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M. S. Degree Dissertation
X-ray Diffraction Investigation on Microstructure and Thermal Properties of
Nanocrystalline Materials
Zhao Yonghao (Y.H. Zhao)
State Key Laboratory for RSA, Institute of Metal Research, Chinese Academy of
Sciences, Shenyang 110015, P. R. China

Nanocrystalline materials (NC) have drawn significant attention for their special
microstructure and properties. In recent years, many investigations on the NC materials
showed that: NC materials possess very different properties and microstructure compared
to the conventional coarse-grained polycrystalline materials; moreover, the characteristics
of the microstructure and properties of the NC materials are closely related with their
synthesized methods and thermal histories. Early experimental results on the
microstructure characteristics of the NC materials synthesized by consolidation of the
ultrafine particles. Consolidation of ultrafine powders under an ultra-high pressure (usually
greater than 1 GPa) during the synthesis process of the NC compact may introduce a large
stress and nanometer-sized pores(or voids) in the sample, which may significantly affect
the structure parameters and properties as well. In recent years, the microstructure of the
NC materials made by means of the complete crystallization of the amorphous materials
and severe plastic deformation were investigated. But the severe plastic deformation
results in an evident texture and residual stresses in the samples which are obstacles for
gaining the intrinsic structure feature of NC samples from the XRD data. A systematic
investigation on the microstructure of the NC materials made by complete crystallization
method is needed.

In the present work, the grain size dependence of the microstructures for the NC Se
samples were studied by means of the X-ray diffraction method(XRD). The microstructural
parameters (the background integrated intensity of the XRD pattern, the microstrain, the
lattice parameters etc.), the thermal expansion coefficients, the Debye-Waller parameter
and the Debye temperature etc. against the mean grain size were obtained. Moreover, the
characteristics of the microstructure for the NC materials made by means of
crystallization method were compared with those of the samples made by means of other

methods, and the difference between them were found. The results showed:



(2). the background integrated intensity of the XRD pattern for NC Se samples
increases slightly (about 11+7%) with a reduction of the mean grain size(70~13 nm), which
indicated the grain boundaries of the NC Se is not the “gas-like” structure but there are
many defects(points defects) in the grains or on the grain boundaries.

(2). the Bragg reflection of the NC Se specimens can be represented by a sum of
Gaussian and Lorentzian functions with a larger Lorentzian component, the Lorentzian
component of the Bragg reflection shapes decreases (84+8~62+1%) with a reduction of
the grain size(70~13 nm).

(3). when the grain size decreases from 70 to 13 nm, the mean microstrain was found
to increase from about 0.1% to 0.6% and follows the 1/d rule, the microstrain increases
significantly along <100> direction but decreases along <104> direction, which exhibits an
increasing anisotropic microstrain behavior.

(4). the lattice parameter a was found to increase evidently while ¢ decrease slightly
with a decreasing grain size, resulting in a significant lattice distortion with a dilated unit cell
volume of which the increase is proportional to 1/d, indicating the lattice parameters of the
NC materials made by crystallization method is closely related to the crystallite dimension
and the amount of grain boundaries.

(5). the low temperature experiments show that: the lattice parameter a decreases,
while ¢ increases with a reduction of temperature. The linear thermal expansion
coefficients (TEC) along a-axis and c-axis increase(from (9.6+0.1)x10 to (12.6+0.3)x10~,
from-8.840.1)x10° K™ to (-2.840.3)x10°° K™ respectively) with a decrease of grain
size(from 46 to 13 nm), resulting in the increased volume TEC is proportional to 1/d .

(6). Debye theory calculation showed that: the static and thermal Debye-Waller
parameters increase (2.5+0.2 A*>~2.8+0.3 A% 0.14+0.1 A*>~ 0.77+0.2 A%respectively) with a
decreasing grain size(46~13 nm), and resulting the Debye-Waller parameter increases
with a reduction of grain size.

