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Abstract Based on the high P-T synchrotron X-ray and time-of-flight neutron diffraction experiments,
we proposed a method to investigate the intrinsic mechanical properties of nanocrystalline materials
according to the diffraction profile. Properties of nano- and micro-crystalline nickel were compared in a
single high-pressure experiment. The lattice volume-pressure data indicated an elastic softening
and the bulk modulus is reduced by 10% in nanocrystalline Ni, compared with that in micro-Ni.
The results show that the enhanced overall compressibility of nanocrystalline Ni is a consequence
of the higher compressibility of the surface shell of Ni nanocrystals, which supports the results of
molecular dynamics simulation and a generalized model of nanocrystals with expanded surface
shell. The analytical methods we developed based on the peak profile of diffraction data, allowing

é

us to identify the “micro/local” yield due to high stress concentration at the grain-to-grain

ELWB T A& OUH S QDL A5 A B H A0 AF S /AN 1) (2016 ZT06C279)  FEIINFL 22 1 &I (KQTD2016053019134356) 4[] ¥ Bl

F—1EHEB-NA WU, B 1986 4F4 W5 BY B L 5 BN S8 R IR L B A R A I A P REAE 5 . E-mail: guc@sustech. edu. cn

* BIRAMEE BT AL T 1956 AR YRR B . 32T TE G ) 3  ERE R R P R A ke B BOR B A ) 25 R S A A S R & 3D MR
%3 RWF5E. E-mail : zhaoys@ sustech. edu. cn



10 1 JEST L 26« R T R PR AT AR K i B A AN 2 A 5 T 3533

contacts and “macro/bulk” yield due to deviatoric stress over the entire sample. The graphic

approach of our strain/stress analyses can also reveal the corresponding yield strength, grain

crushing/growth, work hardening/softening, and thermal relaxation under high P-T conditions,

as well as the intrinsic residual/surface strains in the polycrystalline bulks. The methods proposed in

this work can be used for the quantitative determination of rheological strength of rocks and

minerals at high temperature and high pressure, which provides a high-tech means for the study

of creep and convection of lithosphere and mantle materials.
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Nano-mechanics
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K b AR B oK RS (<C100 nm) & ok Jir
AR BARE. 2 S AR R d R R /N BANE RST 5
FFE B P B AR 2 I P2 8k AR AL AR B
T Wk P, W P R T B A5 R 1) ) B 4
23 A WY AR A PR e A RO RO X i A
AR AT SOWL 45 AL 45 L A B A R R AT Dy S
AT BHEPERE BB BEHT. BR 7 RO RE L 98K b kL
TEROU S #E F A AN [R) T 5f dt 4 E 99 0K b 4 3 8 7]
PLI#-5¢ (core-shel D A5 BSR4, RIAL 4% il 4% 5¢ 36
8 b A AR 43 RN T 7 i 2 1 g 2 DR HE S 1R
AN T4 e B b 2 WA )7 T8 0 b 2 (B
FODME 1 TE AN B AN P S Q0 P TN I S
B 50 %05 B 2, T 400K 322 19 I 44 1 A D
T[] [ B S 45 58 2 AR AR ] R RE A W) T
HTLLE NI | SRR N S D AT B GIR O AN IV SR % S Y DR G
HEAT PR R A S B ST AR T B ok RO AT
KB/ B G OK G B ORERY 2% B VE BE L A0 AR AR E TR
(Chen et al. , 1997) , #& 1k ¥ F£ (Goldstein et al. ,
1992) . J& AR 5% & (Chen et al. ,2005; Wang et al. ,
2007) . o M # & (Tolbert and Alivisatos, 1995;
Jiang et al. ,1998; Wang et al. ,2003,2004) . H, T-%%
#4 (van Buuren et al. , 1998) &£ & &k 4 B B 1Y
HE.

