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Theoretical Foundation and Data Analyses of Quasi-static Nanoindentation

GONG Jianghong
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Abstract: Nanoindentation technique has been widely employed to characterize mechanical properties at nanoscale. The

traditional Oliver-Pharr (OP) approach established in 1992 is the most commonly adopted method for analyzing nanoindentation

data. In the review, the theoretical basis and the data analysis methodology included in OP method were outlined. Then, aiming at

the practical applications of nanoindentation in the determination of elastic modulus and hardness of brittle ceramics, the possible

factors which may influence the accuracy and the reliability of the OP method were analyzed.
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Fig. 1 Number of the papers concerning nanoindentation
technique published in each year since 1992
(Data from Web of Science)
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Fig. 2 Typical P-h curve obtained from nanoindentation
experiment. Data measured on silica glass with a prescribed
Pimax of 30 mN, a loading time of 30 s and a holding time
of 10 s (unpublished data)
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Fig. 3 Elastic modulus and hardness of the fused silica
measured with different nanoindenters (dark symbols:
results from manual analysis; bright symbols:
outputs of the software) [¢]
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Tab. 2 Comparison of the elastic moduli with the values reported in the open literature %)
. Nanoindentation Literature values
Materials dulus / GP.
modulus a Elastic modulus/GPa Poisson's ratio
Aluminum 68.20 £ 0.93 70.40 0.347
Quartz 124.00 + 0.54 95.00 (c-axis:105) 0.077
Soda-lime glass 69.90 £ 0.22 70.00 0.230
Sapphire 441.00 £ 4.70 403.00 (c-axis: 499) 0.234
Fused silica 69.30 £ 0.39 72.00 0.170
Tungsten 410.00 £4.70 409.80 0.280
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Fig. 17 Elastic moduli of fused silica and electrolytic copper
determined using the unloading (solid) and reloading (open)
data obtained with nanoindentation tests ™'’
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Fig. 18 Calibration of thermal drift during a nanoindentation test on fused silica: (a) variation of displacement with time

under a constant load and (b) P—h curves before and after thermal drift calibration
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Fig. 19 Displacements of some materials during a holding
period at 10% of maximum load during unloading ™
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Fig. 24 Displacements of a DLC film on steel during a
holding period at a maximum load of 30 mN and after
unloading to 28% of maximum load (For comparison, the
starting displacements were set to equal values) %!
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Fig. 25 Peak-load dependency of the displacement change
during nanoindentation holding period for
a gold coating on nickel (*%
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Fig. 26 P—h curves of a Al coating on BK7 glass for different holding periods at the same maximum load
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Fig. 27 Variation of elastic modulus with holding time
determined with the experimental data shown in Figure 26
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Fig. 28 Experimental installations for introducing (a) uniaxial or (b) biaxial stresses on the sample surface
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Fig. 29 Effect of surface stresses on (a) elastic modulus and (b) hardness of aluminum alloy determined with nanoindentation
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Fig. 30 Surface stress dependencies of the nanoindentation
contact stiffness and contact area of aluminum alloy 18]
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Fig. 31 Optically measured contact areas with those predicted
from analysis of the nanoindentation data %)
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Fig. 32 Schematic illustration showing the effects of
roughness on the contact area during nanoindentation [
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Fig. 34 Variation of nanoindentation-determined elastic
modulus with surface roughness of the test sample ['*%
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Fig. 35 Values of initial unloading slope determined with
different method for tungsten !
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Fig. 36 Influence of the number of data included in the
fitting procedure on the power-law exponent (m) ¢!
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Fig. 38 Influences of the number of unloading data included
for power law fitting procedure on the resultant initial
unloading slope (unpublished data)
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Fig. 39 Comparison between the initial unloading slopes
determined with power-law (Spp) and those with the
quadratic polynomial (Sqp) ol
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Fig. 42 Schematic illustration of P—h curve showing
associated terminologies used in the
work-of-indentation method
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Fig. 43 Comparison between the initial unloading slopes
determined with the work-of-indentation method (Sg) and
those with OP method (Sop) ['*¥
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Fig. 44 Comparison between the contact depths determined
with work-of-indentation method ((h.)r) and those with
OP method ((h.)op) !>
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Fig. 45 P-h curves of polypropylene measured with same
loading rate and different unloading rates !'**!
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Fig. 46 Nanoindentation P—h curve of a silicon sample
coated with a CN film 1?7}

i 5 gl 3 SR 2 1 5 B D PR T A e T B
RErp AR R A TAR KR RS IR, LI T 4%
fi i B SR8 o TR EIILIE 46 R P-h i
2 Al P AL Proax A 5 mN, FRATAT LA
IMAEX A KT, AORE IR AR A A= 1
AR R R] BE AL AT s BB IR A, EER
NP

A R S B — B 17 TR 47, X R —
R B9 7 B R TE IR Prnax (= 0.5 mN) K

PEFTAA K SRR BT A3 2 i a5 ), ik sy
T4 U TIN5 1 A8
21 e L A U AR A 80 T A A 426 fd P
AL A R AUk . AR, XTI b af sk
RS, I AR 2 EE X T .