(7). when the grain size decreases from 46 to 13 nm, the Debye temperature
decreases from 134+1 to 119+2 K, which indicates the cohesion of atoms decreases with

the decreasing grain size.

Key words: X-ray diffraction, nanocrystalline material, microstructure, thermal property.
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Fig. 1.2.1 A schematic representation of the atomic structure of a
two-dimensional nanocrystalline material distinguishing between the atoms
associated with the individual grains (solid circles) and those constituting the

grain boundary network (open circles).
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Fig. 1.2.2 A variation of the lattice parameter a and ¢ with the average grain size

of NizP phase.
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Fig. 2.1 The XRD pattern of a-Se.

B Ka VB9 T o -Se FEAT /KA B ------- £ 333K Hyi K R
I 400h, R J5TEAS R A0 I (363~482 K) T fRif% 1.5h, ffia-Se 74 fmft.
dr ks 1IN LA 0.2K/min HvA AE E 4 2 5050, XRD 70 AR WY ki RS B S AL
IR RTH RTAE R (A3~70 nm); 38 1 25 Y 7 AN A di A T BE i R B AR R RS

TABLE 1. A list of the annealing temperature and the resultant mean grain size
in the as-crystallized nc Se samples. The mean grain size was derived from

XRD experiments and verified by TEM observations (in the dark field images).



XK IR V8 S0 K S A ) O 28 4 S IR B e 1k O X G 2Rt 72

Annealingtemperature (K) 363 | 371 | 403 | 423 | 433 | 470 | 482

Mean grain size, d (nm) 13+2 | 1541 | 2342 | 31+3 | 38+4| 606 | 7045
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Secondary focal circle
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Fig. 2.2 Schematized principles of operations
DEAR 4, SRR A J9293+1K, FI4 H A [V H 920~103°, XA ATH I
MIEVaHE, AR 3E050.02°, TN D10s: MR T R E 2 ik 20 3 90

7



A0, TR A5s . AR (88~325K) T Y JEA 2 B XRD 5256 4/5 £ D/IM2400
AT e e MR B, AFE P2 R A1 #IE(100). (101). (200). (2
01). (210). (211). (113). (104)F1(302)# MR, HAEEH K+ A A5

s, WEINFURRE, B REMA B, #EIRZE N2 Ko

2.3 XRDZ:#r
FHX-5 2R A7 S B AT AN[59), ATH R fE 1(2,T) FATH A= S(r) FUn Tk
Y

0% 5 (r) )
T

lo R ASIXES 2GR, et — e ERsR, TS50, TR, bl £
KRG EIHLERME. L, P, AR RS CEE T WiRE T BRIk
Ry AT U PR 7, e

1(z,T) = 1,LPA| f | exp(

L=(sin* @ cosH) ™" (2)
P(8,a) = (1+cos’ 2c cos* 20) / 2 (3)
f(r)=f,+AF +(Af )2/ (2f, +Af") (4)
a N AR Bragg T/, o 72 B A IEU R, AF FIAR AU R IE
T, exp(—=B(T)z? / 8z %) NABFEH KL, BT)ZMEFEH T, NEASIR T8 B FIzhEs
JR TR B 2 e S(z) AT R & .
B(T) =B, +B, (5)

9 T A BragofiT i I BT I 5 AN AT S SR E 23 T, 3R19 Bragg ATt g
K2 BUE S, FRATEH T Pseudo-Voigth EOl A FUAf i1 X 5 26 A7 5 2k . Pseudo-
Voigtek F 2 LorentzAll Gauss P ) 25 14 B Iin[60]:

2n .\, 4 —Ckz_1 2(1- ) [(In2) / 1/2 4In2 —Ckz

D (7) = :rLkL 1+ (TFEL )) L 2d-m) F[k(Ln) 7] exp(— (rEL ))
(r <G) (6a)

@, (1) = 2t g Ay HE e IR 7 o2 =Y,
(z>GC) (6b)