H A F A% g8 18 g 280032 5 vk ME LURIE 98 40 K
AL A2 T AL R AN A AL g 2 PERE. LLAA K 4 Y
B B2 F 5% O 491) L AR i 22 MY Hall-Petch 3¢ & (Hall,
1951 Petch, 1953) , af RLFTIN 22 it b1 e A1) 5 12 B
fm L ROST R/ N T 3G . AR X M O R 2Rl & 5
LSRRI B 2K RSB A 4 b e
2| 7 5 §iF (Chen et al., 2005; Qian et al., 2005;
Zhao et al. ,2007). Hall-Petch % i — % 5 A F 17

Synchrotron X-ray diffraction; Neutron diffraction; High-pressure and temperature;

FETE fR AL 1 ZERRBELAG T 9B RS i L S 2
RLAE 1B Bl i 2 5 R 0 g R TT gy . DT S SRl 2
FIEPERE AR T, PR 7 b oRE RO B/ i 1 kL AR
il P SR S 2 0 A B Bl R R Y BELAS L R
WL B o B BOREE BE 1) 3. SR SEER Ay ¥l
2R 48 B 22 B (Chokshi et al. ,1989; Lu et al. ,
1990; Palumbo et al., 1990; Chang et al., 1992;
Khan et al. ,2000) , fF — & Jf 67 R SFFE 3~20 nm 7
Bl 119 46 Jm A5 4 b Hall-Petch & &I AE M. 78
XEERE b, 2 R RO N TR — e SR B B
A i RL ROST U8/ T 98 70> B PR 455 AN 28 X b B R
PR i Hall-Petch %O, 78— S84 50T, 52 50 WL 42
# ) Hall-Petch & 07 a] B8 - 3F 22 4 BE 19 A Ak H
RE 17 2 £h L Bt B 2% ) 1) A A B R 1 54 38 B
B 2T R e Ji A SR R O AN 2 bR Y AR
BB TR A R Al A A B LA O B 2k 1
TEANKR AT RE R R 1 A 2 21 73 BBk B 25 B2 23 A 7Y
22 5o AT LA R 3t 502 b R ) S R 5t 2. A2 BT R e
P IR0 1 Bl e R o A% 56 1% S IR Az i ik
T3 B ARAN T 5 W 5 B B RE A RS R0 %) AR iE 4
KOS LR B 7+ ar BE = Ah X T =
BOECT 9K SRRV AE T B AL B R AZ DT A
FERUE R L LA KB AT He 0 R B2 1 78 Ak ke 3, 18R
WA AR 7 0] LR AT RALE.

30 A AT S 0 U 53 AT A ek ) 07 A B i R S B o R
J Iz A% B — b 22 305 v 8 PR g Williamson-
Hall & 8% H 3 1k & (Williamson and Hall, 1953;
Gerward et al. ,1976). 1% J5 ¥ W] Dk v i % 52 He 9K 5%
PRI S v E DL R AR L B B B ) L — ok
22 f 7 33 P i SR AN A 2 8 R RT3 A R A
A 5% 125 7 1) A2 T2 0 4 B BR . TE 8 TR R 46 SE e
07 5 W 1) 5 1 2 BH 9 6 AT 5 0% R 7 1) ) R 2 5 A
i)/ A (Weidner et al. ,1994a) , iX £ 5 28 Y8 T A [H]
e R B 1w ) fOREAE 52 ) 5 1) B RTE AR L DA R AE K OR
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s 245 S 56 #1432 fl 2 B 9 17 ) B P 25 0 )
AT I 56 R I R O iy BB O Bl o AT S 0 9 R
B RAG. 3 3 M AN TR hked & TR S 06 58 B T
T3S AT LT B AN [R] B 15 A2 6L o 2 T A R i 19
Jift R 568 J3E . T ATk L O T S e e B A A KRR
(4 3 2 PR RE R AR T AL B L JE G A vy L i T T A8
AT h  BATHEAT T — FR 5N ) 2 8 2 X5 e AT S
AR A0 5 S 36 oK T 5 8 K B R B A AR AL S T
THE0 3t 2 i 48 DK A4 R 1) il A 4 B AT P A ] 114
FORBETE T 9K A BOK fi bR AR SE 5 DL T
K 1o P R RERETE [ — A o i 8 T S 6 o R AT B L
B A ST B9 77 3 T LT 56 A0 1 0 9 i i o T
T 9 1Y) S B E . 3 A 32 T i E Y R S
R AT L AL b Se AR A Al R R AR L
58 1A MR S AR R TR JEE S A LA B A S 8 a0 S
R O B R il r b M 5 A S D0 4R PR Y F 5
T35 RS A0 W LA K s g ) o ) 7 o O A
T RBHT T T B

