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Surface Fracture Response of Glass Fabric/Epoxy Lamina-Bonded
Glass Plates to Impact with a Small-Diameter Steel Ball

*

Hyoung-gu Kim* and Nak-Sam Choi*

ABSTRACT

A small-diameter steel-ball impact experiment was performed to study the impact resistance of the sur-
face of glass plates bonded with glass fabric/epoxy lamina. Five kinds of materials were used in this
study: soda-lime glass plates, glass/epoxy lamina(one layer)-bonded and unbonded glass plates,
glass/epoxy lamina(three layers)-bonded and unbonded glass plates. The range of impact velocity was 40
120m/s. The maximum stress and absorbed fracture energy were measured on the back surfaceof glass
plates. With increasing impact velocity, various types of surface cracks such as ring, cone, radial and lat-
eral cracks took place in the interior near the impacted site of glass plates. The cracks drastically
decreased with glass/epoxy lamina coating. The surface fracture behavior could be evaluated using the
maximum stress and the absorbed fracture energy.
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Fig. 4. Surface cracks generated in soda-lime glass as a func-
tion of ball-velocity
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Fig. 3. Strain-gage signal (a) and the corresp-onding impacted
site (b} during the impact test
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Fig. 3. Strain-gage signal (a) and the corresp-onding impacted
site (b) during the impact test
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Fig. 5. Surface fractures of glass/epoxy lamina(one layer)
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E 7 vk 4557} 100m/so] del e Fde] Al
H WF7A et 2 sEg TAAAT

Fig. 5& va%T 34 27t $7Hd) we) 53
A e 15 v AT AjdA 2 BgA] ue)
o] £33 W§ ¥ e BeErh

&H(a, b, ©)2 1502 HFAY B ulute] 5
&& HojFa glen i@, b, o) At 5
A eke AAY F f2] AlE YR B3 #
€2 vehdnh. E3A] vtete] Ao s n £
dide Bdge] Tt AlE YRR dAsig o,
doltdad, deddE 59 71 #EL 2
shAl dgitt. Fddel TA dASEE oF 62m/sH
3, n&FH0M AE e 38 AL dA3] 7
Aseh B34 vhg 3502 A 4wy &
gl A B A& S7b e E3A) uhle)
shee] Fejzh B34 o 139 399 Akl
AlE i Fole dgo] A TSR gstet



#E13% 4%, 2000 8

A28 FUAHEA EUARE Y Beed olagT 2244 A9 EAEAs 9

1 2 [ s
i Experiment (soda-lime glass)
5 10— Experiment {one Tayer unbonded) .
by Prediction
£ 8
R
]
zEe
a<
b 4 ¥ x
@
R v
) Non-observed cone crack
0 - s
40 60 80 100 120

Fig. 6. Cone crack diameter versus impact velocity

3.2 279 (cone crack)2Q] mU}
314800 A2 274 AU NEL 2o 4
FA(DHR)E B8 A3tk

D= 2[(1257173/48)2“S(E/K)MSpy5r4/3/ﬁR2BKcy3]V4l5

K =(9/16)[(1-V)+(1 -V HE/E'] 2
A7IA, E, ve 27 2of8#(soda-lime glass
plates)e] ©4A4(70GPa), Fol44](0.25)]5, E,
Vv, p, r, vE Z4Z nla7F(steel ball)e] eHAIA S
(210GPa), Fol44](0.3), Bx(7.8 x 10°kg/m’), 8k
£(0.625mm), F4 &z o]t}

br, Kc 2 A¥8B02 FaAE Hgoln] duksg
(soda-lime glass)e] 7%= Z7zt 8.5, 7.4x10°0|t}
().