XK IR SC: ZOR T AR TI  fOR 4 #) e IR IR 3 s PR IR X Rt 7T

¥, TAICH RN k MTHERIRTI GRE  F Sm BTG AL, 7 2 Lorentz,

Gauss HEIRER R, n=1 24 Lorentz K%L, =0 &4L) Gauss Hi%L.
Ze& AT, AR AR b B R DUBEH0L HE SIR6 AT (R XN S AT S 0, %o
BT, AT C NI, A= (6a) TS A - AT S U iR
Mo T C AR, AF(6b)N AT HE .
EEFASVUDEIESEIR

In[1,,, (hkl) /1, (hkl)]=—-2B(T)(sin@/ 2)* +constant (7)
M AT BAAS B 48 FE R B(T), AT, lows (NKI) g 552 36 W0 45 1R AT 5 U ) 56 FEE
learc.(NKI)=LoLPA . XTI 07d 5, HIEFEIE, Zhas i FAii il % oR[59):
B(T) = B, +6h2F(x) / mk,®, 8)
m, h fl ks 2% A JE-FF&E, Planck 7 %Ml Boltzmann &%, x=6u/T,
FOO =+ b e 1o PRI R, RIS
ZK SR ARA O RAAE IR BE NSNS SR 088 . SR T AR . B DUE R SEER A, X —

AT 58 [ S 36 45 (O AR AR 3



o =5 QKPR ) O 45 A

B=F KA E M

K 3.1 45 T ARTA kLR S ne-Se [1(100), (L01)F1(200)1) X-5i 28 fi7 5
AR, BEE SR RSFRAD, Wi Bagg fTHTIEI BT, H AR MRS,

12
: (101)
10 |-
g 8 L
2 (100)
T 6
% (200)
ﬁ 4 + 70nm /\ : A
£ tem AN\ N o~
T A/A\
o0 U 1% —(/ K == = -

22 23 24 29 3 40 H  4
26 (deg. |

Fig. 3.1 The X-ray diffraction profiles of (100), (101), and (200) for the nc Se

samples with different grain sizes (as indicated).
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Fig. 3.1.1 Variations of the background integrated intensity (open circles), the
integrated intensity of the Bragg reflections (open rhombuses) and the total
scattered intensity (full circles) from 26=20° to 103° with the mean grain size for
the nc Se specimens. The dashed line is obtained by the least square fitting of

the measured total scattered intensity.
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Fig. 3.2.1 Variation of the Lorentzian fraction for the Bragg reflections versus the

mean grain size in the nc Se samples.
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XK R V8 S0 K S A ) O 28 1 S IR B A 12k XS 2t 7

o AR BT S I TEAL I 2R AL, 385 7 58S Bragg it b o = AR,

4l LorentzeR 2[61]:  THOMLE 7 B AL WA DU 5 i P BRSO 3 18 3 A IR S A K

4 H T RISE 5, Braggfir 5t i Lorentz & B fok R ST W8N N, BT bA
» AE AR TEAL AN 7 5] L 1) BE A 2 FR A fE G Gauss i3, % TE F i
For RT3 & Lorentzeki 45, it LARIOUL. ) SE A6 yGausseki ;I B, B Ak
FOGT D, O3 R (3.3%843), Rl BraggfiTHi i 1 i Gauss 7 Hil K,
Wt FET Lorentz & & /N .

3.3 BraggfiT 5 & i1 5 4 73 A

SEIGINAT ¥ Bragg o i U6 fE AX 2% T8 AL WS AN B 0 Ve (R 8 A0 . B o0 #
S 5 LW T I AU Lorentz R Bk R, FH SIO PRI RAR & (AL 28 T8 {4l
IGaussei %L, Frbh, AT ANC-Se i 3% fE I A Lorentzef 5357,
W, AT DL A 3 0 A DA SEZBG iR PR U 3 B HH R o A B B R W ) A T ER % o
v BRIl O DR R IGE A, BT E A SEER TR AN Y 40 5 999.999%,  H.
FEGUOKAN B &k Frh, IR A B B R s L, RBTA s AT LA
o IXAE, WIEETE LI AT LA N 2 R 40 A B8 AL I R B . 77 T8 AL UG (R R
an by, AR AL BE ARy LorentzeR R, T ) B A0 U6 h Gaus's bR £
, HR4#EScherrerfiWilson/Az0[62], & R ~F RIS 758 AT DA P BE 58 A0 1 1)
B B8 pit SR