1R

BLOND g —Fh B AT =R & XY 3d o 4
J& . K NI — B 2 S0 A AR Y 5 S
FEEAR. AL B 28 L 990K NI D)2 CHL 2
WEE FRPERIY R B R C &8 8 7Tz e
5% (Bonetti et al. ,1999;Chen et al. ,2000; Rekhi et
al. ,2001 ; Budrovic et al. ,2004 ;Shan et al. ,2004). 4%
5% 18 I AIOK & ALK ff NIRS S R 58 6 42 SR iy
Ni ¥ (25 Sk 99. 820 KL 0 Ai g 3~7 pm, 4K
gl NIy 52 38 338 7 ok SOk B Ni By CAlfa Aesar,
99. 999 %6) BEAT i REBRES i 5 ). BRIE IS 5 ¢ By
30 A BT i 1 g BT KB BR A K RE .
SPEX 8000 BRIEHLHFEE 30 /NAf. BR B i 2 1
ARAHENTFEMPRERN. FEMAPEATS
/N F 12X 107°, il a3 22 78 3 i & #1432 (Differential
Scanning Calorimetry, DSC) (Shen et al. , 1995) ll %
Jo B AR R R A K S NP s AL
at Vo Ik 2% . AR 4l XS 4R A7 S 06 9 40 AT 40 oK
Ni #3 f4F- 2 b R sF 2 12~ 13 nm. BiFF Ni 8 19
Hh AT SR S AE AT BL A F Dl 407,907 F 150° i I R
RIMBEILI . 5 e X AT 5 5 0 2 A 55 [ A
T SC T 5K S 3 5 Y 1 5K [A) AP O i X782 Zhul b
HEAT Y. 5230 e 3 7 T TOU s il 2B X At 2R AT
FIF R (Weidner et al. ,1992), 8 T 347 %) FL 3256

YK fb FITIOK A N B TR (W] — > A o
[ B NaCl Fg JF. B 1 & &5 FF it s NaCl s [6] 15 4y
WAR W) 57 . i 5 Decker AR 2507 #E 4 NaCl #E47 &
J1¥55E (Decker,1971). % R A9 &AT I [8] o 437
SEI6 (time-of-flight, TOF) 2 7E 2 [F 1% 57 BT 7 55 17 6 52
556 = HIPPO (High-Pressure Preferred Orientation)
Lk EHEI T (Wenk et al. ,2003).

2 WK SRR AR IS o0 B

2.1 #AKE Ni By MEu

e B 62K S AR PR BB AIF 5T R oL RO
XA ARk SRR M BB 118 52 i AT AR R — A LAY ] L
BN , 76 580 0 W55 v ke B 4K b AR A% G
(B IS T 55 Z % L A 3ROK di b1 8 (Gleiter, 1989).
SEE X TP R A — € R B AT RUE PR 4 8 1Y
R AR e R NN Y RN 1K e O [N i
T ICALBR G bR A 52 50 F0 B 18 1158 (Shen et
al. ,1995) 45 RAIR KRBT, 4 fokr R P/ T 20 nm
W AR R TR R . 5 2 A
TE— 6 {] X 55 AT S R AT R AE 1 TR 45 52 50 v . 44
K AR A A8 R SIS o T IOK A4 B (Tolbert
and Alivisatos, 1995; Jiang et al. , 1998; Wang et
al. ,2003,2004). ttAh, 78 Fe Ni,MgO F1 CuO %kt
B g PERE X B T 5 kLR BRI B R
(Chen et al. , 2000; Rekhi et al. , 2001; Zhang et
al. ,2007;Chen et al. ,2008). LI FWF5% 45 R R0,
v RL RUST X A4 R S 1 B 452 1 ] REAS A7 A —
TV AR — BB RIS R 45 18 )RR AN W E Y.
Ji BT P D T — 7 T 3 S8 S F Y R 2 2R
UK AATRLA B B0 5 R OE ST 0 R R R £
P AT R AT 200 1 AN [6] I R b R G 22
T SRR 5 53— J7 TS 9K f i SR AR I AT il T
/IS TCE T H LAY S92 36 5 SR AG I L Sy T i e ax B
(i) 250, AT ) P[] 20 i Sk X 23 2 A3 5 0o 2 B AE ] —
JEE AN Y A0 K R BIOK & N EAT T e T R 46 1 BE
5% (Zhang et al. . 2007). X Ff 5 25 7] DL BRI 45
Wi S5 11 I 3 /i 17 3 00 T 7 A ) 2R B8 % 2 AT AT
DURIN Y — & 78 Hs 4 3 B2 b i s/ 22 5 (Hazen,
1993;Zhang et al. ,2013).

