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Abstract

Laser Shock Processing is a new measure to modify the surface properties of
materials. It induces beneficial residual compressive stress, which can reduce the
probability of fatigue cracks and suppress the crack propagation so that prolong the
service life of the parts. In order to insight the effects of the laser shock on
microstructure, properties and to better understand the mechanism of cold plastic
deformation reinforcement under the imbalance deformation of high strain rate by
laser shock, the polycrystal pure aluminum and Al-Cu-Mg and Al-Cu-Zn aviation
aluminum alloy containing a lot of secondary particles were explored by the Nd glass
YAG laser with the 1054nm output wavelength and the 20 ns short pulse. By testing
mechanical property and residual stress, the character of microstructure evolution and
the strengthening mechanism were analyzed, meanwhile the effect of laser shock on
improving the fatigue life of Al-Cu-Mg aviation aluminum alloy was researched.

The experimental results indicated that the dislocation amounts of polycrystal-
line pure aluminum increased with the growth of shock times; Owing to less of
defects and dislocation pinning source, the dislocation motion was seldom obstructed,
as well as the dislocation transformed the equilibrium state dislocation networks into
complex networks. The grains of the Al-Cu-Mg and Al-Cu-Zn aviation aluminum
alloy were refined obviously after laser shock; the numerous dispersed second phase,
having a semi-coherent relationship with matrix, were accompanied by coordination
dislocations and vacancies; because of the pinning of the second phase, the dislocation
motion was hindered, so that intensive dislocation network and dislocation cells can
be observed in matrix; while nano-crystalline induced by laser shock can also be
observed in Al-Cu-Zn aluminum and Al-Cu-Mg aluminum.

The experimental results of residual stress test and microhardness measurement
showed that after laser shock the residual compressive stress can reach up to 165 Mpa,
simultaneously, the surface hardness of the material can increase to more than 31%.

The effects of pure aluminum and aluminum alloy after laser shock indicates that the
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extent of improvement is closely related to the second phase strengthening and
strengthening level of solid solution in matrix.

The microstructure evolution process of aluminum alloy after laser shock was
observed in the nanometer range via images of TEM and HREM, and then, in terms of
dislocation and vacancy microscopic mechanism, strain-screening phenomenon
induced by laser shock was discussed. The results demonstrate that there are different
types of dislocation configurations in the laser shocked area; the dislocation walls
refined original grain; with the formation of dislocations, a number of vacancies were
produced at the shocked area of the samples due to the ultra-high strain rate of laser
shock; the interaction between vacancy and dislocation intensified lattice distortion
while improved the third internal stress; the complex dislocation configuration, lattice
distortion, and nano-crystal induced by laser shock in lattice became the main reason
of improving surface hardness and residual stress. The nano-crystallization induced by
laser shock was caused by ultrahigh strain rate and grain refinement under the action
of high energies.

The result of fatigue test demonstrated that the low cycle fatigue life of 2A02
aluminum alloy was improved effectively by laser shock, which can increase as
1.835~2.882 times as the non-laser-shocked one. By obtaining the residual stress and
high hardness on the sample surface, the distribution of section stress can be
significantly changed, which can make the surface stress lower than its yield limit.
Fracture analysis showed that the fatigue striations of low cycle sample that laser
shocked became fine. As an important microcosmic characteristic, the extrusion ridge
could produce cyclic hardening effect in fatigue strain process, effectively suppressing
the occurrence of secondary cracks and improving the fatigue performance of the

material.

KEY WORDS: laser shock; aluminum alloy; microstructure; crystallization;

mechanical property; residual stress; fatigue fracture analysis
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Fig.1-1 The sketch map of laser shock process
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Fig.1-7 the hardness distribution of 1420 Al-Li alloy surface with LSP

Wi, MFEEATE, EXEMNRNEDREH 5 MOLIRBRA ik
REBNATHIRPHEHANE. 2RET, EZRTHROFENES
AEPRRSEA, THLRIES, $&EMBRERLRALTRE, TRHELN
Hall-Petch 225K M AHIA :

11



AT ERARE RS2 AD RN RS RN TH

Ao, =K,d "

A, dHRNER; Ao, HIRILHE: & WRH.

AR, AAMLRFEE, THRMEIAENES), HRRILERRE
PMRHEGSRIE, XAeRmBHNYIE, RINEARERLY .

