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BE WG EXRTARLEM AN A FAENEUEAREAEENRFE XM TEMN
B, RASNEEFLEGR S B XHERMTAREAR, AXRT FHELRT A K 10 nm 8y 4 & 4
(Pd) EHREETHHFTN., BEO~111GPaE A EEN, L4 B LM T . Bt HH
FERENTXFEAMAENECFFE RS, BATHAALELETETHFRAER . ZAR
TR R % B, BB A = B Birch-Murnaghan 7 2, B8 T k£ 4 B AR KE R R
AE T oy ik # 4 & 2 5 % 288 f1 290 GPa, JE R 58 £ 4 20 GPa, £ 4 AM ¥, Hit T R+
BB BMHEEEEENFAANTANE, MESERTHEAD, £2E N EREEZR
BMEK, RENKAEMBRT T H300%. ERERTANKLBLER G A BT HENR
TENRAREHRESE
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Wit v BT B AR P R PR R, 4 T R R T I A IR A P BT H 2 PR, A TR L e R AR R s A
IR T RS M I AR AR o AN g H S A 4 DL 1.5~ 1.8 km/s 19 3w B, AT IR R] R A
3~5GPa [ 1 J1, BRI A R R AT AN AT SR [ B AR 3Z 2000 °C.L 2 GPa 11 i e P
F 5T 4 B AR M i 25 A0 T 1P B 2 1 i 206 4 Tl L BT BB VR T & L A 2 U R 5 A ek B AR 58 g 1 o O
o 55— 7, JE SR Y R AL R F | 40 F B 2 2 MR S5 8N N B K A= AR A, b T AR ) I ) 4%
Py BRI T, (4 5 S B S TR AR A RN A B AR L A R R A R A B (TG
1~2)7E 1500 °C., 5~6 GPa [ = i = JE 214 T, 183 sp”—sp® A 4 Ak 55 28 2 R HE A 4 KA (52 FQ A
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PR BB ) T AR A RE R R A N o A Jm AR SR AL ML A 5T R bR R 4 R A R
— TEARZIRALT-Berh, 40558 4k (B JR -l & (Hall-Petch) 5 4k ) PR H: 5 325 i) i Ak b SR i e )32 o U7
SR, A BWFIE 268, Y Sobn R ST/ 20 BB (10~ 15 nm) BF, A4 B9 35 B 5 S okbr R T B9 728 Ak A 15 35 11
FEIR - AT OC 2 U, T2 0S8 3R A IR G2, INTATIE ) 1 A ko B2 45 T i SR BB . I AF R, Bl e it
FAEF AR NG K £ T2 09 2808, A58 & B, 24 4 I8 AR R AR RUST [ 28 A0 /N oKk ROBE R, G 4 5 3
FREER AR 0 (E AR B AR, 16 BERUEE T 3090 UM 545 GE A A AL i AR SRS [R] 0 7 A i (e AL D 210
H T, I 5 RST S /N RS g K 4 @ ARk RST 3800 CR Ak /A ) S HLAROURATL il A7 2 iR A it 2R 1) O SR
2] @S 2 A R N2 4 A IR A RAE R R © A B 5T MR 24T o i o B B, (R H AT A X
Ik S RS 4 2K 4 i 4 ) v s e o7 A P A 54T I 25 1

R, A8 TAE R ARG AR SF (10 nm) 42 @ 407 8 = R PR35 R 19 07 2245 S FRCSERUOBE, SR FH 4 WA %)
T4 (diamond anvil cell, DAC) %5 & [A) 42 55 5 X 1267 5F (X-ray diffraction, XRD) £ AR, #ff 57 44 K40 44 K}
TE R T 0 25 44 M ot R AR SR i, AU 488 7R 22 LR g L SO 8 R AR RO G ] 5 i) 4 K 4 T ) e o
U250 S LA B, DA TT A G K A8 7 5 R 88 F R I G5 A R TR L 225, I 90K 4 Ja poRE RS R
4D 35 T P A TR e R T B
1 XWHE

S e T FH A AN KA (FCC 4549 dioky I [ A6 5 fE AR 5 &R A BR 2 F] (815 : DK-Pd-001), 4l FE
99.9%. XFHILAFE M AT XRD(Cu 8, Ko 520 MK, SR 5 238805 (WA 1, Horb, R, S InAL IR TE ) 4%
J5 22 ), R H Scherrer 28 3P 11545 B 4K HUFE 5 1Y d R R ST 2928 10 nm. [RIE, o FH 33 S i+
%% (transmission electron microscope, TEM), X #1145 A &y B SOMIE 55 A1 ks ROSF #4743 B (UL AT 1(a)~
E 1(c)), 753 EGKARAE i (2 dokr RSF d,,. 29°M 10 nm, 5 Scherrer 24 2019 11845 R —34

