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Abstract: In this study, we investigated the effect of the indenter geometry on the crack characteristics by indentation
cracking test and FEA. We conducted various cohesive finite element simulations based on the findings of Lee et al.
(2012), who examined the effect of cohesive model parameters on crack size and formulated conditions for crack
initiation and propagation. First, we verified the FE model through comparisons with experimental results that were
obtained from Berkovich and Vickers indentations. We observed whether nonsymmetrical cracks formed beneath the
surface during Berkovich indentation via FEA. Finally, we examined the relation between the crack size and the
number of cracks. Based on this relation and the effect of the indenter angle on the crack size, we can predict from the
crack size obtained with an indenter of one shape (such as Berkovich or Vickers) the crack size for an indenter of
different shape.
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“well-developed (half-penny crack)”

(c)
Fig. 1 Schematic figure of cracking induced by (a) four-
sided and (b) three-sided pyramidal indenter and
(c) the centerline-to-face angle
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2. Cohesive Zone Model %! &-7+4

otk T
Sg =M

o
o,
o

shi-o] A g EAbel CZMe
CZM dp3|ol x| e} dddee]
AREE s SIS BARH CZM
31 (cohesive surface)2] 7HZ o] LA A<
171 742 A 3= (cohesive traction) & 7}
AAAY £ ol AFHL 022 A

HH 5 Hol FeEw,
| &4 ¥ th(Fig. 2). =, CZMo A ] 93] A5 &
°f wEet ol digdEE 3 Akeld
(traction-separation law)E 12T},

CZM_/] E/H ° 6] 7+A O%E'T}‘\j_/] &]EH_Q]— T;]—ook@—
TFARFER FAAL 71E ATFECNA -
A 8%‘”#"*‘:4 Fe= FYAE Aol dd=
FA gt gk ofo] 1 Aol A= Fig. 29
e 78 (piecewise linear) B4 3-7+4 S

1

Xt ooz
o o
mﬁ‘ l'UlO ‘Q‘

i

afl ol

i
o j
o

A%l 0]

Moy ooy o 2 2 oo >
(2

oo g k>
o

[S=]
i L
}\]Z_]— o /l- O max» ]Oﬂ EH —8}"—‘ 'ﬁ:‘ }\]Z_]— %‘?’]
=1

%)\— 5max U] 7H?_tﬂ‘74 5*/] 16]— Etv: Umaxa 5max

delUA rel zgow 7&Ar
> a0 WG R S 2 0] 7H2817] A2, AT
EERERES

Zzko] 00] Fr} 4 (2)E CZMolA]
7_:]'

T A% 904 eRRAS e,

=

\ 4

5m ax 5" 5

| Process zone | Additional compliance |

: III.H..II-——

N N NI N

crack starting point damage initiation

Fig. 2 Traction-separation relation for an irreversible
(bilinear cohesive zone model).
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Table 1 The obtained values of ¢ from FE Analysis and
nano-indentation test

Materials, FE Analysis (Gpax = 0.5 GPa) Indet::::l* fion
i @ | 65 | gy | @0 | P | P
SisNs %CBZ)’ /?295 102 | 100 | 1202 | 249 | 679 60
ek i I R W L R B M
SizNy (ZIi)C%O). /197% 45 20 | 32.9 2.54 | 263 33
Ahérlzist;?;i.gclate /86?6 36 5] 193 236 | 163 19
Sodal(i)r.r;iglass, /751.)5 3.1 3| 175 2.17 | 13.1 14

* Obtained from Anstis ef al., 1981, ** Obtained by trial-error method

Fig. 6 Surface crack morphologies unloaded states for
Si;Ns (NC132)

50

T T T
Vickers P..= 100 mN

Deformed surface at unloaded state
mwsn Crack plane at unloaded state

-150

0 50 100 150 200
x (pam)

Fig. 7 Deformed surface and crack shape at fully
unloaded state for SizN, (NC132)



AAA FtHTable 2). Ppy = 50 mN, w = 55° Z71
o 5] SEM (scanning electron microscope)s ©|-&-3j
e AREY EH d9INES Fig 9ol HE
Wrk 5 Aol B gkl BAe] ke s
o] AGHT

Table 2 The obtained values of a and ¢ from nano-
indentation test and FE analysis for two
different materials

K. Nano-indentation test FE Analysis
(Z/) Materials | (MPa P ¢ y ¢ y
12 c/a c/a
m) | mN) | (um) (pam)
0.7 3.38 1.86
Si (100) 3.37 1.87
1.0 2.56 1.29
55 50
0.6 3.84 1.94
Ge (100) 4.82 2.50
0.5 4.50 2.12
0.7 2.62 1.44
Si (100) 50 2.48 1.42
1.0 - -
50 3.63 1.87 | 3.03 1.43
65.3
0.6 75 4.90 1.84 | 4.10 1.69
Ge (100)
100 5.96 2.02 | 4.99 1.73
0.5 50 3.63 1.87 | 3.60 1.63