14)

14 HamEaisia

141 HERFLEALEETIZHTS

4500 B R AL BRI T S A, SO B R SO
A BEEWEG. WX SRS S BRI A SOk
MAEGRESROEE RS, ETEEEG =AY,

(1) BARKET SRMERY, EHEEEARYERTEAS AR,
— BB LG T BRI T 958 0 R R IR I A O UM A

Q) WL ERLA B R R RN A ER T A, R EE WA
M12~3 ff, BRI SRS RS, KRNI R T AT
REEHEANEERE,

@) BOLETRAMEE, THEHBREZR, LFEMW, TrtEn
Giby, M, NG ST, B TRl iEs, @1
BEIER, R IRBE AR BRI E R

@) SR EOCE R E R AR, EMA SR HEER, ERBWRE,
R AR b B T A R BOR BRI I K00 B BB B TR T RIAT FF R
THOIFTRE, RE M REEESERE, S EAHREERGE 200
ChA, HANBEEREILSZ—. Bk, SoEmdams TH—RRLE H %
BT R A B R A AL

(5) Botrh RRE AR IR E S, PEEREIRLE . otME
RBAEEENHBOFEREN, EMRERER LR GPa ES, #
BEBTHANEE, SIRBURHE, BB RLNE 1,

©6) BotmERBAE AN, HEIHERMHAMUTESBEAE, T
B kRK S, SSHATRRBILAE, B4, SRk
B BTEA, RELEOTERE. SRERM, BOtS 0 R2EE Rt

12



T oF K % B+ F & # X

G TAAAER “8087 AT RALE, RSO S SR AT A A
SR — Rl &

() Botrpai b EE—FIERAREIR, B, EEEPHRE R
KiEFEELHRA, FERHEBANTBE ROEERMITZ. XI55
AT AR R R EERB AN TR T,

P EX S AN E NGB T ZE AR, T At 2R A M HEET
SELUAZIN, EAMEORTE REEAALE, BobrhdR B AR MR HA
Ko

1.4.2 #mEEMBmIPHia

WOt R AR TR R KRB RIBOLR, DIIER AR R AR R
T, SHTHERTASESAN, RERLETRIEN T EH k. SErEm
TR A R,

(1) BERAERAE, ALRRAE THRES R R,

Q) BREFAET, MINFE #EMES, BOBMEE, THERD;

@) RERERRERM T, T0EAS LI E L%,

@) BHNELMETEELE, WK, HEH, B

(5) % AT — B AR, FE TR E R

6) HTECE ARG EREMTEARNZS, HEESHTFRERS
B
1.4.3 BEHEAEGBRSENE LHTA

H 7, ot bR T PRI A B A B AT L2
ol BEZEFELREOREIBOCHELBERSEH ENRBEER
LT LA HE:

(1) REHRHRMEE S, B TR SRR A,

Q) FE£ UTRNES:

G) REBFNADHRBARGTORTRE . BRI, B4 BREH);

@) EERBREY, WORFRA,

(5) BRAESRARNE . BOLrh A B ATER 2 I b BRI E B AL
G4, ROPEHBRLMWREE, WEKE, WAV RS, B

13



A EH T BESED RO AR S BN TR

WERRHEEE,
1.5 REMRABREH

fkoa BOt SV AR ELAE R AR R, B A RE(GPa~TPa). i HR(JL
148, BRNREA~10%)HEERE. B B, B8R oL
WA T B “RIRBIERE” , RBOLH B RBEHAY “ERF KR
FHRARRBEMINE” FINEHBEBEAR DA ESRRZ — MR
EREAERMNAR, REEMERESFRSZ— WRRENRE, 4%
BRVARITREFERMF A BT i fR ot HB AR L B
R ERREIMA, FIRNZEMHHSEE L EEMEEREREEX
i

RIEFSCATIR, M TROCHERMRIPN T E, LAHHREEI R THE
BARERR N A MR FBE LR E T, X FRobmdGs 8 AN LS A
ST FROK R B S RLTERE: Sl T8Ok 5 1 M bR SR e R TR
AN, AR B SR K BN BT R MRE, FRAMITEO TN
SRR E MR X ERBASHNERSRAMEERTRED. Bk, &t
BAFRIMGRERIERT, FPE I ERERRE RE B R R A A, % SRS T
TRIERIE, HBT THREFHORGRERPRE RO 5 1 24 B A ma st
B FRXNITRBtE BB ER R LRI S EENER.