(a) v ; b

100 nm

40
(c) d,,.=(10.023£0.115) nm (d) Pd (111) o Exp.
I —Calc.
X — Difference
5
S z R,~2.018%
E‘ % p=4.28 GPa
= Pd (200
E = (200) Pd (220)
=
o
~ 4 M
Pd | | |
—-—:\A__/\.\r\,——v\ﬁ_—_/v\/v
7 8 9 10 11 12 13 14 10 15 20 25
Size/nm 20/(°)

110 nm 4BFEAL B TEM IS (2)~(b). RSF430 (¢) BLK XRD % (d)
Fig. 1 TEM images (a)—(b), grain size distribution (c), XRD pattern (d) for 10 nm-grained Pd
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o R S I6 SR FH X B 28 4 W P, Al 5 TT ELAR R 200 pm, IR BLAR 290 80 um, i Pd 19 =5 &
RS REIAThRIE . Horp, FK RS2 56 R VR (An) VB A& A I, e FE ik 81 67.1 GPa, Ritie it
N7 A% i 7% 0 7 (AR Ak, I8 T T AR B K R 9 SEE0 CRAE FHAS A ), Fe KR 135 %) 111.0 GPa.
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15 B A AR 1t K R 7 88
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e 0 W AST X SRS S A, w KR hkl ST AT BT S S8, n TN AR . X &R T S AT
LG, AT HES HRE S Y ok RS RCHE R 1 R BB AR o BRI B X A N T (o) W R M iz
TN AS S B (E) R R, B

o=nkE (2)
1 B SR B (B,) 2 A7 AE 1 F 9 R
- % (3)
Sy TR H, R T AL v 2 0.39 B9 BT Agosta 251 5 itk B HCH HE S A5 1 A A T o
TR AR FO R . R, T S A TR R 0 B AR Y o, I ST S AR 1 I
IR FE, B A 1 R 38R

2 KWHERKITIE

P2 R T IR T 9 KA 4 BB R 28 4k 19 XRD 3%, A 2 ] DAXER B4E 1) (111). (200) Al
(220) fiT 50 . FERF/K HSEH0 19 XRD 1 Hpad i 0L 210 852 55 09 15 TR A ot Ar (Y0 . SR AR K I, b2
TEARRI K AT, BEE TR 1 Th e, fha T N RN ) S BOn AR S4BT A i S 0 ) 457 5 4% 328 ¥ 1) v 4 B2
T3 16 RS Bl & T T S 90N, AT S e ) A 8 T R O iR B T A AR . TR SE B TR VTN (0~ 111 GPa),
HUH FCC &5 HRRE , RAARAE o

B,

@ Pd (111) (b) Pd (111)
Pd (200) Pd (220
58.1 GPa 97.1 GPa
51.7 GPa 82.0 GPa
z 42.6 GPa z 70.8 GPa
5 33.1GPa B 58.5 GPa
= 24.9 GPa K=
- /\ . 195GPa
14.2 GPa o~ 13.9GPa_—__
8.4 GPa T - -
Ar (111) Ar(220) 3.3GPa 0.5 GPa
10 15 20 25 30 16 18 20 22 24 26 28
20/(°) 20/(°)

K2 #okIE (a) FIAEEUKIE (b) F 10 nm 48957 XRD 1
Fig. 2 In situ XRD images of 10 nm-grained Pd under hydrostatic (a) and non-hydrostatic (b) pressure

K3 Jon 1 AR A BE d BETR ) p B9ZBARSCZR o W ARt BlE TR 0 T sy, el T ) A 28 3 /), 488
¥ [ B A R, - EL BT T 5 R B o T ) s B R T R .l TR R AR R TR AR s A
B, AR — IR J1R, # oK TR AR A b v 1) B W/ T AR K RS2 B 2
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HR AR 5] 3 79 2109 & i (8] BE, 454 FCC fb k4%
s TD 235 () JLART 457 8, AT AAS 21 oK R 5 R # K
A5 SIS TR T 5, A R A AR B R 4 R (Vv v)
Bifi 7 AR AL 5 2, AR 4020 R . e ET A
FIWF 5T 45 SR 002303 1), 5ARBRFE X Lt & 3L,
A VRN TR VAR (e VAN BB R ALY
SR, X — IR T e S th T 90K & JE bk 2 1 B
JIWE K T Bk 4 Jm A Rk, A5 900K 4 a8 4 Rt 3R 1m
A F 55 B K RSP,

& H = B Birch-Murnaghan IR 75 J5 2 (equation
of state, EOS) Xt 4 #5 #4740 45, AT 45 2 # K e LAk
FK R S5 T AR AR A L B 430l R 288(5) GPa
J 290(14) GPa, &5 & 19 & 71 5B, 57 3 h
2.76(24) & 3.87(47). &l 4 FIZE 1 5 T4 k4
RALAE 5 R T I AR LA e K HL T S B30 A S AT
TR, H SRV ITIATR .