AK S AN BOK iR N FEH A 7. 4 GPaCSE B 1Y
B IR T R X G AT 4T (XRD) B35 A gl 1 B
71N H T i RE K 20 Ak hioRo i AR b 51 T 3R T N
PR AR AR i N RS A O T BROK A N RS
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Fig. 1 X-ray diffraction patterns of (a) nanocrystalline and
(b) microcrystalline Ni at 298 K and selected pressures
The minor peaks around d-spacing values of 1.3 and

1.5 A are Pb fluorescence lines.

A BREE 5 BB AR Fe 4% 51t 23 i 477 55 0 1) B
K d )5 i (McKeehan, 1923). )& 1 Hra]
LA 40K i NI AT 5 g B 5 LE fOK i NI A
PP T X R SEAL — TR B TSR RLA AL . 5 — 7 T
T RS 3 R 7 A A A7 AR A AR R % R
s AT 51T S3OU & A% B 25

I 552 95 45 B B9 477 S0 1 3, B S e A S 0 o
JEE v T AU B A T T S U 6L L AR S R T A K
FCK B Ni 19 111,200,220,311 F1 222 177 50 , Ik
FALT7 fb 0 e/ AU TR T ORI
Ok NI B R B (VD H bR e i 22 5 0 R
0.05%~0.1%F1 0. 02% ~0. 03%. 44k & Fn sk
f NI & ML 456 5% V/V, (VSR R I 8 I 4
FOBE 728 iy a5 an & 2 fros. WK 2 Tha] LA
WA i NI EROK b N BT HE 46 1 i o 2.

T B A T R AT A R LA 1 K
FLAT BRI AR AR ZS 5 8 (Birch, 1978) % 2 A 50 ik
A RSy i, K P ] 2R N R AE £ 1)

1.00
KJ=4 (fixed)
0.99
Micron Ni, K=177+2 GPa
_0.98-
~
N
0.97 1
0.967 Nano Ni, K=161+3 GPa
T=298 K
0.95 : : :
0.0 2.0 40 6.0 8.0

Pressure/GPa

B2 P\ LB v/v, BE ARk R
SR U L TR R AT BR AR RS T B d /D TR IE LA
2k, fOok Ni Ay 22 BR/N T B 475 1 RE B A 2R,
Fig. 2 Variation of the normalized unit-cell volume,

V/V,, as a function of pressure
The solid curves represent the results of least squares fit using a
second-order Eulerian finite-strain equation of state. The error
bars for microcrystalline Ni is smaller than the size of symbols

and is hence invisible.

N I
P=3fA+2,H"« KJ[1—2¢f +--], (D
H,

s:%u—K’o),

)]

s Ko Hi K 43 500 A 4 8 1A s e JHL A B0 5 3l
BETR T RIS 8. i A S50 R 3 LA R X
K S0 70N o 55T SR BbR 25 0 ) i i A 1
AL BRI (D 6 = 0. it X B 2 s B
FTHAA TS 9K G FIIOK i N 1A S80S 1 40 331 oy
K,=161+3 GPa fl K, =177+ 2 GPa. % %5 £ 3%
L 0K Ni ECRIOK i N B AT R 4 P = 29 10 %.
1E R B 58 . Chen 45 (2000) Fl I X 5 £k
AT S R0 4 DA 6] THUR B AR F 9 T 4 K b N R 4
PEBE AR A% R BN R B 55 GPa 945 fk s 3,
THEAH 20K A NI AR By 185, 4410 GPa,
5 Z Wi B B HOK b Ni R RS i 180 GPa 3k,
TE 5 — 5% L Rekhi 28 (2001) 3 32 52 56 F1 45 —
PEJFCEE 54 945 2] 7 4k 5 Ni(K, =228 + 15
GPa) FIfCK fb NiCK, =217 GPa) [ {35 8l & , 4%
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R ZHBUEAR Y. 5IATH AT L5 25 R X
P I BIE 5 A4 LB R RS X N R 45 1 BB I A R
M. SR TCIRTE S 50 sl BER S P BB S A RS R
ZEREAE S AE XS AN [R) T 3 45 3] 9 K 5t B o B30 #E 47 L
B | T AR G AR 25 B 52 R, 23 B 25 R 1Y O 1 E
P AT R A S 38 J7 2% AT LAY B Fs g 00l 1 g
XA AR A R 22 5 B3 T IR A M RE R A 2 R
F14) A 0