0.6

Load/mN
@
w

0 5 10 15 20 25
Displacement/nm
47
P-h 21
Fig. 47 Nanoindentation P—h curve of a fully elastic contact
on an electro-polished tungsten single crystal
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Fig. 48 Load-time sequence used in the work of
Gong et al. [1?¥
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Fig. 49 Effect of holding time on nanoindentation P—h curve
of silica glass (unpublished data)
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Tab. 3 Statistical properties of the penetration depth (h;,,x) measured at different peak load levels for
high-purity fine-grained alumina !'**!

Poax / mN 7.9 15.9 31.7 63.5 126.5 251.9 505.1
Minimum 93.5 146.9 224.4 338.5 490.6 682.7 992.3

Maximum 217.9 376.0 474.1 620.5 796.4 1014.7 1338.1

P [0 Average 144.2 2274 321.2 446.0 600.9 824.5 1158.4
Standard deviation 42.6 76.6 84.4 103.9 106.3 103.7 116.9
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Fig. 50 Censored views of serveral P—h curves a high-purity fine-grained Al,Os, showing the first two
loading-unloading cycles ['**]

B Sk 3 T — > =58 A ECE IR — AR
L, X M M R R T R B R S5 1% BEL A
/N2t XS AEMZ D EAT LI E RS A B
FEZRBY B, v B8 78 28 far 14 K 3] — i B B 5 ik
BRI 3K, AR UL R Sk AR i B T —AME
ASRH SN XA, AR D 7E SR /)N I 2
(Pmax =179 mN) ﬂ\%%f%l'ﬂ Tﬁ)?ﬁ 10 /l\{ﬂﬂiit)ﬁqj
MK Nipax (217.9 nm).,

TR 50 78 H 2 P—h it 2R Al WS i 2% -
HIZRAGER, KL, 5o s fds i 2 n &l TR
s 4% AT [14) 308 S5 R R T S 38 TRD 51 X 2% P—h
28 100 B S A T 28— 2R PR 2R AT T X H, e
IrhZk A BEEE S0(a)I gk A, SHlIZk A ML,
Mk E M Bk, F L, thek E iR
MIWEE AT (Pmax = 505.1 mN) AR T i f
10 ASIHE AL TP A R hiax (1338.1 nm) o M HRAT
PIE H, FERG — A gk —HEzR G 2h b, kb B
(R 28 o — 30 8% 5 R S SR W 2 L — 16 34 (1% 180 28 il &
Ak, i RS E A 2 S, S
—PEA AR IR RE K 2 AR R, (HR TR
A F#5 1000 nm-1170 nm X7 [l 5E 89K & A= 1 I
B, BRI, 2R, NIHEAWKE
FNZATHE R, XE—NEFAEBORSE, L
BHZE 1000 nm-1170 nm X AN X8, Sk 2 i 5
BT — SR NN RS R TR — A ok

R AU AR YR P-h BZ IR T 1Y
I, TR AR A A8 AT I e R R 7 B AL A
CERMIEA T IR A REAR R, (B, iR amie
ZJEVIUEIE . 0B AY S MR AE RS 5 g0k
FEIR AYRRAE R SF A S AR 0L R, K AR 225
RO AT, WSS F AR H 2 v xef

A E
500 |- '
.
s;
/ /
Z 400 ’
g
S 7
| »
3 300

200 -

1
600 800 1000 1200 1400
Displacement, #/nm

51 P-h
[128]

Fig. 51 Censored views of P—h curves of a high-purity
fine-grained Al,O3, showing the last two
loading-unloading cycles ['**]
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Fig. 52 Machine-outputs of the values of elastic modulus and
hardness for each tested Al,03 sample (unpublished data)
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Fig. 53 (a) A typical P—h curve and (b) nanoindentation elastic modulus of Ce;_,CasO,_y ceramics
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54 CaZrO;-MgO

