defor-
mation area after indentation with a Vickers pyramid
show that the first cracks appear at a load of 1 N on
the slide glass, and at 2 N — on the cover glass. The
cover glass is destroyed at a load of 3 N. The diago-
nals length d and the indentations depth h for the slide
and cover glasses are practically the same up to a
load of 2 N. It was found that Palmquist cracks form
on glass of both types during indentation. The crack

resistance K. for a slide glass is 1.42 MPa'm'?, and
for a cover glass is 1.10 MPa'm"?.

Acknowledgments

This research was supported by the grant of
Belarusian Republican Foundation for Fundamen-
tal Research BRFFR No. T22M-006, as part of the
assignment No. 2.3 SPSR “Energy and nuclear pro-
cesses and technologies”.

References

1. Yingtian Yu, Mengyi Wang, N.M. Anoop Krish-
nan, Morten M. Smedskjaer, K. Deenamma Vargheese,
John C. Mauro, Magdalena Balonis, Mathieu Bauchy.
Hardness of silicate glasses: Atomic-scale origin of the
mixed modifier effect. Journal of Non-Crystalline Solids.
2018;489:16-21.

DOI: 10.1016/j.jnoncrysol.2018.03.015

2. Sellappan P, Rouxel T, Celarie F, Becker E,
Houizot P, Conradt R. Composition dependence of inden-
tation deformation and indentation cracking in glass. Acta
Materialia. 2013;61:5949-5965.

DOI: 10.1016/j.actamat.2013.06.034

3. Tanguy Rouxel, Satoshi Yoshida. The fracture
toughness of inorganic glasses. Journal of the American
Ceramic Society. 2017;100(10):4374-4396.

DOI: 10.1111/jace.15108

4. Robert F. Cook, George M. Phar. Direct Obser-
vation and Analysis of Indentation Cracking in Glasses
and Ceramics. Journal of the American Ceramic Society.
1990;73(4):787-817.

DOI: 10.1111/j.1151-2916.1990.tb05119.x

5. Ishikawa H, Shink N. Critical Load for Me-
dian Crack Initiation in Vickers Indentation of Glasses.
Communications of the American Ceramic Society.
1982;65(8):c124-c127.

DOI: 10.1111/.1151-2916.1982.tb10496.x

6. Chuchai Anunmana, Kenneth J. Anusavice, John J.
Mecholsky Jr. Residual stress in glass: Indentation crack
and fractography approaches. Dental Materials. 2009;25:
1453-1458. DOI: 10.1016/j.dental.2009.07.001

7. Satoshi Yoshida, Mitsuo Kato, Akiko Yokota,
Shohei Sasaki, Akihiro Yamada, Jun Matsuoka, Naohiro
Soga, Charles R. Kurkjian. Direct observation of indenta-
tion deformation and cracking of silicate glasses. Journal
of Materials Research. 2015;30(15):2291-2299.

DOI: 10.1557/jmr.2015.214

8. Jingjing Chen, Jun Xu, Bohan Liu, Xuefeng Yao,
Yibing Li. Quantity Effect of Radial Cracks on the Crack-
ing Propagation Behavior and the Crack Morphology,
PLoS ONE. 2014;9(7):¢98196 p.

DOI: 10.1371/journal.pone.0098196

66



Tpubopul u memoowt usmeperutl
2024. T. 15. Ne 1. C. 60—67
V.A. Lapitskaya et al.

Devices and Methods of Measurements
2024,15(1):60—67
V.A. Lapitskaya et al.

9. Hagan JT. Cone cracks around Vickers indenta-
tions in fused silica glass. Journal of Materials Science.
1979;14:462-466. DOI: 10.1007/BF00589840

10. Tanguy Rouxel. Fracture surface energy and
toughness of inorganic glasses. Scripta Materialia.
2017;137:109-113.

DOI: 10.1016/j.scriptamat.2017.05.005

11. Lapitskaya VA, Kuznetsova TA, Chizhik SA,
Warcholinski B. Methods for Accuracy Increasing of
Solid Brittle Materials Fracture Toughness Determining.
Devices and Methods of Measurements. 2022;13(1):40-
49. DOI: 10.21122/2220-9506-2022-13-1-40-49

12. Lapitskaya VA, Kuznetsova TA, Khudoley
AL, Khabarava AV, Chizhik SA, Aizikovich SM, Sady-
rin EV. Influence of polishing technique on crack resis-
tance of quartz plates. International Journal of Fracture.
2021;231(1):61-77.

DOI: 10.1007/s10704-021-00564-5

13. Lapitskaya VA, Kuznetsova TA, Khabarava AV,
Chizhik SA, Aizikovich SM, Sadyrin EV, Mitrin BI, Wei-
fu Sun. The use of AFM in assessing the crack resistance
of silicon wafers of various orientations. Engineering
Fracture Mechanics. 2022;259:107926.

DOI: 10.1016/j.engfracmech.2021.107926

14. Lapitskaya VA, Kuznetsova TA, Chizhik SA. In-
fluence of Temperature from 20 to 100 °C on Specific Sur-
face Energy and Fracture Toughness of Silicon Wafers.
Devices and Methods of Measurements. 2023;14(4):161-
172. DOI: 10.21122/2220-9506-2023-14-4-161-172

15. Oliver WC, Pharr GM. Measurement of hardness
and elastic modulus by instrumented indentation: Ad-
vances in understanding and refinements to methodology.
Journal of Materials Research. 2004;19(1):3-20.

16. Metallic materials Instrumented
tion test for hardness and materials parameters — Part 1:

indenta-

Test method: ISO 14577-1:2015. — Introduct. 29.07.2015.
Dublin: The National Standards Authority of Ireland,
2015. - 54 p.

17. Golovin Yul. Nanoindentation and mechanical
properties of solids in submicrovolumes, thin near-surface
layers, and films: A review. Physics of the Solid State,
2008;50(12):2205-2236.

18. Niihara K, Morena R, Hasselman DPH. Evalua-
tion of Klc of brittle solids by the indentation method with
low crack-to-indent ratios. Journal of Materials Science
Letters. 1982;1:13-16.

19. Niihara K. A fracture mechanics analysis of in-
dentation-induced Palmqvist crack in ceramics. Journal of
Materials Science Letters. 1983;2:221-223.

20. Keryvin V, Hoang VH, Shen J. Hardness,
toughness, brittleness and cracking systems in an iron-
based bulk metallic glass by indentation. Intermetallics.
2009;17:211-217.

DOI: 10.1016/j.intermet.2008.08.017 211-217

21. Yoshinari Kato, Hiroki Yamazaki, Satoshi Yo-
shida, Jun Matsuoka. Effect of densification on crack
initiation under Vickers indentation test. Journal of Non-
Crystalline Solids. 2010;356:1768-1773.

DOI: 10.1016/j.jnoncrysol.2010.07.015

22. Akio Koike, Shusaku Akiba, Takahiro Sakagami,
Kazutaka Hayashi, Setsuro Ito. Difference of cracking be-
havior due to Vickers indentation between physically and
chemically tempered glasses. Journal of Non-Crystalline
Solids. 2012; 358:3438-3444.

DOI: 10.1016/j.jnoncrysol.2012.02.020

23. Yoshinari Kato, Hiroki Yamazaki, Satoru Ita-
kura, Satoshi Yoshida, Jun Matsuoka. Load dependence
of densification in glass during Vickers indentation test.
Journal of the Ceramic Society of Japan. 2011;119(2):110-
115. DOI: 10.2109/jcersj2.119.110

67