B _ AP

19’6, d.,t96,,sinb,,
AR L AT <ana®>Y2 -5 0 T (nKI) T 275 180 _F (07340 gk <1 A0
SR O IR AR . 21 T A [FR R TR il 4% FInc-Se (1)1 35 kL RS AF 2
JE RO EAE, EI3.3.145H 1 FAR FROWIR AR 5 kL RT R &R, BAR, A
FLRST AN70nmi /N 2 13nmik, 72 R 7 oUi e 42 0. 19648 11 £10.6%. - 1 ¥ 4%
AV 2% BRI AR A S A PP 357 Ji - FOU ey A% 22 LU 28 A% T2 1) 46 R 4R K i A A
B (B H N1~3%)K[52, 53]
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Fig. 3.3.1 A plot of the mean microstrain versus the mean grain sizes in the nc
Se. The dashed line represented the grain size dependence of grain boundary

volume fraction (F ;) in the nc sample.
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KIS0 GRS AR B TOU 45 1 S AR B RS PR X 2T 7T

HTATSF I ES, Pril, FRATIEMH 7(210). (201)F1(100) K75 I AR
G355 FE R AR B < 100> 5 11 B BRSO A8 <2100 AR RST dyo s 361
(LO4)FI(LL3) AT S FAO R 3 8 P SR AR B < 104> 77 1 <2104 Fl dioa, o
R2ME 332G TIHHHSER, WLLEW, BEE SRR, 57 Hou s
A3 NI RIS R ) S, ban, R RN doRE RS R K AT R R
Hr<100> 75 [a] [ JR T o R AR K T3 <104> 757 1) I JE P AoMe e A8 s 1 HL, 24 4
B R~ 70 nmB/NE] 13 nm BT, <£%100>2 M 0.1440.02 %3441 E] 0.73+0.07 %
M<&’104>""> HIM 0.1340.02 %/ F| 0.04+0.07 %.
5 nc-Se #IH /&, Eastman #iiE 7 FH & Pd (foc) it 570w i A% 2 % [\ [F
Y, Ak Pd ) JE - AROM R AL £ % F) e (58] [FRIAE, TERE AR &
gk Cu it R BL T AL 45 5 [29]. AR, 452K Pd A1 Cu 1, #3<100>
77 1 A ST Ao B AR K VR <111>77 [ 1) {H7E nc-Se H, BA143 E71<100>
5 T A JE T AU B AR 37 KTV <104>11), 31X — 2251 M RE H TR 6] & R (R 5 0 22 37
FITEL

TABLE 2. A list of the mean grain size and the mean microstrain, the grain sizes

and microstrains along the <100> and <104> directions, and the grain boundary

2112

microstrain (<¢”>"“yp) in the as-crystallized nc Se samples.

Mean grain Mean d100 <6100 > 12 d104 <&%104 >t/ <8Z>1/2gb

szed () migosrn (M gy O gy e
1342 0.60+0.08 15+2 0.73£0.07 10+4 0.04+0.07 1.1+0.2
15+1 0.39+0.06 16+1 0.51+0.06 13+3 0.06+0.06 0.840.1
2312 0.27+0.02 31+2 0.41+0.05 20+2 0.12+0.04 0.740.2
3143 0.29+0.04 39+3 0.43+£0.05 2743 0.13+0.04 0.940.1
3844 0.16£0.05 43+3 0.26+0.04 35+4 0.12+0.05 0.7£0.2
6016 0.20+0.05 65t5 0.23+0.05 54+5 0.13+0.03 0.8+0.2

70£5 0.13+0.01 77+5 0.14+0.02 65+6 0.13+£0.02 -
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Fig. 3.3.2 A plot of the microstrains along <100> and <104> directions versus

the mean grain sizes in the nc Se, the line were the best fitting to the data.

