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PREPARATION PROCESS AND PERFORMANCE
ANALYSIS OF PURE COPPER LANTHANUM OXIDE
MODIFIED LAYER BY FRICTION STIR PROCESSING

ABSTRACT

Friction stir processing (FSP) is a solid-state processing and fabrication
technology developed and innovated based on the principles of friction stir welding
(FSW). It operates on a similar principle as FSW, where a high-speed rotating tool
with a stirring pin penetrates the material, inducing material flow. Under the
combined effects of mechanical stirring and forging, the grain structure within the
stirred zone becomes refined, and the microstructure is homogenized and densified.
This processing technique offers advantages such as speed, convenience, and strong
feasibility. In this study, a combination of pinless and pinned stirring tools was used
to implant nano-scale lanthanum oxide into pure copper, resulting in a modified layer
with uniformly dispersed particles. The modified layer was then tested for
electrochemical properties, hardness, wear resistance, and corrosion resistance, along
with an analysis of the underlying mechanisms. The main research contents of this
paper are as follows:

(1) Optimization of Process Parameters for Cu-La.Os Modified Layer

The process parameters for preparing the Cu-La.Os modified layer were
determined and optimized. The range of process parameters for surface modification
was established with a traverse speed between 250 mm/min and 350 mm/min, a tool

rotational speed between 300 rpm and 500 rpm, and a tool plunge depth of 0.1 mm to

III
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0.3 mm. The optimal process parameters were identified through comprehensive
performance analyses of the samples prepared under various conditions. It was found
that the sample exhibited optimal performance at a traverse speed of 300 mm/min, a
tool rotational speed of 500 rpm, and a plunge depth of 0.2 mm.

(2) Modification and Performance Analysis using Five Different Powder Filling
Methods

five different powder-filling methods were employed, mainly involving

grooving and drilling techniques, which included parallel drilling, staggered drilling,
mixed arrangement of two different hole sizes, a combination of grooves and holes,
and grooving only. Pure copper plates were treated and filled with powder using these
five methods, followed by friction stir processing (FSP) to obtain modified surface
layers. Hardness and wear resistance tests were conducted on the modified layers
prepared by these methods. The results revealed that the specimens prepared using the
parallel drilling method exhibited the best performance.

(3) Microstructure and Performance Analysis of Cu-La.Os Modified Layer

The microstructure of the FSP region under various parameters was analyzed.
Within the process parameter range, the grain size in the central processing area was
refined significantly with appropriate heat input. The grains in the
thermo-mechanically affected zone appeared bent and elongated. Under suboptimal
parameters, defects such as holes and powder agglomeration were observed.
Microstructural observation revealed that after FSP, lanthanum oxide powder was
thoroughly mixed with the pure copper matrix. Microhardness tests showed that all
processed samples experienced a degree of hardness increase, with the overall
hardness distribution in the processing zone forming a "W" shape. The highest
hardness value, 122.82 HVy., approximately 141.2% of the base material, was
achieved at a tool rotational speed of 500 rpm and a traverse speed of 300 mm/min.
Wear resistance tests, including high-temperature friction and wear tests, indicated a
significant reduction in wear volume for FSP samples. High-temperature friction and
wear test results demonstrated that the addition of lanthanum oxide effectively

enhanced the material's comprehensive high-temperature performance and stability,
v
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suppressing the decline in matrix strength at high temperatures and improving
high-temperature wear resistance. Scanning electron microscope observations of wear
scars suggested that the wear mechanism was primarily abrasive wear and adhesive
wear.

(4) Analyze the corrosion resistance of each parameters

Corrosion resistance analysis, including 12-hour and 24-hour salt spray tests,
showed that some samples had reduced corrosion severity compared to the base
material. Electrochemical corrosion tests revealed that, compared to the base material,
FSP samples had lower corrosion potentials, indicating easier onset of corrosion, but
lower corrosion current densities, indicating slower corrosion rates. The addition of
lanthanum oxide had a limited impact on corrosion resistance, with performance
improvements mainly attributed to grain refinement during the FSP process.
KEY WORDS:Stirring friction machining; Microscopic organization; Microhardness;

Corrosion resistance; Wear resistance.
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(2) RICKI RN I BRATT 5, FERTHSRIET, KRH T 2R aGfL1Z
T AR BEAT IR L, IR EA By ARSI, B R BEATHERE BRI L. @
SEXS TN L5 R REEAT () B PR RE UG, B T AL HESI XA R RE (K2, AT
N J SR SRRk Y e e R 3R0R T 3o AR B e I 7 ORI FAN R A I L2
BORAT BB T, IR0 T AR AT PR REA I -

