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Fig. 2 lllustration of the simplified model of hot nanoindentation
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Table 1 Materials’ properties used in this study

Properties Stainless steel Diamond Fused silica (473 K) Copper (473 K)
p/(kg-m~3) 7900014 3510[16] 220309 8960[18]
¢/(3(kg-K)™h) 510014 502[16] 753.74[17] 385[18]
E/GPa 2061 1050M1€l 75.0214 103.941
Y/GPa — — 5794 0.28M
v 0.30 0.07028] 0.17018] 0.331
K/(W-(m-K)~1) 14014 2050[16] 1.561 388.12M4
@ 1.6x1075014] 8x1077 [16] 5.5¢10°7 I 1.65¢1075 1]
I/mm 5(16] 0.4016] _ _
TR SRAHGRFE IR AN R, Pl )m, sk AR T BT AR SR AR S A 3 3 oy A%
N EEB AR S e AR A, PR AR 4, e ARV P DL IR T R A 334
(LR MRS . FE Sk (KR R A 1y D, 1T
B TR SR D4 B BT, W7 8 4030 O AR 4 40 k=kotkg+k ®)
LyE N J kO - E TS EL N N N s N S
PN MRS O TEAL S5 AR TEL - staqn ¢ S 1 et S AR B, g IR AR

W, WEIE A a SRR AR RS AR (s O, 3
LR E AN FRIARF L & B IEAE AR S 1 1 AR 3%
I, DU 2 AR AR AR 45, AL il
DGARE P, S ek g w] S

1.2 FEARE E R RE SO

Jis Sk 5 BR8] D A F BEARER R Ak, BV 32 [ 1
ik BEL RS2, 12 Ao 1 ) R A R 22 DI vt
AR H NI FAF Ao 47 8% I B A% RS,
CE 56 73 A fd i ) ) A A S it R HORT s Sk R
PRt P58 37 PR S RO, ] A Ak BELAT 42 fk e 3
EX 1SN

1

=k (2)

b, RN R A AREHE, k bt 2 25 A
L e 1% A ] A T 2 i) AR o L B ke )

IR, & I PIAR IR) BRR S AL TR HL 3 My
U TR R INANEE, BB A e A 75 00 iR AN [R) g 224
Horpr, el 3 A AR ke P2 T DR TR N

~ Poxt

Eup

3, po PR 1) (1455 Hs S 0k, i SR 37 5 Fud
S, B NITHHIERIE, up ~ Rrus 2, Rrus N3
13 7 HFE 2 (root-mean-square surface roughness).
1/ = 1xks+1/ki, 1Er = 1/Es + 1/Ei, k AL F K,
E Js i, N Abr s Al i 43 R R BEAT R TR
IAPRL. S TRl A S RETARE, ke IR0 R
10° W/(m?-K) 1 108 W/(m?-K). [a] B A AL &
K22 W EoRh

(4)

kg = Kgas((d + A)71> 5)
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A, d bl I BREE S, A A SRR A
A, O RoRBUS A FEE. AR R =T
Kkgas ~ 0.02 W(m-K), A ~ 65 nm,d B4 10 nm &2,
Jr LA kg = 1x 10° W/(m?-K). Sadd £ 74 51 80 181 n]3RoR
? Ti- T
k=0 T.- T, (6)
X, ¢ = 5669 x 1078 W/(m2-K4) 131 Jy {5 25 -
PR 2% 5 B (Stefan-Boltzmann constant)s 4 £F
ECHE P /3 A [PIEL RS, To oA 3 Sk W) 4R it
B Tg = 473K, To = 293K I, i35 k ~
13 W/(m?-K).

2 Lk ortr, 3 M IR B IMAF e g 1)
ZE 5w, RSk 5 R 1) BB AL T = F 84
1M HL, SEBR 0 H N DR 7% PR AR N R T 11, 23
TR L, AR N, T DL
W, U AR T 773 K, FE AL Hutis my DL 2 B i
HIEPIK R

Pokr
E.Ug (7)

FERMEL &R, WFEA R T, 28 (7) T4, &
S b5 FRRE 1] 42 fik A A 2 2R 0B A R B L2
fio 7 290 PRI AN [ 1 5 e ISR AE (1 3 A BB e, %
A s 8K, R TR R AR, 82 ol 1 ] PR A AR P i
BT, Rl 95 (fused silica)Fl4li4i (copper) i
PEREZE 5 B E PRI R, JERlA 06 nT Rk S0 2k
PR, T4 )k R AATEM B, P ik 3 R
B0 310 100 W/(m?-K) A1 108 W/(m?K), A7
2 ML i [R) B S O S PR SRR
W (W B AT, AR IK 5 ke i B e, 1
W 1.375.