3.4 5 2 B R 1 )

UK ARG F RS FES BRI E LS i 2P, e, HModified-Rachi
nger[63, 6417V M MTHFIEH 73 B 2 SRIG,  ANGAOR d ARl F) Joid Co U A7
RS N TR RGIRE, GRS 5O A I AMRIERALIE,
WRFERZESE, RIERE T

A20=a + f cosf +y sin@ (10)
N2 G- HIN A AL B R E, SRR S I A AT O R R ORI, R
P AR IR IE o TEARSEIGH, o, BRIy /N ik 3], «=0.013891,
$=0.0805712, =0.0236969. % &Nk G AR AL, o T Ib 5
w2, Frel, JATEH T &/ Gk ER ARS8 iR ANl Braggfi
¥ 22 AHERR[59]
* b*c* a*c* a*b* 4sin® @

a* 5 Zc*
h27+k ?-FI 7+2k|COSa*+2IhCOSﬂ*+2hkCOSy*+E(9)X= 7

(11)
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KIS0 GRS AR B TOU 45 1 S AR B RS PR X 2T 7T

a*, b*, Ma*, p*, pFABEISRESEL POK BN S BESHOT e A1
B3, E(QNEERENSINZ 26, }EIRERE RS, A IR .

K3.4.1/13.4.245 tH T A A SR RSHRR ) s BE S 8 aflic. rTRLEH, Harb
T-30nmif,  riFES Hal] K TARIER T Hao(=4.3662A) |, XP-¥ R R
KT-35nm gk i, H bk faikiia,, JFH, BE&E SR, a
B K. mMESHCE ARIE R 7 11 Co(=4.9536A) K, K£3EK0.1-0.2%
o SRR S W TOnmIg N B 13nmisy, S Hak xt Trao i AE ik,
Aa=(a-a,)/a,, M-0.053/N%10.3%. FHEI3.3.3, FRATATLLE FIFEA F 15 fhki
FT I, <1005 1) 1 J5 T Iom B AR BG i, 155 <104> 77 [7) P J5 - GO e
AREIRN o X — A 5 RSB S Ha el R R ARG IR A L. <104>75 [ A]
CAE LB VW c-4i 77 1], FTLL,  sibES4aflclf B 7E i -7 Ron i A8 - A BT
Sk
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Fig. 3.4.1 A plot of the measured lattice parameter a versus the mean grain size

in the nc Se samples.
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(i 2 Bragg fiTht 2 AF I ) I ER G VR T, i — 22 i 5t B 157 Xt Bragg it
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AR MEBEIE X — 0 B AR H b T2 fh N o 7EE i i A2 5 1R 9k DY 7
fn Ni,P, Fe,B[65, 66t &I | M2, Blaiik, ek, fELJ75FR(C
r, PA)[67]H 3G S S #GE .

EL IR S AT A 2 a . IS ALY = ?azcﬁfufr%%%ﬂo

WK 3.4.3 i, XA RIFES, VHRTHRAEEY,  EIGK S Al s A7 e
AR . 4R R SE N 70nmik /b #113nmi, AR L, AV, M0.1%
EME0.7%: H AV 5 d U ROEL, WE3.4.407R. EPUK A NP, Fe,B Hih
A ARBM R B4 [65, 66].