AU TR XTSRRI B R L B A S RET SO R4k, i K
WAL, B SR F A HERE S ROE s A R R SR AR
B UM R A5 B) TEM S 51 F 558 & HREM 5 23 3HR 7 5 /I R~ R O I 22
BHE IR, ErmBURERRANATRE, FLEARRMR. Wik
HERUHRLZEBIRR, AEOL T X TH W ARG £ HH0 RS
Fo

14



¥-5 REMHERRAE

21 REHH

AT ENT sotm E R BR, AR ER A HIERATURTH A
BETEOFHMZEE SRR, X EMNERERBOLHR T HH
LI

2.1.1 ZR48

AEMEH AR, WE2.7gom3, KARKN 1/3; HIERBIKOG60C), ¥
X 2494°C, RAKIMEOSFEN. SENEHESE, TREPRNTHEME, X
kSN, ETHRBLMHITEASHANRL. XO¥EELER 2-1.

A 2-1 4B FR H R MBI
Table 2-1 The mechanical properties of pure aluminum at ambient temperature

HheEg W EHEMEE  UREHBMEG IALE S 3L/

55Mpa 16HV 70.3Gpa 26.1Gpa 55% 0.345

2.1.2 Al-Cu-Mg 2888 %

& 2-1 & Al-Cu-Mg A& E R MAE.

X A1, CuMzsk
/ A]ncuzMgz}

i

—_—
o ——

AI(hH I T EA0
Mg(%)  AlMg,sAl Mg,

A 2-1 Al-Cu-Mg 445 st @
Fig.1 Phase diagram of Al-Cu-Mg alloys on rich aluminum side
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- B R R RIS B 0 AR PR . AR RSN
Ex(506°C): B M4 T Cu33.1%, Mg6.8%
Lo a+ALCu+S
Emax(515°C):  Cu26.4%, Mg11.7%
Lea+S
P,(472.3°C): Cu 11.3%, Mg25.7%
L+Soa,+T
P;(450C): Cu 4%, Mg 323%
L+Ta o a,+p
R Al-Co-Mg R BIELE &S, KEHAESTETHLOBRNE, K
FEEFRER B 0 K S 2 FEM TR, TR E ks
MEEGE. AT EREETENE AR FET Bt SRR,
B 2A02 B ESENM TR 2402 B4 SN HAFEERGZES S,
o Fe. Si RETTRNRR S FIIEHIE 03% T, 5 Cufk Mg & 2412 48
ML, REHEHEM™, CuMg MHMERA 132, % Al-Cu-Mg =44 HE
FAET a(AD+S(ALCuMg)HE X o BRBLAEFEPRE T A HIL 6(ALCu)H, IR T o(Al)
WY AR S(ALCuMg)ti4t, EF Al,CuFe. AlMnFeSi 2R HAg. SThrd s
FEH AlMnMg, it 4. &4 S(ALCuMg)H Xk EE ML, FTLl 2402 54
& BB REm Y, TR T 250~300°C LT LIRS, WESHL. H A
%,
AT RAEBOGM XM RHE TR, RS 2402 BEA&MTT
EFH AR . HEBEUERNWER 22 FiR, EEHEHRENE 2-3 Fir.

R 222002 MEBELHILERY
Table2-2 The nominal chemical composition of LY?2

Cu Si Mg Mn Ti Al
26-3.0 <030 2.0-24 0.4-0.7 <0.15 Bal.

R 23202 MEEAEH A FRE
Table2-3 The mechanical properties of 2A022

JE AR IRE 002 ALK o 18 JERE §(%)
326MPa 455MPa 55HV 15.7
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2.1.3 Al-Cu-ZIn B84%

Al-Cu-Zn B ARV BRI A £ 7050 R7E 7075 MR G &MHA HiRE
TS, BINT Zo, Cu B R, AIBRBRRAUER, FFBMEE. BKER
FRER. MITAERSNMRAL, HRALHBLE, Z&SERFERBEMFAE
B, EEEEFRRE. PHEL . FUN DB MRS BB FMR ZE R,
HALE A MER MR RER 24 5 2-5. SEHXBOIHYM 2402 £&
&MLk, 7050 HESHREREHERK.

& 247050 SLE AR F AL
Table2-4 The nominal chemical composition of 7050

Zn Mg Cu Zr Fe Al
6.1~6.3 21-~23 2023 0.1-0.12 <0.15 Bal.