(3) WFFUAHEP B 52 1) 26 A - S A B ) 1) 2 UL SR AN BROW L GRFAIE 3 L
SSHOSIN T X LRI A

(4) i S frlohef JEE 1k e A v T RS B ke, F 70 L X3 7 2 A e AN
MR P, SIS (SEMD T BOW SR I BEIRIES, 70t T E A ERE
DRI DR R EE R PE AR R TR A O AR, DA K SRR R I N X B 4 B 45 12
REAIRZIH o

(5) 8 AL 2R AN 56 2 8 Tk 3, W 0 L XS i JEg etk e, A
4t B X R T PR S EAT WL, R T T E SO N L X JE ek RE A R
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F2E UM, ®ESHE

2.1 5|8

SEBUR IR S I TS PN IK SA IEAR [5G ey~ /s 1)1 W VO 2
W ANENFE AR, S G 1 0 T R i £ RN SBORRLK K [FI FSP
R R AR 2P A5 Y, ARG P I L4,

AW VELNA 2 L) FSP 1l 4 4l —EU L B R 2 B SCB0 T 1, DA MR
JEAB S IR 7 15
2.2 SR EIEFIAAY

221 slwdiE

TEHEMSEC

aiEtRA FSP

SHRER ST

BESHT

HMeast=E

REAER

EETRTERe
£

ER{LEIERED
tr

Y

SEMZ3 T

B IRSHT

B 2-1 Sei6 75 ik ]
Fig.2-1 Experimental Plan Flow Chart

AT ERH FSP BOR Bl & 20— AL S ARE B IR 2l P e
AN 96 e B 4, AT RE 20 A, B SEIEIE AR A [F B AL S T
FE7 3 AELUHR AN A, SR 5 S ARUR A TERE R BT AR Sk L I e
A€ AT HEE BN 1, e sepdrl, FAE AT BT B0 Sk LR R i SRR 7] (0 iy
BN T A e, JFE A 5 Al 5 SR &, mAAEM BRI 2T
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WRIE. WG, 18 FE SR o F B AR i SR TR AT R 5 4y
s Z S TEIX JURIIAS 77 U B R A (0 12, R4 Sk I B 5 ik 45 T
JEE, FANTR] 8 0 2 0m LA R DGEEAT PERE 20 BT, 4R B R i 24,
HARSZR J7 SimAR B 2-1 B
2.2.2 LBt

AHIF 7235 RN SR 200mm X 50mm X 10mm f) T2 ZE8iR . =B AR5t

% 2-1 s, J12EMEREUNER 2-2 BN
F2-1 T2 4 F B R S RESE, %)

Tab.2-1 The main chemical components of T2 copper (mass fraction,%)

Cu Fe Sb SI Bi Pb S
99.90 0.005 0.002 0.002 0.001 0.005 0.005
AR 2-2 T2 ZRHR 9 )15 1 e
Tab.2-2 The mechanical properties of T2 purple copper
W& Pidi 3 E ob(Mpa) T 3(%) T# % (HVo2)

Y2 312 16 86

S0 I FE AR N SR ) S A R BORE ST 2 RSE N 10nme 50K
2.3 SEIE R RO 5k
2.3.1 HEEEEMT (FSP)

Kl 2-2 i BRI T & e

Fig.2-2 Photos of Stirring Friction Processing Equipment

A YR SEBGAE FH ) FSP W 4572 A i Tl b S s W H R A TR A 71 A4 72 1)
FSW-LS-A10 i #F BEHRE R ik 4, WK 2-2 fros, HEF=1"HBHE, geinL

4 % 12mm HIRH
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(a) (b)

B 2-3 FiEpE Sk IR A RS
(a) AEHEFELIE R (b) ToHHE LI s
Fig.2-3 hotos and dimensions of the mixing head
(a) Photo of the needle stirring head; (b) Photos of needle free stirring head,;

ARSI AL AN AS [ B SK, 20 E BHERESR AR B RSk, FLAb
TEarnlnE 2-3 (a) M (o) Froxs Ha AL 3mm, R EAN
Tmm, k#H 4mm, HEEAN 18mm, TWif, HJE FITABSE. ToE
PERAHE B2 18mm.