4970 [
4.965
% 4.9605— 1 I I I ) '

4.955 - co=4.9536 A
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(b) Grain Size (nm)
Fig. 3.4.2 A plot of the measured lattice parameter c versus the mean grain size

inthe nc Se samples

MIRTTZEFERZE G, e MUK B R S AR R DA o TR TE PR 1
A, A IRKHEAR R B BRG] LR AG(T,d) =4Qy /d
QRFNIE TR, pEfm A g, Fril, B SRR, SRR B
REHEIN, AT 2 30 it A VAT R A T 5 . AE2ETT IR AR GE TR, RUkBE AT
BRI LA ) RO BRI = S B A A i A2 [44)
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Fig. 3.4.3 Variation of the unit cell volume V with the mean grain size in the nc
Se.
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Fig. 3.4.4 A plot of the unit cell volume change (AV = (V -V,) /V,) withd ™.
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(2)~ nc-Se [¥) XRD £k A 1 Pseudo-Voigt s ¥4, H A Lorentz & &
KT Gauss &, H Lorentz & & B &k R~ (9N (70 ~ 13nm) i 9 /)
(84+8~62+1%).

(3)~ nc-Se MR TP IO M AL 5~ 1) Sk RO s bl (a/d #iE), il T
v N JBLTSF A1 0 M A AR B o 2 A o B SRR ST IR, 4K A R T
TYOUL IR AR PR % ) S PR3 0

(4). nc-Se W M=% a B &R R ST BUI/N(70~13 nm) iy B & 4 0
(0.3+0.04 %), 1fi ¢ FA 1%~/IN0.1+£0.03%); i BEARFARE Sk R ~F B4 774 1/d
R o IX Le A 58 A AN R T Ak 14 255 07 VR B UK SETT 49K i AR 1) i B 2 4
B AR R ST AR A, 77 R L e A A AR AR 4 T AR RH (N P) I B 2 25 B
B RST I ZRA IEEAR T & o S T & S A ik il & 9K B i S A 232

CE RIS, RN T N A AR RS AR R AR A R % [ S
MAFE ST bR
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Pl 4.0 AR IR SHRLRSEy 46 nm FORESL 0 X SR AT, 1 P T L)
Bilh, BERFRALHIREG, XRD WERSFIGA, HUpmbRAER(L, EWAGL NS
SO R R A

5 i ' I H ' I i
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. 3,Jhﬂk.am o NAWNY, W U
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Q
g 2 L ,k ,k 111K o WAUNIN A N
> 1 ,A P NERTT: . N A A
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Fig. 4.1 The X-ray diffraction profiles for the nc Se samples with a mean grain size of 46 nm

at different temperatures (as indicated).
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(88-325 K), fifEZ% a FIIREHR AR HLR R, HEMRRIE a-fh K R
o, W SRR B9/ Nm 360, SEA MRS, SRS E ¢ BEIE T T
3
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Fig. 4.1.1 Plots of the temperature dependence of the lattice parameters a (a), ¢ (b) and the

unit cell volume V (c), The solid lines are the least square fitting to the measured data.

FE IR B Y B N P38 2K R (T a-l, -l 2R MERVIZIK R Blou,
o AMEREZIK F o) 5 Ak RS R R AN 4.1.2(a, b, ), HEEWEATHE,
#FRAEF R R . ATUUE S|, MERLRST A 46 nm g/ 2] 13 nm B, a-
B MK R0 I8N T 21%, ARIZIK RBOE N T 31%: T c-hhii 2t
IZIK o, A(-8.8£0.1)x107° K14 /N%(-2.8+0.3)x10™° K™ FEJM Ml & Al
BURH AR AT 7E 300 K PR MR IR R # 2.6x107° K [68] (IR IIK R E
N 7.8x107°K ™). AR, YK AT R R K AR N LR R AR AR R

YK AR ARG I B RZIK R 20T DL A2 G SR AR 18 22 sl 69, 70], MRk
fir A A AR RN A 5 s oy AN st s &, FRATT AT U T T 2 2R R 94K &
IR R %0,

a" =Fua®+(1-F,)a’ (12)