AN TR ORE T 3R )2 I R AR s 4 Pl
H AW (Gleiter, 1989 ; Trapp et al. ,1995). 2R,
B H AT 1k BEABAT O T 94K &b 22 1 st 1 HES Y
BB R A 52590 J7 5 m DL H 2 X 6 T X I
HER A BB 22 6] (9 Hs 4 17 K. Palosz 4§ (2002) 75—
FRYVIEFE R WY X5 T 90K di bR AR XE M A HL A% AT
SPF UG 1) A7 T 7 Ak T A 3 A 2 B0 DT TG 12 A 3
AR R SRS R e ARATTER T T — AR AR R
AT SRR 040 3 A0 7 20 VR T B A A R AT S 0
THAC A H IR PR 22 O 3 WL A A% i 07 (apparent
lattice parameters,alp), fE5H 5 Q=2=/d
K Hr d 2y hked A7 Sk WA RE 1N B T R] B, A7
A B S AS R S RAE R alp M5 Q AAE
AR B AR CHE  IF BAT — & W R AE AR/ ME R KA. £
2053 BT X SRR AE LA T BE 48 71 94 K ik 1 R (A 45 4 A
FRAE 45 501 S 2R 10 2 45 H 2B T2 AT . M4 Palosz
(9 73 BT FEAR R Q (8T WL 381 1) 437 5 %5 4k T LA
AT A AZ IR BT CRI A OK i 4 1Y 2 52 i A o 50
T PER /N Q (B WL I 380 1) A7 ST K5 s I %t Aot %
T CRIE J2) B 45 4 15 15, 5 I 450K,

BT alp WOMES A H TR 92 56 45 3 b AR 4 A
(] PR A S5 0 23 00 T B8 0 A0 K R BIOK i NG R R
R Calp)’ FERAAKX (DO EHTUA G385 Q
ECRR X R 1) A AR g A BT 3 T s 6 T OK B N
3k AN [ A7 S 04 A ) 10 A R A R BRI S A AR TR L
Q fELJCHI A s X F 44K i Niv f£ Q = 3.1~3.5
AT AR R AR T Q = 5.0~5.9 A it
(B (U /INZY 1020 . B T AR X IR ERATT 5 52 56 mT
R Q E LA BR . SL 5075 3] Ni i Q fH 7l Hil 4%
A (A 3~6 A1), 6 1k VB M0 S R R, AT
TV T MR GE S A% Y L A 1 RE. AR, X T R &
T 52 )2 WA % KD B 240 0K it ) U B (Palosz et
al. ,2002;Zhang et al. ,2007 ;Chen et al. ,2008) (Ul
P 3 v A [ BT s ) FRATT A I 5 SR W 40 K i Ni R
E TN A T A R Y A S O O N B T 15
Wr 5 AORL N BB A L . 2 T 58 SR AT R Ik A5 4

190
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1704
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140 4
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a=f(r)
0-21/d Aa=ay-a
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2 -+ 6o 8 10
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B3 RIS R i QT 4 oK i 0 DK i B A A Ak
R SR b (A e R L A e SR B A R AR AT
SO TSR A
AT Sy 4 B2 B A 3 B A AE I 4K i NL )T UL, R
258 3 ks X CRAZO 248, S R RIE a0 SESEE T
CRRAZ) B T 9] B89 o o o il R 3R T ) D503 (1)

Fig. 3 The bulk moduli of nano- and micro-crystalline at
the corresponding diffraction vectors Q (Q = 2x/d). The
bulk modulus values plotted here are determined based
on the “apparent lattice parameters” calculated from
individual Bragg diffraction
The insert at the lower right is a generalized model of a Ni
nanocrystal with strained (expanded) surface layer, where Ry is
radius of the perfect crystal lattice (core) area, Sy the thickness
of the surface shell, ay interatomic distance in the perfect crystal

lattice (in the core) and a, interatomic distance at the grain surface.