Berkovich (a) ¢-ZrO,; (b) CaZrOs; (¢) MgO 3!
Fig. 54 Berkovich indentation impressions of different phases
on the surface of a multiphase CaZrO;-MgO ceramics: (a)
¢-Z10,, (b) CaZrO; and (c) MgO [*1]
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Fig. 55 Elastic modulus and hardness of different phases
in a multiphase CaZrO3;-MgO ceramics measured with
nanoindentation tests ['*!]
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Fig. 56 Several P-h loading curves of 4H SiC
measured with spherical indentations !'**
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Fig. 57 Nanoindentation P—h curve of a plastic contact
on an electro-polished tungsten single crystal
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Fig. 58 Nanoindentation P—h curves of a ZrB,—5 vol% SiC
ceramics [
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Fig. 59 Pop-in load versus pop-in extent for
ZrB, =5 vol% SiC ceramics '3
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Fig. 60 Nanoindentation P—h curve of bulk aluminum
showing pop-in phenomenon !'**}
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Fig. 61 Effect of microcracking on the nanoindentation P—h
curves of fused silica '**!
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Fig. 63 (a) P—h curve and (b) the corresponding residual indentation impression on the surface of 8 Y-FSZ single crystal L146]
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Fig. 66 A schematic illustration of pile-up and sink-in effects
during nanoindentation !'*%
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Fig. 67 Finite element simulation of contact profiles under load for conical indentation of (a) non-work-hardening materials and
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Fig. 70 Hardness and elastic modulus determined with different analytical techniques for (a) fused silica and (b) tungsten
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Fig. 71 Schematic illustration showing the geometry
of a rounded indenter tip '®¥
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Fig. 72 Calibrating results of frame compliance (C,,) and effective truncation length of indenter tip (hy) with different

machines for different materials
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Fig. 73 Reduced modulus calculated with the calibrating
results shown in Figure 72 for different materials ['®”)
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Fig. 74 Schematic illustration of the Thurn-Cook model:
(a) cone of included angle of 2, (b) sphere of radius R
and (c) the harmonic average of (a) and (b) ['"”)
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Fig. 75 Comparison between the imaged area (by SEM) and
the calculated area with Eq. (52) for two glasses !'”"!
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Fig. 76 Elastic modulus and hardness calculated using different area functions: (a) two-parameter area function and (b)

eight-parameter area function
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Fig. 77 Difference between the contact areas determined by the area functions and the measured values:
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Tab. 4 Values of the coefficients included in Eq.(15)obtained using different methods !
Method I Method I1

Co 24.65000 24.2618496939950

C 202.70000 388.7154784795610
C, 0.03363 —937.7231805614820
C;s 0.93180 251.5353435276130
Cy 0.02827 451.3309707784060
Cs 0.03716 219.0195548567790
Cs 1.76300 —157.7402858201290
C; 0.04102 —98.1240614964975

Cs 1.88100

—72.6226884095761
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Fig. 78 Effect of the number of the terms in Eq.(15)on the calculated contact area (unpublished data)
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Fig. 79 Typical nanoindentation P—h curves of fused silica
with Berkovich indenters of different bluntnesses %%

MoEE, SR, X —f&i%7E Oliver #l Pharr )T
PER MR e Il ., M, ERT %
FESKTEAR” HE& 8 W, Pharr #l Bolshakov
Meedg i, “SERUE LR (BIO)H iy FE %L n)
B T HGR TS BR e Sk TR AR Z A6, i 5 R A R
AR, EMEWRE, KRR X A F R
AT SCRRI, FEMBLER S | B 5 AR IR R 2
K R A B AN [R] T A — 6 25 57

R T4 K Y Cech 25 A1 TAEN DR Fakishg
PO T —AMEIE . FEX I T AEF, Cech 58 A5 Bl
T F )1 i B (Atomic Force Microscopy,
AFM) SLEE I X] sk i JLADE R 47 T 5 &
fiE, MRS T A ER AR T #HESIB R e
PR AR, &l 81 th iR MiE, SR
A HESKXHERLA LR BKT7 BEES 43 S EAT T IR
B IR U D M v €11 s T = N £ (LT S
29K, Cech 58 ATHRAFL Ml A AR BSHR B8 19 IF A 2 X
(15), TS ELEE A FH 2 (4) A1 EL HT A B Rk s P AR
&, W=k (59):

140
—a— State |
—o— State IT
120 —e— State III
<
&5 100
=
80
60 i 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
Displacement/nm
80 Berkovich

[186]

Fig. 80 Elastic modulus of fused silica measured with
Berkovich indenters of different bluntnesses 13!
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Fig. 81 Comparison between the nanoindentation contact
areas determined with different methods for fused
silica (FS) and BK7 glass ['*)
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Fig. 82 Pre-calibrated area functions of single crystal
silicon and aluminum alloy ['3¥
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Fig. 90 Variation of the contact stiffness determined based on Eq. (65) with contact depth ['*”!
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Fig. 91 Comparison between the elastic moduli determined
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Fig. 92 Effect of (a) peak load and (b) loading rate on the elastic modulus and hardness of silica glass determined
with the new method (also shown are the results obtained with OP method for comparison) t'*"’
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Fig. 93 Effect of loading rate on the elastic modulus and hardness determined with the new method for (a) TZP and
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