(a) (b)
Fig. 8 SEM micrographs in Ge (100) for two different
indenter angles (a) yw =35.3° and (b) y = 45°
(Pumax =50 mN)

(a) (b)
Fig. 9 SEM micrographs in (a) Si (100) and (b) Ge (100)
(Prmax = 50 mN, w=55°)

42 MZE BESAD AIY Bln

AR e T, 35 B3 obgd 44 343
QB Fawsolm, CZME ol &7 9]
FAsd A AR HA9Y K L rE ARAE
Qtoltt. Wb 9 A 02 A Az 4]
FAAS A Ze] A o ARBA (&

A% HS 9E EE SAI 4dAZ w =65.3°
(Berkovich) ©1 4FZb <bixpz2 P =50 mN7}X|
A= 93] dddrh hdzlo] oF £,=0.15um
o] Aol A Si (100), Ge (100)2] H zte zbzb oF H=
12.0, 10.0 GPadl| & &b, E k% h,=0.15 ym ©]%F
oA ztz} E=180, 144 GPaoll 33t}

SFIA ol Al E gH& Oliversh Pharr®7} #] <3t
2 (4)[0-P WH]E o] &3] 8= F Ut

_dP 52
S dht By=hy ﬂ\/;Er\/z (4)
1 =(1—v2)+(1—1/12)

E, E E,

A71M S, B, A= 77 27 e v1el,
TEGE, PuolAe AFHA I, pg= 7]8}5H4
HAA S (B= 1.034 for cube corner and Berkovich
indenter) ©|t}. SHAIRE UM A FTE7] A5
A% TR, B A gk, el A S5 A
B 7K(sink-in/ pile-upe I A Pl H7}
o 5 Aed Tl 719l S FEESH A AR

E7} ©E & 9tk olel 0-P @AW AdTte

Hoz Unghgdrde SA#RS 7= A A=
EAS fatasreaor At Si (100)8) 7 $-
A AZEAo] E = 138 GPa, g, = 5.4 GPa Q o}

¥ =AY FASE H = 12.0 GPa, E =
180.8 GPa =T} 3 Ge (100) A= A= 14
A7 EAo] E =113 GPa, g,= 47 GPa¥d W Y=
AN E AT FAFSE H =102 GPa, E = 143.4
GPag U} O-P H7iYorE AETHE pile-up
EAS g = glo], dFd HEwHo] A
AE5AA R 2o} o2 2l O-P WHS w4
A+E g 7reeh Si(100) A= o] A h-9ks]
A 2 oA or dO pop I (P =50 mN)S

Fig. 109 ERTE

NPT Ao YREHES o] g #4
A S Fasith FAA] AA | 2 ekt
y =55° 65.3° Q1 47 FdAE ARS-3ITh Table



Cohesive Zone Model S ©]-&3F iz o] & FEAEAEA

300 S| AA] ALE3 Al BB 3 Q1A w207 9te)
st W dddolE Yeldlth w = 55° &
A Si (100)e] ¥ 1A7ES 0.7 MPam'? 2 7}
g 9ol ddem F3 APy M Tddo]
2kol = 9F 1.4 %°]™, 1.0 MPam'® €1 7%-ol] ¢+
& 3k FE o] xpoli= oF 30 %olth A y =
65.3° 4AolA Si(100)2] I3 AAGS 0.7 MPa:
m'?2 7%t fFddo] Aol oF 5 %elth [Si
(100), K, = 1.0 MPam'?, y=65.3° 4o A= #4
A ] weEbA efA e ® = Si (100) A= 9
g7 elA S 0.7MPam'?E 7FFEetE Aol B
3tk Ge (100) A 5ol that =55 2 y = 65.3°
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Fig. 10 Comparison of indentation load-depth curves
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Fig. 11 Schematic figure of cracking induced by three
sided pyramidal indenter [side-view]
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Fig. 12 Deformed surface and crack shape at fully
unloaded state for = 65.3° & hya = 1 um
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Table 3 Variation of ¢ and a with indentation parameters
(triangular pyramidal indenter)
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Fig. 13 Variation of crack displacement with indentation
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Fig. 14 Variation of ¢ with the number of crack
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Table 4 Comparison of crack lengths obtained from four
different indenters

E =200 GPa, & max = 0.5 GPa, 0, = 5 GPa, v=0.3,
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Fig. 16 Variation of ¢ with the centerline-to-face angle v
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