k=~ ke~

1.3 RESHREMEIRIKE

H TR B8 B s Sk 5 300 i) R0 B 22 XA 7%
I 50, Agilent 2 7 (¥ Nano IndentéP G2004
KN B GHEAT i R AR PR 1 77 28, RN
I TRIASCA ERD . Ja ) 8] P, PR b 2 i s Sk e ik e
B30 IR I T AR 5] 0 AT, s Sk EFE P LB 37 004,
HBE I ) A28 Ak, B aS Ak =

FT 11T R A T RN AARR 15z, 21t AH Y 1
SR TR, R SR () S A, 2k T S
HH P SKIEHE I B39 0 AT TR AR AT i

WYIE— 4R R AR RS T I A Oy 24
Hh
P (x.t) 199 (x1)
ox? a ot
A, a = k/pe AFEFCIIITHER, m?/s; RAE AL
ST IENEESE T —BUNEE D) x A HTE
SLAERHE P uvE R M ER B, W 2(a) Jiow; 9 (xt) =
T (xt) - To AUREMAR LR, T (x,t) 4 HSLFEAT AR
FEY o3 A
SKAf FIRTH Y 7 R, T B O MR AR, AR
BF 5 1) A0 1R A AR AT B P8 20 P T S 4% 1
RIS TR 46 A, Fomtn ™

, 0<X<oo,t>0 (8)

KAHaﬁ[;)):t) + kA (3 (Xx,t)—6) =0, x=0,t >0
?(x,t) =0, X— oo0,t>0
?(x,t) =0, x=>0,t=0

9)
X, 90 = Ts—To, MRS (9) 28 1 A hHEHAR
FE o155 20 5 ik T PR 30 A% e, R ] A A BT
RO 2 LEAE N, BRIV 2 A 1 o9 28 1 [R) A7 A i R 22 145
B R S BEFE N IRLEE 35 23 A IR T AR R

X
T (x,t) = 9 erfc(—) +To—
0 '_4at 0

HoeCreat. erfc(G Vat + L) (10)
° V4at

L, AT EMMETRAIREENL 4 G =
keAc/(kAR), X (10) A Tjfk 5 I ek =X

WA 5 [ R i B e i, R Sk
PGP A AR A, % 2 4 TH AT R B 3
A R AT AR 1251

X

aat

XFEEE (20) AT (11) o] BAACIR, 3 AR Pz fd 11
AT RS 2 L B AR il PR AT AR I 50 2t —
TRAY, %R o 2% T i 7] A S O s Sk B FT
PR 37 OB ST AR BR AR A f, 32 3 Ak A BEL PR
e, Bl iR E AT EE 2, B x = 0 i, 5C
(10) il T - Ts = —90e®™ - erfc(G Vat) < 0; X T
FRREAREE fule, B2 T [R) 4% AR EON T TT K, el t
i EAEAW 2, AR Z)], x = 0, 28 (12) fi
WHT =T,

T (xt) = ﬂoerfc( ) +To (12)
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h T REAE [ — Pl b 2 s P i A i 0 PR L P 50
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fill, 2\ (12) FEH SR G, G Sl PUL T R k A
IR, AN [RIRAE 55 e Sk 2 Ak T (0] 22 Ak £ 32 REOAS
IF], 2% BN 2% A AH IR, 47 B 1 U 3Bl il 1
SO A A SRR, SEFE R 5 DR AL
TR By B 214 6.67 nmAll 680 nm 14 HuELFS 5
3 %124 3.33 nnis Al 340 nnjis, i %) 2 MRS
255, AL, ST A AR A T N AR o A AR R 4 )
TN B I LIS A I 25 R .

A, I B A BT AT 4 SR AT Ul A Sk
HOE B H AT A BN T 2 A2 18 4 5(b) T
7, R T AR R A 0%, RSk IEHT R bl St Ak
T2 0.02 K, Eide e AT i e A3 51 i)
0.02 K, FFAEK B ¥ 10 mm, A4 RN i AU Ik &
O @ = 1.2x10°8 KL, W EAFAZIK =498 0.24 nm
I /N RSB EAT IR = 6.67 nm, it
AT 22 TR PR BB I A0 et A7 A W £ A [ £ 5