A 2-52402 MEBESLHNFHE
Table2-5 The mechanical properties of 2A02

J FR AR IE o, FUHIIRIE o 1) HEAE 5(%)
469MPa 524MPa 135HV 10.4

Zn A1 Mg A SRR E BRI MgZn,. MgZn, HI7EA & R REHE
BT 2B TR, AERRBONSELES. EEBRRBERN, &£
Zn. Mg FEWUKKRHESEE, BT SHTENS SCC HAERK.

Cu FEFIEHRRIRE . Wi, WHMHNESNESN . R &%, Cu R
FHA GP X, ALIRR GP XMRERETEE, EEN¥H. Cu BRTFET
WA R 0 AR, BESFMBRAAKNBLE, RESSNANIBMEES. Zr
Al TR ALZ SREEY. TENMEES, WAER ALZr b F o g
NMgZnp) BT . BE5h, & Cr ASMEKBBERE, GEMNEETRHA.
BEKE, MELCETREESMBRE. WRIMEMGUN S EmERE.

e REROMZEME, 7050 B&&FERTIZNAHT WK 5 TR
B, BEORERE. RIUFWHIE, 6PN M SR 7% &
ERNGEHMG, MEHEHAER. FEE. 8RBt BERSERHERIT
ZP0, KM OB RE LR ABMN N RR I, EXERHERAT
WA F=HEFEHRE, HmERET R,

ALRIER 7050-T7451 fEABOLHERLKITI AR, MERAEKENH
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2.2.1 ¥HAhEHES

RE TEELHAREBOL SR E MR REH RO RS LT, WE 2-2,
BARAHHDIRBPIEBOLE . LHBIEE TS £LUERTATEN
BERRERMA. BOLRKD Nd-Glass BIFRFOEHHEEE. B—%iA Qi
(P15 mm X 200mm) Bt R F B (ERE K 1200 mm), — % A0 B L
(915mm X 200mm) BT K 88 M — R 5 3 B(@20mm X 520mm)# ot ¥ k84
o FTRIBOERIBK A 1064 nm, BKEL 23ns, BEE 351 £H, BXLHER S
@ 8mm, FkHPHIERZRN 0.5Hz, BOLBKM ARSI M. RBAFBOCIR S
& 1p=3.12GW.cm?, BEBZAK 341 4.

B 22 RQé&sBRAYERE
Fig.2-2 The Nd-YAG laser machine
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A YRR R X & ARt — KRB K, X 7050 BE445 M
K BIRRIZIR, MRS KR 2402 RADELES sob ik, *H
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Fig. 2-3 Schematic diagram of the laser shock experiment set and shocking route
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Fig.2-4 The Schematic illustration of strain screening effect upon laser shock processing
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2.2.3 BEMH&MIR

SRARTE N f S RAE X-350A &Y X 4R A AR EiAT L HLE R 22.0KV,
B 6.0mA, CrKaffiEHEH, BEEHR ¢ 1mm, MEHEHTHERK 0.10°,
RIS 1.5s, FAHRIGHARLIEMASHIN 143980 135°, WA v 25 0°,
24.0°, 35.0°, 45.0°. WEFRRNAHIREABL). Wik X FEFTFHERNRER
HBREMRZ BHREERARN N, B VA SR 424, MR AT
SHEHR R A B R IR RISy, B—MIEBRERLR . ARRAK %
7050 FBE &M 2A02 B & SRFEMHER 7 MR HWBHBRAE S,

2.2.4 BEMMNE

KA HVS1000 R%07 B 04 B8 v B0 k00 X R RIS MR 3R 4L
XFRETT FEEUER . AR EERRRRERBMAR. BR—CES
WR—AMER, HLRRERE MK, Mot REREORER, SHUARRM
BRI B b R SO BE RS W o

2.2.5 HEKIE

PERSORA L L 75 K EAF 0 ISM-T001F 3% §1434 f 8 A n i . /s
5 200kV #) JEM-2100(HR)BSE S f s BT 052, HAHiAREZiE 100~800%SiC
WRBRITE, WIt)5, F HoO+HF VEWE T SAR I & . BB AR (K
NAER 3mm)H EHBARITEZ 150~2000m, H2EMYTHHEZE 60~80pm,
RELTETRER ISM-7001F #FRHAB I BRBENEOER, —KH
20~40pm

FR > BHEN BT BB MR R F L, BB SRS
PR, FIHREYE E K #(Inverse Fast Furrier Transformation )78t % i) 4



