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Abstract: In this study, we proposed an indentation evaluation method for fracture toughness using cohesive finite
element simulations. First, we examined the effect of material properties (yield strain, Poisson's ratio, and elastic
modulus) on crack size during Vickers indentation and then generated a regression formula that explains the relations
among fracture toughness, indentation load, and crack size. We also proposed another indentation formula for fracture
toughness evaluation using the contact size a and E/H (H: hardness). Finally, we examined the relation between the crack
size and the indenter shapes. Based on this, we can generate from the formula obtained using the Vickers indenter a
formula for an indenter of different shapes. Using the proposed method, fracture toughness is directly estimated from
indentation data.
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Table 1 Variation of ¢/a and ¢ with material properties

V=03, =0, Anay = 0.6 um, S /S, = 1/4, I'=0.0025 GPa-um

KL’ 80 Pmax H C/a

(MPa-m'?) (6o/E) (mN)  (GPa) “

0.52 0.025 (2.5/100) 42.6 5.7 1.58 0.0157

0.74 0.025 (5.0/200) 84.8 11.3 1.92 0.0149

1.05 0.025 (10.0/400)  168.8 22.5 223 0.0132

0.52 0.050 (5.0/100) 55.0 8.2 1.53 0.0127

0.74 0.050 (1.0/200) 113.9 17.0 1.83  0.0116

1.05 0.050 (20.0/400)  227.4 34.0 2.11 0.0102

Table 2 Variation of c¢/a and o with Poisson’s ratio

E =200 GPa, 0,=5 GPa, f=0, hmax = 0.6 um, Opmax /0. = 1/4,

I"'=0.0025 GPa-um
KL‘ Pmax H C/a
(MPa-m'?) V' (mN) (GPa) «
0.71 0.1 76.3 10.2 2.25 0.0191
0.72 0.2  80.1 10.7 2.10 0.0170
0.74 0.3 84.8 11.3 1.93 0.0150

Table 3 Variation of ¢/a and « for three kinds of indenter
angles

E =200 GPa, 6,= 5 GPa, v=0.3, f=0.2, K.= 0.74 MPa-m'?,
e = 1.0 ), Sna /5. = 1/4

Cohesive zone o Prax H cla
properties v () (mN) (GPa) @
55 99.2 11.8 2.72 0.0217
Omax = 0.5 GPa
I =0.0025 68 2317 106 245 0.0159
GPa-um
75 426.1 10.3 2.17 0.0107
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Table 4 Comparison of fracture toughness values
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(Vickers indenter)

P K. (MPa-m'?)
Material E/o, v / 5h
¢ Traditional Eq. (9)
method 4
. 300/ 3.83
Si;Ny (NC132) 102 0.24 60 4.0 (4.2)
Glass-ceramic 108/ 2.52
(C9606) 45 0¥ 08 25 (+1.0)
. 170/ 2.63
SisNs(NC350) o 024 33 2.0 (+31.6)
Aluminosilicate 89/ 111
glass 36 028 D 0.91 (+22.0)
Soda-lime 70 0.79
glass /3.1 0.24 14 0.74 (+5.9)
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Table 5 Comparison of computed fracture toughness
values obtained by Eq. (11) to those given (=
55°, four-sided pyramidal indenter)

v=0.3,/=0.2, Omax /0. = 1/4, O1max = 0.5 GPa,
1=0.0025 GPa-um, & = 0.04

Given IS% B E X ComputegzK[ Error
(MPa-m'?) (GPa) (MPa-m'?) (%)
0.5241 100 0.0831 0.5148 1.78
0.7412 200 0.0780 0.7297 1.55
1.0483 00 oo 1.0296 1.78
1.2839 600 0.0691 1.2326 4.00
2.0966 5.0 400 0.0712 2.0772 0.94

#I"'=0.010 GPa-um

Table 6 Comparison of computed fracture toughness
values obtained by Eq. (12) to those given (=
65.3°, three-sided pyramidal indenter)

V=03,=0.2, Sun/Se = 1/4, Gax = 0.5 GPa,
I"=0.0025 GPa-um, & = 0.04

Given K, Computed K. Error
(MPa‘m”z) hmax  E (GPa) Ko (MPa~m”2) (%)
0.5241 100 0.0657 0.5148 1.78
0.7412 200 0.0614 0.7297 1.55
1.5
1.0483 400 0.0575 1.0296 1.78
1.2839 600 0.0542 1.2326 4.00

Table 7 Comparison of fracture toughness values
obtained by Eq. (12) and to conventional
method (three-sided pyramidal indenter)

Indentation cracking test, Si (100), K. = 0.7 MPa-m'?