X FhRUE A Bl AT 92, Agilent 23 ] £E G200(1)
A FHF MR F SR R 1) VR AT K AR
A3 B HIERS ZAE 5 nnys LA O AR SCRFS e
RIMPR A 224 T prgs @i, HAFoudh )
30 0T SRR BRI I AR, AR A

, S N A () AW 2. Everitta % B 4
O 5 ARk B AR AU 1 A JE AR, RN R
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R R 52—
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Fig. 6 lllustration of the finite element model of hot nanoindentation
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MTC TS KIEAT 73 M. B BUE A AT Bl RE I
0 473 K, Hs Sk A 3L A PRSI 2 0 293 K SRIRA
Pl gy 38, FRR A 1000 nm InEIAGEFEA 1 s.
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N EHMRER S R« < 10 Wi(mK), 2
PR 10 W(m-K) < x < 500 W(m-K), T3 k44 )8
M A4 PTLLE W, 7R ) 5 A B Bt 4 DA 4
Al ZE IO AR G TP R, He Sk 34
2 1K e e e 1 3 B £ AN B G ) 2 S B & A
o — M L L4l 4y AT — Al B R K, Atk SR
Rt — R 5SS A BT FE Y B, 4555
(7), S5 G el b 5 s e fuk g [R5 A PE RE AL T-20
S JERE. Wl 7(0) B, B, Bt = 2 s, A
S ARE 5 R A A% W A% s TS Y () 4l Jg 1K
P, 2B A [ XA 422 fid 0 1) P A% A RICR 25 W 35 5
PRI RS 1. DAL, A7 R TR I B (E 4 SR B
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3 &

BT R A A AR A T Sk et IR 4
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Table 2 Materials’ properties used in FEM
Properties 7059 glass Fe Al7075 Al2024 TC4 28k
o(kgm=3) 2760281 7874 2705 2800 2770 4420 3930
c(3(kg-K)™1) 775 449 900 960 875 560 840
E/GPa 63 211 72 73 115 385
Y/MPa 2000 180.1 9550l 81 120.5 2900
v 0.20 0.29 0.33 0.33 0.33 0.33 0.23
K/(W-(m-K)~1) 1.35 80.4 220 170 190 7.2 31
@ 4.6x10°628]  118¢10°° 2.36¢<10°° 2.30x10° 2.3x10° 9.210°% 7.9x1077

Note : Besides the marked referenct® value of the parameters in table 2 were cited from[B@f.

PR A AR s ST AL EE I 1R . R B
HrAHT BRCEA A SR IRAZ, I ABUERSU S IR PR
o T EOHER . WFFUACI, T Skt PR 1] fA) B i A4
BELXT s Sk T P il B 37 (1 S8 3 A1 A3 AN ] AL A
A1, BRI AR, S BUR AR =
WRZE. ANFIRA R P 0 DA g s S 2l i ) )
A ABHAN R, 5 RS (10 742 I V52 B m LUA 2L

ANBUCR RN 2 e ASSCITRIEFL I 1000 nm Hs 4 Y
TR, X TPt R BZE  Rla 9, Bg B Al
HBUE AU SRAT A AL DR PRS2 1 7E 5 nys LA,
EHR T S IAPEZE AR, 78— MK A ]
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THERMAL CONTACT-INDUCED DISPLACEMENT DRIFT IN
HIGH-TEMPERATURE NANOINDENTATION Y

Chen Ké Feng Yihui Peng Guangjian Zhang Taihu&?
* (State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences] BEipgChing)
 (College of Mechanical Engineering, Zhejiang University of Technology, Hangh@@i 4 Ching)

Abstract Based on the analysis of heat transfer between indenter at room temperature and hot sample during their contac
this paper mainly studies the influence of thermal contact-induced expansion of the indenter holder on the displacemen
measurement in high-temperature instrumented nanoindentation. First of all, we derive an analytical solution of temper-
ature distribution of the holder from the basic theory of heat conduction by appropriately simplifying the analysis model
of hot nanoindentation, and use it to study the additional displacement caused by thermal expansion. Secondly, a finit
element model (FEM) is established to investigate the thermal expansion-induced drift in hot nanoindentation to verify
the analytical solution. It is found that the contact thermal properties between indenter and hot sample may significantly
affect the distribution of temperature in holder. The thermal contact conductance between indenter and test sample varie
from material to material, which can lead to thé&eience of several orders of magnitude of holder’s thermal expansion.
The research results may help to optimize the test program and improve the reliability of high-temperature instrumentec
nanoindentation.

Key words instrumented nanoindentation, high temperature, thermal contact conductance, thermal expansion, displace
ment drift
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