Fig. 6 & o] A482& o] 43l F4&5 Frlo o}
2 0¥ ASL 5% AFs B dpA 274
dor 3T g vimsla Uehd Aotk B3
Heto] gle AlHe AL, AEue d2g3) vax
2 gAslgen, ole Ed9e 277 A84(2)e
B3l AHE $ S-S 9uig). old Hlg) EgA vt
2 1302 g3 A$e 239 L7t &
Lo bl wet Ao 43 EukE FxE] grhe}
I FAGFHERA} S ZA JEESE & 5 gk

3.3 IS ESutyouRe Dlxls SH4E
9| g3
Fig. 73} 8& W&ZT F44% 40~120m/s9] 9
ol 2z A8 wlRe] Hu$n F5uh ouix)
el A%< vepdth

2| X
o Soda-lime glass
oUnc layer -bonde

X

—
=1

-
[
= 10 X
"g One laycr. -unbondcd‘ xe X % © |
o o -
1 . ° Xeh oo 0
: x X e xxpixdow
= i
E ] H
2 i i 1
107
40 60 80 100 120
Fig. 7. Back surface stress of glass plates with one layer (bond-
ed,unbonded)
2 iX
@ =~ 10 |o Soda-lime glass
ER- o Uiie Tayer -bonded
S 10 one layer -unbonded *
c5
5 1 2K o
~— ° %8 o]
§>> g XTTTR b;”ﬂ‘x £ ;sz
g ¥ 10 ox x * x
2 2 00 o % °
< o 10'1 °
s 1 | ]
10
40 60 80 100 120

Fig. 8. Absorbed fracture energy of glass plates with one layer
(bonded, unbonded)

Jgo] gl atfeEwe] ZAe, FHEE0
Omy/solstel A g st Fragouixe grst
A S7beke 4%E EAou % 100m/soldolM e
A8 S71ch o] 100m/so) 9] A&z e|A
Fig.4 o] mlule} o] Al¥ YRz A ZFLo]
F7IR doludddel Aot AlH wjwe] Wyge =
Al st 2B Aol & MY FUL Aoz
Aztgn.

B A5e 1502 3 =t 0y a4 A9
HASH % FFodvx #= Fig. 79 Fig. 8] 1
ERdiT). st bt vlaste] B weke 15
ARG B9 FHSE7E 100m/s0] el Hrj-8-2 o]
AA Zastgen] ol #eoldddd 4ol U4
Fig. 59| Astel YAgch. =3 Fig. 79 Hojggs
Fig. 89 Faaeuvixg vlag ¢, g9 7
$7F 2EFGA o] g W FYE B 7
£t Uehch

A e 13 JA48 A9 15 6@ gg A
He] A9E vHny o, 2455 100m/s0)stel A 1%
AF A9 Ao ¢33 oA gho] o A
A, 100m/s0) el = 2318 22 gt Byoh.

P



80 AP - A

BRI A HEHBAES

ol EFA ut HANE F3HL 15FH0)
A W4 Z9%E Jepv A&FA0dME 233 &
7t BoiF & vehdh

Fig. 99 102 B3 g 3% 34 % 33 ¥
A A% AT FFoA A gEverd
Aolth. 3% Ao og HWEHI F5 vl
7 g3 ZasiEa 100m/s o de neolM dA
g Aolg Hole AL awF UFF AW 3e=
olu) gt} Fig. 77 89] 1% A2t 749} vli7lx| =2
3oz FAY A4/t 3% WA A9 ve &
100m/seolstel s Hd-g8st FFaaiduvxst d4
2 g ZAT 100m/soldolAe JdeH gho] 2
88 FolAth VM E AHF] AHAFI A& 2
1% £A4% 494 gt WFH a3 AelE
Fa05€ ¢ F sk

3% Hu A4, Adg e FASEY Sk o
2 ghegk 3718 2oy FuFdule £ 49
&£zl A9 43T Fe et

3.3 Za|zZd1 met FHel WS gt
Fig. 11 deachhelds S5 #ae 159 3

—
G
& 2
5 10° | Soda-time glass *
~ 10 aThree Tayers - bonded x
§ Three la‘ycrs - unbonded xx x x
g1 ¥ % .
2 lo’ & ) a
10 ! 1 !
40 60 80 100 120