SEEEG F 1 T2 SR AR 14 F 2 I BIHLIN TR~ 40— ik FE B (200mmx50mm
x10mm) , FENUAR _EAEHIBETIVE MRS, 408l 2-4 Pros, FRAE MRS Y TR Bt £L o
FESEIGRT, AR TR, e AU AT BALUA I TR B . FE
Ji s A FH R R 0 20 25 1 PR s EAT AT TS U, R R T K e DA 25 Rk
B (R DS R A0 A 5 e, I R O 2B AR AR IR o 2 5, FFH BE AT Lx 4
PR BATAEAAIE, DLERENE. [FRE, AP 58 5 7 A Kb LUE B
P FE AR B 2R, WRRNLIR T, W ORAEER R T, SR TEK S
PRS0 A T PR O HEAT I e, DRUER T O AR, Rt A SLEURE N 3%
HEMHR AR, HEERRRELEZRNK &a, EMEBRMES E—2Z Im
m I .

200mm

i
50mm 14mm
f
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1mm#| ]

P 2-4 BLEI Rl R e

Fig.2-4 Schematic diagram of milling dimensions

SO P T

P 2-5 R I
Fig.2-5 Photos of sample clamping

2.3.2 WMLBREM DA

M ZTIRILEIFENIN LS &<, VIR RS2 30mm X 10mm X 10mm,
BEEE FSP X3k, 423 400#. 800#. 1000#. 20004 ALEERPACEE Y )5, K 0.1um
KA B S WA G EAT DU, R A BT S, oK ORF i 18
HSEAE-HCL /KRR ol 2 28 8 7 Ja il F B ig 82 B A3 A IR A w) A2 77 1Y
TS AXB (1) 4 A0 A 0 4240 4 4 FSP o Z BIMITHT, 78 10 fi5. 20 £i5F0 50
5 NI AR R IBOCE Fr

K 2-6 7R T AR ST RO BB R, s & B AR H LA PR A A A7,
579 S-3400N. #HHiHE (SEMD EM BRI =0 Ft b k55 HEAEH, JLHIE
F T WS40 5 8 FSP AN X S ) SR AR Ak o e ARE H T WL Bk FSP AN X
el PRI BB A5 T 7 A R RIS DA SR AN [ X455 ot 1 2 TR TR 300 S5 SO A 1 o X 2
MEREE N FIRN T M BHAMEBE S ik TE SR Kt - i R A B
o
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Kl 2-6 s %
Fig.2-6 Scanning Electron Microscope Photos

2.3.3 BESEEMEMNNSEE

ARSI A FH () R 4 BE SR I0 AL 28 22 M R R LR R IR A B AR P I iR
HT-1000 % 7y i BE 4 BE R EG AL, 4 2-7 Fios « BUR P24 30mm X 10mm X 10mm
IR, (3 AP ARET BE AP RLR T IN T80, 5286 R ER — ke BB, Kk
FERR AR EATIES b, TIEG— @ MR, XE/NKEEAZ), W™
HEARXSIZ B, SRR (R0 B 10 52 BT 2 BE 04 F s Seseid FRANER B ELR Crls,
NEREARN 6mm, FEEEARAN 2mm, NECH 7.5N. B 2-9 5258 TARJFEHE

. X

Kl 2-7 BEHEEEAALGHL
Fig.2-7 Friction and Wear Testing Machine

K 2-8 JEHREAR A DU B

Fig.2-8 Sampling locations for friction and wear specimens
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. ; i
TR :

MR

Bl 2-9 PR EE T AF i 22

Fig.2-9 Working principle diagram of friction and wear
S BT FH I 505 A TR B U SR R 3 M T PR AR e A S A R A R AR R
WHVS-1000AT [ H 20 4E B T B 2-11 BRI Ao SE3GEH 0.2kgf
FInE T, AN E N ] 10 #2,  SERES A RS N 30mm X 8mm X 10mm,
DA X 3R A0 AT 1, 38 25 AR, AN A EE Tmm, MIHAAL B R LA 2-11
FivR. e 8, M origin AL HIEE R ZE ], AT A EIN TS50 1
T 75 5

Bl 2-10 %R AZ B X AL A
Fig.2-10 Photo of Vickers hardness tester
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B 2-11 2 B I s AR A B