RS B, AT I B A 7 A= s R I8 A8 1Y) M
Gy BB, PR SURT L 1 e 0 5 0By W) AT T U b sz ke
BT FE 7 A Ak ) BB B o AN TR) 4 o 1 A s A
T HE 7 802 R R ST S B L 4 S, 49
s Ni AR SR 8 Bl 0 RS I8N TN, A5 A
SR IR - AT RO B0 Aa A AR R i et e RS
B I/ TG K, A9 6 8 JR -l 73 %00 7 1T Fe 44
SRS U] 55 ok RS TG K 22 AH DG PEPY A S AE o
Foe H R 77 5 5000 B0 32 22 B0 4 R A 4
PE, ISR SE A P A2 s G 7 U0 R RO 25+
FRAECOS7 40 2 H I & ok B AR oK R RS
(4 5 U] 7 77 55 PR3 4 SR A g g O,
BN : 40 K 2T 2 40 04 RS 98 0K 22 AR AL R 1A g
B i e LR 1 O ASHR TR 5 R # K T I 1Y

-
22+ e »%\7!/57 .

lvjvw\,v.- " e om .

2.0 -
VIS ., ON B S
o 1.8} v Pd(111), h};drostatic pressure -
S v Pd (200), hydrostatic pressure
1.6+ v Pd (220), hydrostatic pressure
® Pd (111), non-hydrostatic pressure
14 ® Pd (200), non-hydrostatic pressure
AT e, m Pd (220), non-hydrostatic pressure
bt o N ] haad 2 % W T!J\’/S,v&)\’ﬁ - }-, - P
v " ma omoa
1.2+

0 20 40 60 80 100
p/GPa
P 3 R R AE K TR T 4 10 o T ) BEL R (972 1k
Fig.3 d-spacing of Pd under hydrostatic
and non-hydrostatic pressure

1.00 £ = This study (non-hydrostatic pressure)
¢ This study (hydrostatic pressure)
0951 Baty, et al.”!
Fedotenko, et al.*"
0.90 Guigue, et al.?"
Frost, et al.®?
N 0.85
X
0.80
0.75
0.70 |
0.65 I I I I I
0 50 100 150 200

p/GPa
4 AR SRR 3 BE R AR A (520 AT
B, 20 5 AT B BB 1, S2k
R L M AHIE 5% FN SCHkIE 2 = B Birch-Murnaghan
IR T FRILA T £ ) B0
Fig. 4 Pressure-dependent evolution of unit cell volume
compression ratio (V/V,) for palladium (Solid symbols
denote experimental data from this study; open symbols
represent bulk material data from other research;
solid and dashed curves correspond to third-order
Birch-Murnaghan equation of state fittings from

PR 1 R ) GRS T RK R T A = this work and literature, respectively.)? >
%1 FRSKRT TG EREED
Table 1 Bulk modulus of palladium at varying grain sizes' ****!
Grain size Pressure/GPa B,/GPa B Pressure retransmitting medium Ref. Remark
10 nm 0-67.1 288(5) 2.76(24) Argon This study None
10 nm 0-111 290(14)  3.87(47) None This study None
33 nm Tensile response 290 None None Ref. [33] Nanowhisker
100 nm Tensile response 120 None None Ref. [33] Nanowhisker
Bulk 0-80 190(3) 5.30(20) None Ref. [9] None
Bulk 0-200 197(3) 4.99 (6) Neon Ref. [32] None
Theory Theory 195(3) 5.10(10) None Ref. [9] Theory
Theory Theory 184 5.38 None Ref. [34] Theory
Bulk 0-30 157(3) 9.90(40) Neon gas Ref. [30] None
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ARBFGEF T, 90K B B, B T Y kb . _
Foh, BT bR b B . 5 A% L (WL 4) i
L1, ZERE IR R, SR AR R BV AL IR /D T Lot VST L
YeURBERL, BRLR 10 nm BORBPRHEY B RIBE € 001 LT - padn
T M A RHE B T 52%, BIREIR T 48%%, I E gj 2t « Pd 200)
WAL, AR R R R F SR e s raen
FAEGK AL IS IR T R R N S 3O e TR
A T T o 5 0 B 0 5 %, 17 S 4oz oaf st
Bl A B L % 5 0 Sl A S 4 1 R 9 FE 0 20 40 60 80 100