Fig. 9. Back surface stress of glass plates with three layers
(bonded,unbonded)

Zog AAF AU HUSHE v& 7 FAS
= Z7h] et vehd Aol FEsduA Ee A
o8- #(Fig. 7 % Fig. 8 Ax)o] £ 48 $x 390
A B Aads 2 HoFa ok

ol &7k o] 23 90m/sol 3] n&FANA TEdk
chee el Mg 1% FAfed HoeHe A3
2o g Bgon ol H3A o sfgAd 9
3 ngold AAE A48 A} 315-¢ vehdnh
B34 kg 3302 FAASE RE FHSE
dejol 24 Aggo] 13 A% Beue #L @&
o2 A9 A fAHRLH, ol BFHA Hure
A A7 493 A3 E 9L FUAs+ 4
Ehdith. 2, 90m/s o] 3ke] &M E 13 HF <
8 Hlggol 233 Axevt 2 olfe dEatH
29 AE 744 AT Yol 34 FAM =F
Aoz Avpshe WA BFA de] FFd Aole
B3A vier o) 1A o2 3L Fof 234
2w WEd Boh WA FFIE AsAA A
e 2EQ Aoxagi=e] HA W& 23]
2/ sigrl qEes FFEc 2ZAT 33
deiME Hol o] @A wolA el FAAS
37t o Aee Ho-

4.7 £

TN EAN AT 4 AGAANE ARsta A4 AR
o) Art}fel3i(soda-lime glass plates)ol]l &Y &
e/ ANEA ERAEE A f2] AlHE o83t
a7 oF FAEA 488 Py on o
ze Usxd 548 49k

X

1047 Soda-lime glass x

[ Threeldyers=bonded”

Three layers - unbond;:d x
x

LT % ™ X X x
x

x 4
L o4 oax ad

2 " ry 3 o

Absorbed fracture
energy (MPasec)

3 I § L

40 60 80 100 120

101 X
= o Soda-lime glass *
E 014 One layer -bonded x
s Three layers -bonded X ¥ xg
§ o e o ° x x ° °
*.;’: 1 x x ® o ‘x x x : X f‘ x R A
i T *x R
= 10 °

1 I |
10*
40 60 80 100 120

Fig. 10. Absorbed fracture energy of glass plates with three lay-
ers(bonded, unbonded)

Fig. 11. Back surface stress of bonded glass plates (one layer,
three layers)



134 55 4%, 2000. 8

A2y FHARAEN BHARE Pod Bhed nadT 344 o ZugEAS 81

(1) #AA2A Arhiald(soda-lime glass plates)
o 2AA $T FATLY ZTHY FeHE FHS:
Z7to whet getstdn, $445: 100m/s o] BolA
golgdzde AAL o] £ o]idoA Hd-SEHI
F5 A F43 Foiske @49 2 YR8k

(2) 2chaelgo FAEY ReEdHAZFA 544
2h2 12(0.125mm) ¥ 93k 3¢ 749 o] dA
8 7+aska, 33(0.375mm) HEek A5 dEe A
3] drAslA] st

(3) AEY FdF/AEA ERAE woo]
AYE FAAZE vagAFHd o3 ZAIAE
EFHog #AAAFE Ao Hrt Fich

4) g5 Ao FzA AFE FHAEE JYd
mel WEA fao] 43 xelE vehlch

= 7

o] =EL 20008 % dHuletn sl A7
Yoz AFHAS.