Fig.2-11 Vickers hardness test points and corresponding positions
2.3.4 T RE Mt /5 0%
(1) #HhEEMsELR
181 F B RIS AE R X B A RST 24 30mm X 10mm X 10mm FRFE, 73
ABEAT 12h A1 24h (1) 3 55 R SES . 4 BT E 70N 5% NaCl ISR AE A # 5
AT, BARSEG S LK 2-3,
£ 23 HEBMERSH

Table 2-3 Salt Spray Corrosion Experimental Parameters

ZH L= A H/IE
SRR (g/L) 50 40~60 RIS TR TR € — K
PH 6.5 6.5-7.2 I IE R pH E
SE (kgf/em?) 1.0040.1 TG AR AN AT [ Wy
SHRIEH 24h SRF
M55 & (ml/80cm?/h) 1.0~2.0
{1
JE 3K (C)H 47+1
KA (T 35+1
ENIRE CC) 35+1
XTI (RHD 85%LA
I [ 12h DL J 24h

IG5 1RRE T FB BT i T TR SR AT SR, IR EDX X i k= ) gk
THBUARIRTTEMES TR E &,
(2) HLZERE

R DB AR AEE R IX IV E AR 10mm, JEEE N 10mm (A REE, R
FABS AR, KUK 400#. 600#. 1000#. 2000#fIHS4CIZAT BE MR,
FHPCHLAT BB i T, A P i e 28 e 19 5, G K CREE e H
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AL 2SR ] CHIGOE R A2 TAFuh 5Epl, R =Rk &R, AR
PR, FBh AR A, S RSOV H R B, SRR N
3.5wt.%NaCl ¥ AL H 2l 2 1 L AZYE N 0.4V 2-1.0V 313 F53H Z N 10mV .
W AL TARSE T AN LN, B AL LR R T icorr(mA/em?)
ZE 5t o MNP E IR L XSk i) FEAL 22 Ve R 22 5
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EITE MIKEMITZHE

3.1 5|5

NS FSP AR LU AN AL SRR, 3 BEAT AT 2R R, RAkwT
CAor AW DB, BB RIEFREEARIIBRE L, IRREGEN MEE, fRIE FSP
REMUAI SE R, REFS BITCHREE AT RE 2R E IR R AT R AT, ARl
RAERIER B FE R ATSE N, 2 AT AT L. 8L RAASFERISL, TF

- IR SLIR G A E 77 Om L, S A RN T2 40 FSP Rl % 41
MR 722 RE, e BT RE A D2 AR 350 7 205 B I 24

3.2 fRAFFSRRIIMNER T B4 B T R E X i TIX a9 F2 0

3.2.1 B FEEXMIXAIF M

)R T R R X R R E N R, ShE T R RN, 2 SR
BNEAL, INLXEAEREEAY, SEON T X ILR . BEE G
JB RS KR, 2S8R, T XEER A, FR d T
Bk, MERESCRESKIEH, TERC KL,

B 3-3 T e E I KA AN BTN T DX 38 WL 30 % B3 T it
(a) TR KRINTRE; (b) NEED/NINTIRT; () T XIEEEE R

Fig 3-3 Macro morphology and tunnel defects in the processing area with excessive and

insufficient downward pressure
(a) Processing surfaces with excessive downward pressure; (b) Processing surfaces with too little

downward pressure; (c) Processing area tunnel defects
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3.2.2 i KM X Il TIX RIS

PEPERAE D FSP I RE i A% AR, EMAMES L Bt #15k
B HHREER. MR EES, XESHE | FSP IR A R
Wil LA T ) 77 3%t ESP (1Rl 47 ﬁ%&ﬂl&i%ﬁ%ﬁ%é%ammﬂ

P 3-1 Wt de sk fon A&
(a) WrEtBiPEk; (b) T2
Fig.3-1 Broken Needle Stirring Head and Processing Surface
(a) Broken needle stirring head; (b) Machined surface

K 3-1 () R sIs it IRk, kBN 4mm, FHREEAZDY 6mm,
SIS R I, BT, SREEANGE, RN AR AR AR, ATt sz 2 A FH
THRK, Syt 8o TR, Ry, HiUR 25, SR RHRB AN,
SR LA EARE . B IERRIe RSk BT 7o, KR EAR
BEANE] Tmm, FEINER TR R HE M

E32ﬁﬁﬂ§Fﬁ%%MIﬁﬁ%MIﬁﬁ

Fig.3-2 The processed surface obtained by using the improved stirring head
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33 REEMILZE
3.3.1 mEFEHTLSR