2.2.6 EHRAE

P H R A INSTRON1341E 57 R ML AT . GEER. TRIZSNMHAM
FETHT AR . 200288 SEEF MR — MM RIELENEX, ¥
KN HEBSmm, BEE12), HF0SHz, NPIHREELT%, EHHMEE S
KFEHE B AW E2-5 5 E2-65T 7R . I 57 R 50 5 1) M8 B K Y. /] 0max=365Mpa,
S RE=1.5Hz, N J7HR=0.1, E2-7THHH7RE M MERA.
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| Fig.2-5 dimension of 2A02 fatigue specimen
|
|
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B 2-6 3R F XA AR T X
2-6 Schematic illustration of LSP on fatigue specimen
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Fig.2-7 Load state
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Fig.3-1 The surface feature of aluminum foil after laser shocked: (a) after once
LSP; (b) after twice LSP
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Fig.3-2 TEM images of pure aluminum before laser shocked
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Fig.3-3 TEM images of dislocation configurations of pure aluminum before laser shocked

WL AR, SR RAE R R, E3-30MAR R TR
HAKNTEME R . LEALTRELFERER, ST RHEERRE,
EAEZ R RMERME, SERUERT /M, BHESEE. EH3-30)
hES DD TR B E B AL S5 4 A — B T 25 #d (star structure): — R I AL AT
<10>HREEHFIREREGH . FREAETFERS, D=RUEESFT R
B, fE4 AR MR AT, ENNE A% BTN, £ () @k,
ME=ARENARAS: T (110} BL, NESFREH, wAEFEM.
XA R A S SR M BEM R R BRI AR, SohL Py iR f
A, EZFR B AP ERLH RN, T EXHF RN KRN AT
B HMEHE, ABEHREEROER. KR SRR R, SILATH
St BRI SR RS

Botrhiti)a, A LUR A TIRKHIRAL, ZA R I h Ao b ARt RO o
BEEmE B, MRENEEREL. BRARCEEZERETRT,

23




A EAMEBELRABRAAS PR T HALGY

AR A AR R B R A GEMh . B34 RAAIB RS, &0
EHIALE RS WEFR, Bt UERR A RBALSE, ERATELHE
MAEER, RH—KEBtr R NAEEAR.

v

W sm

B e e
i34 LLALEIKEOE M7 MTEMEI
Fig.3-4 TEM images of pure aluminum after once laser shocked
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Fig.3-5 The dislocation network in a grain of aluminum after laser shocked
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Fig.3-6 One of the dislocation configurations of grain after twice laser shocked
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Fig.3-7 The dislocation network of aluminum grain after twice laser shocked
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Fig.3-8 Local dislocation block and twins
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Fig,3-9 Sub-grains / dislocation networks in aluminum grains
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Fig.3-10 Surface of the 2A02 samples:(a)sample with LSP; (b)sample without LSP
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Fig.3-11 SEM image of 2A02 aluminum alloy: (a) internal structure after LSP; (b) The internal
deeper structure after LSP; (c) The internal lighter structure after LSP
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Fig.3-13 The microstructure of 2A02 alurmnum alloy:
(a) Grain size ; (b) Precipitated particle’s distribution
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Fig.3-14 (a) The microstructure of 2A02 aluminum alloy after laser shocked;
(b)Dislocation networks
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Fig.3-15 The refinement of aluminum alloy after laser shocked
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Fig. 3-16 The effect of laser shocking on the grain refinement of 2A02 aluminum alloy
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(a)The HREM image of precipitate possessing semi-coherent relationship with the matrix; (b) The
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Fig.3-18 The interface between participate and matrix: (a) Non-coherent interface; (b)
Semi-coherent interface

RO ESMHAOMERT, BTt YESREREEER, —BRA K
HBURTY, Ti52ZARKEAAQNT R EEHER, W, WHRRTHF

3



A EME S EABBRUNS TR T MY oh

HEPERR . X3RS, BT RS R EEH, RIEBHELTI,
Bt R T EMRT 52 REEILERRMBERALR, EHPHREHHEN
Wb, EENAE, MEHEH. RENESBERAXELERERE.