Fxxd

1. C. G. Knight, M. V. Swain, M. M Chaudhri,
Journal of Materials Science, Vol. 12, 1977, pp.
1573~1580

2. Bruno A. latella, Brain H. O’ Conor, ‘Hertz-
ian Contact Damage in Porous Alumina
Ceramics”, J. Am. Ceram. Soc., Vol. 80 [4], 1997,
pp. 1027~1031

3. J. Persson, K. Breder, D. J. Rowcliffe, “L.oad-
ing Rate Effects during Indentation and Impact on
Glass with Small Spheres”, Journal of Materials
Science, Vol. 23, 1993, pp. 6484~6489

4. S. M. Wiederhorn, B. R. Lawn, “Strength
Degradation of Resulting from Impact with
Spheres”, Journal of Ceramic Society, Vol. 60,
No. 9~10. 1977, pp. 451~458

5. S. M. Wiederhorn, B. J. Hockey, ‘Effect of
Material Parameters on the Erosion Resistance of
Brittle Materials”, Journal of Materials Science,
Vol. 18. 1983, pp. 766~780

6. M. M. Chaudhri, Patrica A. Brophy, “Single
Particle Impact Damage of Fused Silica’, Journal
of Materials Science, Vol. 15, 1980, pp. 345~352

7. M. M. Chaudhri, C. R. Kurkjian, “Impact of
Small Steel Spheres on the Surfaces of Normal
and Anomalous Glasses”, J. Am. Ceram. Soc.,
Vol. 69, 1986, pp. 404~410

8. J. T. Hagan, “Micromechanics of Crack
Nucleation during Indentations”, Journal of Mate-
rials Science, Vol. 14, 1979, pp. 2975~2980

9. J. T. Hagan, “Cone Cracks around Vickers
Indentations in Fused Silica Glass”, Journal of
Materials Science, Vol. 14, 1979, pp. 462~466

10. J. T. Hagan, “Shear Deformation under
Pyramidal Indentations in Soda-Lime Glass”,
Journal of Materials Science, Vol. 15, 1980, pp.
1417~1424

11. D. A. Shockey, D. C. Elich, K. C. Dao,
“Particle Impact Damage in Silicon Nitride at
1400¢”, Journal of Materials Science, Vol. 16,
1981, pp. 477~482

12. K. Zeng, K. Breder, D. J. Rowcliffe, C.
Herrstorm, “Elastic Modulus Determined by
Hertzian Indentation”, Journal of Materials Sci-
ence, Vol. 27, 1992, pp. 3789~3792

13. M. Munawar, Chaudhri, Chen Hen Liangyi,
“The Orientation of the Hertzian Cone Crack in
Soda-Lime Glass Formed by Oblique Dynamic
and Quasi-Static Loading with a Hard Sphere”,
Journal of Material Science, Vol. 24, 1989, pp.
3441~3448

14. Robert F. Cook, George M. Pharr, “Direct
Observation and Analysis of Indentation Cracking
in Glasses and Ceramics”, J. Am. Ceram. Soc.,
Vol. 73 [4], 1990,pp. 787~817

15. Brain R. Lawn, Fernando Guiberteau, Nitin
P. Padture, “Effect of Grain Size on Hertzian Con-
tact Damage in Alumina’, J. Am. Ceram. Soc.,
Vol. 77, 1994, pp. 1825~31

16. A7, o] &%, A4 3F, ‘Cr0s 84 Z8E &
gl A& 4 AU B2 EAAE, td7
Ags] 1998dx FAgeds =23 A, 1998, pp.
126~131



82 HET - B

MRS

17. A3, o] B8, A4 3, o538, “YAEZ ] u
& ALO; - TiO, Edtar} 49 &4473 W
of &3 A7, WA 99d% A2A Ag 2
B2 ez =23, 1999, pp. 98~104

18. AR, A, BAE, B34, 4A 44 9
@ gl &717d B APH AT, UIAY
=23(A), A 202 A 63, 1996, pp. 1903~1912

19. F. W. Flocker, L. R. Dharani, “Modeling
Fracture in Laminated Architectural Glass subject
to Low Velocity Impact’, Journal of Materials
Science, Vol. 32, 1997, pp. 2587~2594.

20. R.Olsson, “Mass criterion for wave con-
trolled impact response of composite plates”,
Composites, Part A 32, 2000, pp. 879~887