O3 NS B, B AR T T AR

R T 20 43 AT AN 72 B 0 T i AR A,
PG T AEH K R 5256 rh AF i A0 B REAS (] b T )
XRD W12 5 55 (full width at half maximum,
FWHM), W& 5 s w10, B 35K, 6 5h
77 50 ) FWHM #7725 K

p/GPa

5 AEFOKE TAEEETAY (111), (200), (220) &

XRD U] FWHM i 17281k

Fig.5 Pressure-dependent FWHM of (111),
(200), and (220) XRD peaks for palladium
under non-hydrostatic pressure

1) M= 2) AT AR o BT p Y 26
AL R, MR 6 BTk . H p-o AT, 40K A4E gg| 7 Nowhydrosuticpressure o0
BERHE 20 20 GPa 1O T F % i %, I itk A 98 ol noo
PEAS T BB . 7E 0~20 GPa JE 71X i, o B J 4 . [ e "
PRI, BORHS TP AT B, ZE MR B, BEs O [ P
i 73 SO IR T A, S AR R e o7
20~ 111 GPa JE J X ], o BYBE K HA 2R, #HRE &R 16r
SAPEAST , i, SN 357 A B 34 BT A wbo
ok PR S 3B, B ST, 0o e

(DA RIINTE LR EE > TS B o - N =] B
TE L AR B B, 3 12k 5 PR i 18 77 /9 fie KA
AR A S R R BT R AT 6 R A, R R

K6 10 nm SE A G B2 BE T 1 B £k
Fig. 6 Deviatoric stress-pressure response of
10 nm Pd under compression

SEo 10 nm AR AE S 09 JE IR 5 2 24 Ok 21.1 GPa.

it 5 ST S R AT L, R DA R B, L R A R T AR 33 nm (ALK A R
300%, HHE T EAAE N 110 nm BB DK EF i 82 50 T 570%), 26 B AR A Jit IR 5k 58 Bl ok R A o /)N 1
Ko WL, XF 4 @A, 24 SRR F M 22 00RO BE R 2 10 nm B, Ha B2 0 ROSF R AT SR A5 4 B IR - 7 5%
F, X — SR AL HLE B AR BT AE T SRR S5 S0 B 8 B i BELAS VR S0 At 4 s A Rk A 28 B3R
G, R RST A 10 nim 74983 149 Je A 58R 5 240 A FOK 00 45 1) Jee I i B2 119 350% Y, 3 m A i 114 it I i 2
T E AR Y 10 45,

3 4 it

I 4 WA Al 25 4 TR 25 40 5 XRD AR, A 0F 58 1T 9K 40 0 BHTE 3 FE T 19 22 b ek, 25 3k
B, 7£ 0~ 111 GPa JE )G N, & @41 FCC 45T o 10 nm fShkr RO 48 7 K AR ff oK R 244
T AR SR B 43 1 288 I 290 GPa, AR B & ) FE ) A Dk 2.76 I 3.87, B 7 WA 4R
52%. BT HTAEFRK R R A9 XRD WEGE, 15 8] T 4 A0 RH JE IRGR EE 298 21.1 GPa. 45 & i 92 508
P, w7 LAAS M40 A JE R SR RUSE DA RUEE S /N 2B 10 nm 22 47 B, HG A B A R, SEAR AR G
FEIR-IAT AR
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Investigation of Mechanical Behavior in Nanocrystalline Palladium
under High Pressure

LIU Boyu, LIU Jingyi, ZHUANG Yukai, WANG Qiming, ZHANG Youjun
(Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, Sichuan, China)

Abstract: The investigation of mechanical response characteristics of nanocrystalline metallic materials
under extreme high-pressure conditions possesses significant scientific importance and engineering value.
Using a diamond anvil cell combined with synchrotron radiation X-ray diffraction techniques, the
mechanical behavior of palladium (Pd) with an average grain size of approximately 10 nm under static high
pressure was studied. Within the investigated pressure range (0—111 GPa), the crystal structure of palladium
remained stable. Analysis of diffraction peak positions and full width at half maximum (FWHM) at each
pressure point enables determination of unit cell volume, grain size, and microscopic strain under high-
pressure conditions. Fitting with the third-order Birch-Murnaghan equation yields bulk modulus of 288 GPa
(hydrostatic) and 290 GPa (non-hydrostatic), and the yield strength is approximately 20 GPa. In addition, by
integrating existing literatures, this study systematically explored the influence of size effects on mechanical
properties. The yield strength of Pd progressively increases with decreasing grain size, exhibiting a 300%
enhancement compared to Pd nanofibers. These findings provide crucial data for the structural design and
application of nanocrystalline Pd under extreme conditions.
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