33 7050 REEHARTRAARET

A 3-19 ¥t 7050 S5 £ TR TEM BB, hE@) Le Rk
B 7050 BESHFEKERNTHY, HANMHAERRARNRERLE, RARTE,
Elb)E BERA LA ERAR, KRET 7050 HESHHRALNN KR
STAIBURE A, STILALEE, SERLEEAELUR D, MR BB R AITERMTEE A
A HRREREZLAR, BLE@C), NATR, BMRAER. SR ERH,
AIEETE— ﬂ&‘TﬁﬁTT nY AR, XL EMTERLE, DI'J%JEBE‘,

ORI

‘ m”,,m &
o % & x
SR AP ™ “%
] A 2 4
4 i{“ “
R WP % | 2P
AN

e " v H y >
i D ¢ -

, W v O % [ ",, -
7 fﬂr K . ¥ v 6
ont ”'m%. l/k % W e’

L . P
g‘ IMK%W Qm ; / * {

I‘f Loy ) e

5 w%

47

B3-19 7050542 41 RIAR: (2)705046 52 RHBRA;
) RIA k5 BHER; ()
Fig.3-19 The microstructure of 7050 aluminum alloy:
(a) The initial state of 7050 aluminum alloy;(b)Precipitated particle at grain boundaries and
dislocation pile-up;(c)fault
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Fig. 3-20 The microstructure after once LSP of 7050 aluminum alloy: (a) Nanocrystals;
moirefringe
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Fig. 3-21 (a) The refinement effects of twice laser shocking of 7050 aluminum alloy;
(b) its diffraction pattern
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Fig. 3-22 The HREM image of the laser shocked zone: twins and grain boundary
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Fig.3-23 The crack of precipitate and the secondary particle cut by the dislocation line
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Fig. 5-2 The formation process of new grain boundary and defects in grain induced by laser
shocking revealed by IFFT image
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Fig.5-3 The IFFT image of different kinds of dislocations from HREM image
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AEERFVE 58 A 2xxx (Al-Cu-Mg) RR Txxx (Al-Cu-Zn) RFNiZHE&H
17T RE PRI IR RS, FrtBotmmd Al-Cu-Mg RIN 2A02 £4 €
HAT THEFRARAR. BlMEWNE, H¥HRERRRN AR, FEF%D
4T, R T Bt EN T B A S MR EBANLBIRIXE e E ER . B
AR RS HTRITE, BRUTEESR:

L. #t bt & BAERE & S b R O AR = A B W, B8
BERRANAEHBE T KIEE RS, HEE MG REME L. Krah
23— KRB R ST 2 BIR A 4% 63%; Al-Cu-Zn REAELELE N
W ERAEN A2 125MPa, BEEIRET 54.5%; Al-Cu-Mg REG &4~
KRB R 54 BIRBR A RN /7 125MPa F1 165MPa, B84 HI1R = 37%H1
2%, HTFEESWKFHARRE, BobmEr AR ERANAR, AR
Al-Cu-Zn ZH4 4 M Al-Cu-Mg RIEWAHRERT.

2. L RAEREMEERT, BTN NS T AT &, SN
P EERT RS, ERAMEAMEESESH. BhHREEL, (EEES
Fsin, WA EBACEREES, BREAMDIFERLAN. Al-Cu-Mg &
M AL-Cu-Zn REEELTWORMESE, RAPE IFFT BEIi#ER, BTAE
WG, EAERT BZHE, BIEMEROMEAR; BB SE
BAHEIE KR, ATHRENREEZR, BobmEEREPHS~ LN EEE
ALY, REAE. MEARTE, ERAEERTFHINETNRE,
T4 9 S T T BB /I £ P S RV 6 R B 0 B B A Rk

L &M T, % Al-Cu-Mg £F1 Al-Cu-Zn ZHEAEFTAIRBAKEL
ARRL, XA WO ot AR AR B A R R B L RE A T I SR R R
E

3. WO SNG SIEF, B AR B R, (B AR
RN, SAEEALUARIIX EREFIEREMREE, £RBHMNKIRAR
BREEA, EREMAEBEERLT &R, XRET 580 EA—8N
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WRRAE, AT “NZRRFR” MMRNEZ —. HRNBREESE RS
PLRMEAEE N R4, RO MBS ENBREEAR T, SRFRHHT
KEEEMY 8, SOUENEERY “NERK” 15— HRHE,

4. GO, ZRPPR A B AR K E AR T R R A,
SBEZRANAMRT, RARKRNADRNEERENEERR,; XHaT8en
TR B BB/ —BE 50nm BA B, BTG Hall-Petch AR M40 B3R TR
ARG o

5. 2 BokmiiR A 2002 BA RGBS HHNE T KigEE
H, Bt R R I E A T R R RSB TR L B %
i) 1.835~2.882 1%, BOLMEHREMALGRLES THHREMHE, £8
HEBERENARERT, EEFRARGNT B, RAREHEaREnE
ERHA.
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