Fon 72 f AL AR 23 B0R 38/, o Flo® 43 5l i A0 9 R VI K 2R 380
I A A RS ) S RN B SRR AT AR AL, FRATTRT LA R A A
Fawp

Aa=a"-a=(@®-a%)s/d (13)
Fray =78x107° K™, M(ay —af) lag M d NAZNEL KRR, WHE 4.1.7 Fir.
YOI T 9K b PR AT ) P IR R B SR NG BN e &, BB nd s dt
.
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Fig. 4.1.4 Plots of the grain size dependence of the linear TECs along a-axis (a), c-axis (b)

and the volume TEC (c). The dashed line is the literature value from Ref. 68.
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Fig. 4.1.7 A plot of the volume TEC variation ((a)° — aS) / af) with d ™.
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NTHAANFRBEFHFYEFER BT, R#ELXT),

In[1 s (NK1) / 1 (WKDTAGAARER, Bhe? (7 = 4sing [ 2) AkEAAPRAER . B 4.2.1 52
AN SRR ST A KAl AE 293 K R EIIN[I, (hk1) /1, (hkD)] ~22 /&, K 4.2.2 2 &
BRSS9 46 nm BZEAS FJIRBE N (TIN[] o (RKD) /1 (NKDT ~2 2B X B8 A6
A DL S/ ZoRE G AR 2 — 2 HEL, HEZLNIRIZRT LS 2P 5 pE R 1
B(M). ME 421 nfLLER, BRI, BERRML4xHER N, 1
HAE B (TR St SR ST 46 nm [R5, & IAFEIN 7k 2.620.2 A%, 17
SCHER A TR 1o 2.35 AY71]. IRIERE 4.2.2, AT LB HURE G, B(T)
ERC N

Bl 4.2.3 45 H T AR K AR 7EAS [R1HR B N 1)~ a8 FE R 7
B(M). W4, BT &R HRIEERA KR B SRR, BMF
Boe I e KL A G R P S A FE TR s JRBE AR, &R BRI D o AR
#(8), B(T)~T M55 F AT LLIE I 5 (8 FF IR BE @ MBS JE A K By AN S 'k
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Fig. 4.2.1 The logarithm of integrated peak intensities derived by the calculated intensities
for the nc Se samples with different grain sizes at 293 K. The least square fit is used to the

measured data. The DWP can be obtained from the slope of the solid line.
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Fig. 4.2.2 The logarithm of integrated peak intensities derived by the calculated intensities

for the nc Se samples with grain size 46 nm at different temperatures.
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Fig. 4.2.3 The average DWP B(T) is plotted against temperature for different nc Se samples.
The solid lines are the Debye model fitting of the measured data, and the dashed line

represents the line fitted from the literature data in Ref. 71.

B, 8] 4.2.3 Pt S s A B/ IR IS B . AL A FER O
A T LR B W3R 3 fivn. ATLAE B, FEFRR O ik A 5710 # By # b
R RST ARG AR . P, M ERDRSE A 13 nm 3 K] 46 nm B, B M
0.77+0.2 AP3 %) 0.14+0.1 A%, M STHRE B H 1 R Ay 0.08 A°[71].
S A O 3 B = PN i N e R VA 273 e ) e R A a1 W S| R S 7L P2 S
FBMMESRTFORB, | SI&EFABB TSRS B 424417 293K
TP FER 7 B (293). A IR T A By FZNAS JR 118 B g, B ik S AR
WA K R ATLAE R, ZhE 5 TR B g, B dihr T IR A o)y, (H2,

TABLE 2. A list of the static DWP and the Debye temperature for the nc Se samples,
which were derived from the data fitting of the temperature dependence of the mean
DWP B(T) according to Eq. (5).