JE - [a] B K

A WEIEHE R > F 8 D1 AR 5T T 98K B
N1 A 3R 1 Y e RS AR 1 (Zhao et al. ,2006) ,
R P-V Bds R W 400K 5 Ni BB g N i i 3
RN T 7%, SIRATHBF 52 45 B+ o 2. iR
W AR 290 DK 190 A SRS Sk 22 Oy i R 2 TS )2 A Y
A BB AL A R — A 1T SR A TR 5 DA 75 ]
PATS H7E 286 K I 32 11 5 )2 1 /K SR AT L il kL PN A%
AN 9200 A AR S IRATT Y S 50 45 R — B B,
STURH S TR AR R L 48K B NIRRT B R
245 T 1R Wk /0N 2 R 2 T 5 )2 PR 48 R /N 1 2
R RATHBEFE R OB AR AT 5 45 5 50 40 25
B BT 5 R TR 9K ) 3 1H 5T )2 45 R R AT S Y
AT B
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e rE SCYB 7 B A0 2 i O Sl 08 T B B B 38 H A
TEH L g - 7 o 2 ke A L o 9 EE T B A X
SR AT S BORANTRAT I ) A A S B R D e ) s B
TR T KRB B X He A+ i 351798 22 BF 58 (Weidner
et al. , 1994a; Zhang et al., 2002; Brown et al. ,
2003;Qian et al. , 2005). 3 F & H 1 Williamson-
Hall Jy ¥ M H )5 227 4k 77 i (Williamson and Hall,
1953 ; Gerward et al. ,1976; Weidner et al. ,1994b;
Révész et al., 1996; Ungar and Borbély, 1996;
Ungar and Tichy,1999) . i LA BAATT 5 25040 1 06 58 43
BT b AT 21 0 A8 5 BE 6L R RE R kL RO AR A R
FEATRE A S AGOK f Ni 54T 1 3 W [R ] 20 4R
55 XS AR AT ST SE IR 2 Yk i U P AT S SE AR 7E B
A [R) 20 5 X R AT S S 36 T A oK R R OK
Ni B[R] — it Js o DA 422 R A b X L — 3%
AIPERE 22 5. TE AT S S g b ofF Ni k3 A B AR
29 6. 35 mm [P 7R 1A SRR R AT AL
PR 318~1073 K, 4> Ai7 5 &1 3% #4 5R 4R
IFIE] R 2 he [ 4 FEL S 2350 Ry i s ) AL B T Y
[7i) 20 8 A XS AT 6 R R AT S R T AN [

HY T S22 SR PRI [ dior RS B R i it A 7
XiF B o R A 200 %5 e ok IR %o 37 S5 068 5 140 8 ). 14 A
NI T AR RS 5T G g 2 v B 2 R G R
L = kA/AQ20) gecos, Hodr, L Ry ki RSF L & Ry it
IR ACO e HFFE B AT 20 4017515 Y
e AR YR ATRLAR IR A = 2dsing. ) FH i 1 1) B
d 120 Z [ EFR . 113 A20) =— 2(Ad/d) tand.
BHRA XA SR d ZaR N L = kd*/Ad,.
¥ Ada, = kd® /L AR TER 5307 R B TR 200 5
FBREBILA: A, = Ad,, + AL, + A (P, T),
lvi] BN 7 F FH AR B AE Ad/d B AT VA — Ak AT 15
%ﬁ;‘“‘ = (& +Ad.. /d*)+ (R/L)* « d*(P,T), (2)
Horp Ad o Adine A T Ad e 53 590 28 52 55 W5 3|
PR AT S5 05 21 1 i AN T I~ w8 B 9 A L IO A% 3 A
(14 2 135 58 i Ak A0 R R s i 2 8 5 BE k. A R
() FEA R |45 W] F 22 81 () Williamson-Hall J7 3 &
H g ik 77 (Williamson and Hall, 1953 ; Gerward
et al. , 1976; Weidner et al. , 1994b; Révész et al. ,
1996 ; Ungar and Tichy,1999). #2481 =2 A0 T
fE (Zhao et al. ,2007) , 24 (2) 7 LA A oK &4k i i
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Fig. 4