(0) Pmax ¢ cla K, Comlguted Error

v (mN)  (um) (MPa~;111/2) (%)
353 4.83 2.8  0.1495 0.704 0.6
45 4.23 24  0.1188 0.683 2.4

50

55 3.37 1.9  0.0937 0.757 8.1
65.3 2.48 1.4 0.7078 0.906 29.5
19 2 04 o] 5 g oA Ed WE x GES

zkol7b 7Hd A th(Fig. 12). o714 dHl b= E =
100, 600 GPa 2 v = 0.1, 0.2, 0.3, 0.4l thal z}
AP EANA D k75 ApolE H A AT
o2 ¢=19,a=-04Y v 7} & F9o= E
ol st A T2 xit d=ThFig 12).
213y 7 s e 3t 2 4
WSl tigh 3 AUHLe vy Zu WA Zh
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3790} oloh B HHEL AAW A (149 Lol W Fo| 24F grd
FEHPE, Foldvle FHITFE HIL F SFobEn] 47HA|, FEEHE s7FA] 9ol s,
UTHFig. 120 2 (149 = 375 = 545 e ol EAX 9 E/HY #AE FAYC ALY
B & A ADAlA AH8 R T SAs. AR
W=K|V(Vago) o 2 (159 2o
K'(V,go):af(v)goi ; 1=0,1,2,3 (14) E/H = .fOE/H( )_,’_.fl-E/H(V)easzH(v)eo s

afv) =B 5 j=012

2 (142 9L 913 A4 2k E S Fig. 139 LRI T
Akel sl gtsel Bt ear B Aol exks
Z+zt 9k 2.1 %, 8.4 % ©|t}.

stE HAAA R AF EXA FEHTY

= 0o
e
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O:
ot
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4 5 ok Folgn g M—@a—g% SR
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7 T T T T T
Indentation cracking test, Si (100)
6 + u
5 + u
EN *
s f
2 + u
1 + u
0 1 1 1 1 1 1 1
00 02 04 06 08 1.0 12 14 1.6
(cot 1/1)4/9

Fig. 10 Variation of ¢ with the centerline-to-face angle y

50 :
I'=0.0025 GPa zm, f=0.2
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Fig. 11 Percent error of x with 7 for four different v
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Fig. 12 xvs. &, for four different Young’s moduli and
Poisson’s ratio
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Fig. 13 Comparison of fracture toughness imposed in
FEA and those computed using Eq. (14)
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Table 8 Comparison of computed fracture toughness
values to conventional method (Vickers

indenter)
p K.(MPa-m'?)
. max g()
Material P E/H Eq.(15) v Traditional Eq.9)
method a-
Si3Ny 3.65
(NC132) 60 16.2 0.034 0.24 4 (-8.8)
SiC 50 18.2 0.030 0.14 4 3.67
: : : (-8.2)
Al 0, 2.83
(AD999) 36 20.2 0.023 0.22 3.9 (27.4)
Al 0, 2.89
(AD90) 24 29.8 0.007 0.22 2.9 (-02)
Glass 2.04
ceramic 43 12.8 0.055 0.24 2.5 (-18.5)
Si3Ny 2.37
(NC350) 33 17.7 0.029 0.24 2 (+18.4)
. 1.65
Sapphire 22 19.5 0.025 0.22 2.1 (21.5)
Glass (AS) 19 13.5 0.047 0.28 0.91 0.96
: : : : (+5.0)
0.67
Glass (SLI) 14 12.7 0.056 0.24 0.74 (-9.7)
Glass LA 14 13.3 0.051 0.24 0.68 0.72
: : ) : (+5.3)
. 0.82
Si 13 15.8 0.037 0.22 0.7 (+16.8)
30
25 1
\é\’\'\’\ .
20 r 0.02 7
~ 15 N 1
&5} \r_\r\r\.\ 0.04
10 - %8;8@ |
E (GPa) 0.10
5+t o 200 i
o 400
® 600
0 1

0.0 0.1 0.2 0.3 0.4 0.5

v
Fig. 14 E/H vs. v for five different yield strains
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