Sample Static DWP, B, (A% Debye temperature, ©p (K)
A 0.7740.15 118.8%2.1
B 0.5340.10 122.1+2.0
C 0.4440.13 130.0+.6
D 0.2740.12 133.1+.7
E 0.1440.08 134.0+1.4
F 0.08 135.9

“the value fitted from the literature value in Ref 26.
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B IR T RERS B IR/ FE 2N T 45 71082 B IR/ EE . AR, 13
HEFEE T B (T)BE AL T AR A £ Bk B TS T 7 B AR 1L

20 A A ) 2 T A B G 0 T LA D S R A 8 P
[69, 701, HHMARARAY, FATRTLARIANT A 2 SRR 9K dit AT 10 7 25 1 o2
#%:

B® =F,B& +(1-F,)B (14)
R e fm AR B, 5 R RO R BIBORIE L, B AN B 70 752 i A s A PO

ABs _Bs =B wims ud mir
BSC BSC

BEFAE. T, B AN THH A By,

oo Wil 4.2.5 fizs, BOAI 1/d AT LA EASKIEL, 1X—25 5L 5 arkn ¥4 ik i

w KSR Cr BIES JRTAA% R AR 0 BRI O R AR, DR T AR A
Al AHER IR S S IR A8 Rl dhk R AR IR R
5.0 r
40 |
~ 30 F B(299)
@ n
20 F B
10 F
[ \E\i{_r\ Bs B: =0.08 ()
0.0 (e Las s o104 [N Loy s oo 3 st
5 15 25 35 45 55

Grain Size (nm)
Fig. 4.2.4 Plots of the mean DWP, the static and the thermal DWP and the thermal DWP at

293 K fitted from Debye model versus the mean grain size.
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Fig. 4.2.5 A plot of the static atomic displacement change ((BJ° — BS) / BS) versus d .

VLSR8, g KRR K (Cr[49].  Pd[72, 73]. Au[74, 75]. Pb[54])
1% A5 R 1L B 1 B2 AR L I BRSO, Ohshima[75]7E 112-298 K )3 ¥a
FE Y DS T P PR AR ORR AR < DR ATORy R I IRDRH B2 FRORE Al i A L, Iy <6
HIBNA JE RS — N R /ANEE N, TS SR LR E A AR KGN . X
IR VA R 11 2 B 40K 4k P, Eastman[58]3K 5 T HL 2 J5L 7R F8 LAE 7 f KL &4
MEEKIRZ, AR AR JLF AR o I Hegh JLk [m) A S 36 1 45 AR il 1
RK b A ST S5 4 5 B - LR S AR i B )R B R B S R8T DTk

K 4.2.6 45 7 B (T)~T AB UL 45 21 (¥4 AR ME R P38 B b RS AR 28 156
Ao i AL RST AN 46 nm g/ 2] 13 nm I, FEFFERFAETR B2 13441 K Ja/ 3] 11942
Ko 202K S A4 A 1) 48 0 AR5 200 iR 52 #8252 /N T I SR I 5 400 17 o 5 A AE 3R E
(©% =136K) [71], &4HLSTA 46 nm Al B FERFIEIR L S .
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Fig. 4.2.6 Plots of the Debye characteristic temperature (which was obtained from the fitting
of the grain size dependence of B(T), open circles) and the Debye characteristic temperature
(which was derived from the measured volume TEC values, solid circles) against the mean

grain size.

¥ Lindemann J5 #2401 Grineisen [E /A HEi£[68, 76], EFERFLIEE 5K
KARBAHW T KR

O, =c/\a, VA (15)
c, ARV 73 RAHEHE M IR T BT R R B AR . RRIEIX — R R, JEEFIE
B AR R BT AR B 4.2.6 &1 7 PRSI 45 2 1) RRE
W, SR, BATHBERSHIREF . BEAE Fob ST BN, 9K b ARl B A Ry
TR BE G/, HAE SR RST /N T 20 nm fRp s fige T PR AR o

I8/ BB FE R IR FEAE QKR R P G i, JURLEE 9 15 nm AR A 1Y) 4
FERHIEIR Y 156 K, HUAH R HUIR SRR/ T 259%[55]. RLEEN 10 nm )<
By AR FERAE iR FE LEHOIR S AR RN /N 1 15%[75], 72 FH 40K 408 He B 40K
K (PA[58]. SN[56]) » IR/ AEFFRFAENR B AR T 7R AR T 45 1Y
YK S, RR R IR B LR AR /N T 20%[77]
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