selected pressure conditions, obtained from a single high pressure experiment
The patterns plotted are from the experiment at pressures up to 6. 05 GPa (i. e. , after the bulk yielding of samples), with the
blue and dark-red colors indicating compression and decompression, respectively. The peak intensities of the h£/ diffractions are

normalized relative to that of (111) at ambient conditions for width comparison purpose.
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Fig. 5 The time-of-flight neutron diffraction patterns for

nano Ni at atmospheric pressure and selected temperatures
The peak intensities of the hkl diffractions are normalized
relative to that of (111) at T=1073 K for width comparison
purpose. The insert at the top left shows the blow-up as well
as comparison of the (111) peak between T=318 K and T=

1073 K, with vertical axis being the neutron intensity.
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Fig. 6 The plot of Ad’,. /d* versus d* (P, T) for nano-Ni
In all panels, the highly scattered raw data are shown as the open black circles. The data corrected by DER? = (E,;/E200)? and by DER? =
(Ep /E111)? are respectively shown as solid blue and dark cyan symbols. The solid straight lines show the linear regression results of the
DER? corrected data, with the ordinate intercept providing apparent strains and the plot slopes providing gain size information. The strains
(&) and grain sizes (L) given in all panels are the values averaged from the (Ejy/E200)? and the (Ej; /E111)? corrections. The red arrows

indicate the experimental path.
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Fig. 7 The normalized apparent strainei; = (Ad/d),, /(Ad/d) ;T plotted as a function of pressure for nano-Ni

(red lines) and micron-Ni (blue lines) during loading (solid lines) and unloading (dash lines)

(a) is for the low-pressure experiment up to 1. 4 GPa (before the “macro/bulk” yield) and (b) for the experiment at higher

pressure (after the “macro/bulk” yield). For both panels, the plotted lines represent the averaged strains & derived from four different

lattice planes (111, 200, 220, and 311). The average strains at the highest pressures, Py are listed in the inserted boxes.
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Fig. 8 The variations of grain size with pressure on (a)
compression and (b) decompression at room temperature for
nano-Ni
The blue triangles indicate the data derived {rom the experiment
before the bulk yielding (up to 1. 35 GPa) and the red triangles
from the experiment after the bulk yielding (up to 6.05 GPa).
The cyan triangles show the room temperature data obtained from
the high P-T experiment up to 7.4 GPa and 1400 K, and therefore no

grain size data can be derived from the room temperature decompression.
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Fig. 9 Apparent stresses for nano-Ni and micron-Ni plot as functions of pressure and temperature. which include both

The “

microstrain and instrument-baseline effects.

Yielding” points are derived by the intersections of elastic loading

and plastic work-hardening/softening stages. The onset-pressures for the yielding are apparently different for the two samples

The corresponding high-P yield-strengths are the stress differences Ag between the yielding and the initial states. The residual stresses

of the samples should be read from the instrument-baseline to the initial stress states at the ambient conditions. The purple open-square symbol

is to mark the recovered samples, which come back completely to the initial micron-Ni in terms of stress/strain and grain sizes.
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Fig. 10  Variation of grain sizes for nano Ni as a function of temperature at atmospheric pressure (neutron data) and
7.4 GPa (X-ray data). All values are derived from Eq. (2) and represent the average grain sizes for the Ni nanocrystals
For neutron data, the grain sizes derived with the (Ej /E111)? and (Ej /E20)? corrections are shown respectively by solid red and blue
circles. The solid green diamonds denote the grain sizes derived from the high-P X-ray data using the (Eju /E200)? correction. The insert
plots the grain size variation on a larger scale as well as over a wider temperature range, showing the rapid growth of Ni nanocrystals approaching

or entering the micrometer region.

pnm??
=
(=]
5
T

103

3(I)0 4(I)0 560 660 7(l)0 860 960
Temperature/K
BT 9K 5 Ni B ALEE 3 o R OB R L
B U AR AL G R

IR 1 28 F R T BE AT 573 K B 9 -2 ok )R

Fig. 11 Dislocation density p and grain size L as a function
of temperature for nanocrystalline Ni
Horizontal dashed line represents the average value

of L below 573 K.
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