GBI AR S SO AIZ IV E FSP IOIN L3450, AR TS5, %
SoFARRBOM HEAT A7 RN T, AE R TP Bk L, £EFL P BN EUAL AR AT
RS, 2 JE R AR EIEOR 7 2 A4 HEAT FSP, %N T (RE S AT PRI,
OIHTIRES S, MTTTHENT SR ks 77 20, R B P A 208 7 a2k 3-1 o

Ny BARESFLIFRE iR B E LK 3-1, BARSZIGIRFE an A 3-3.
% 3-1 IMLTZsH%E

Table 3-1 Processing Process Parameters Table

S bR 7 5K H/IE
1 AT R AL 125 H, #nrEH
2 TG FL ki ARARFRAH R
3 H ]l DR LA 00 /N AL
4 G E N P
5 AR
6 W AT FSP AMHUE A b 28
7 BERA
215 215 _ .
i & L. 108
r | o
000000000000 I Y00000000000000000000000 1 I
:ooo<:><:>c:ooooc:oooooocx:ooo::::::I oooooooooooocxxmoooooo:::::::::.
A b &
(a) (b)
25
8 "
Rl e 12
[0]0]0]0[0[0]0/0]6 6 RS e titseosoreseesseoon (RSB
BRRRBIRBIRRE 1| | sy
() (d)
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(e)
K 3-3 AFEIABA AL BT Aon s K
(@IRFE 15 (bYWl 25 (o)ikFf 35 ()il 45 (e)ilhE 5
Fig.3-3 Schematic diagram of processing methods for different groups of boards
(a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5

K 3-4 AR AL BE T3 S 2 ]
Fig.3-4 Physical images of boards with different processing methods

VLTI
PAE:"

SHARIEH
PaE:N

FSP

X

BRI

25|
P IS

Y

RIUEMTT

ERERLE

K 3-5 SEI Ty SR rE R
Fig.3-5 Experimental Plan Flow Chart

A, IR, BiALARESN 0.5mm, A58 2mm, K 140mm, KILEAE
4mm, /NLEAR 2mm, 30Ky )5 sAORSE, FEAT FSP N L.
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332 AEEBAFAMMIX EMEE
S FAS ] 5 2T A 4G FL 5 34T FSP AR (K n 1 DX e gk 47 S Akt F2 v 4
LB 3-6 .

120 120
115 115
/’i'
110 - 10 ——ia
w,\ e * b
>2‘ 105 \ >= 10 - E
= S\ = *
oy 100 B 1o w100 - gF *
B ety ) =4
3; 4 \r’" & %51
K - 90
—=— ik s v— il
2 —o— ilfEs
s0 —— 3 80 F <« itFE6
A PR N (O S S S ST S S
10 8 6 i 2 0 2 1 6 8 10 -10 8 6 -4 2 0 2 1 6 8 10
(a) P In L e Lo b B (mm) (b) BB N T8 7 B (mm)
120 |
108.87 107.16
5 —— 106.10 et 104.42
ey iio | 99.53 9915
110 85.32
)':‘ 105 >—:
B =
4y 100 =
= =
&2 % &
»— T
10 8 6 1 2 o 2 1 6 B 10 C - s 2 =
2 gt 1R B (mm) i Rz R e s oiee ReT
(e (d) EGET

P 3-6 AN A Bk 75 20N AR IR T DX 3 1] S AR 182 o A K V- Pt i
(a) BUFE 1. 10FF 2 53 35 (b) R 4. B0FE 5 5iHF 65 (o) B (d) AulFERoT
Py heg i
Fig 3-6 Horizontal microhardness distribution and average hardness in the material processing
area under different powder addition methods
(a) Sample 1, Sample 2, and Sample 3; (b) Sample 4, Sample 5, and Sample 6 (c¢) Base material

sample (d) Average hardness of each sample

M 3-6 TTRLE H, ASEIIAG 77 SRR BEAE A — 8 25 5, (RERAR T-B16;
LI PP RHE [ — A7 D S B S AR I % BT, J5 TR ER
TR A VI o e P T ¢ RS T A AN IS B S F ) AN 5 2 N2 S P - S /NG
FEA IR 77 20rh, AT B FLIR P I e v, VEREAH XIS, LR PR R ke
AT RALE T 2, AR 452 2k AR R M A ORI 5], AR Ll AR ik 7y 3
MERRS), AN G NG, I S AR S
3.3.3 TEAES AN TX EERE5 4 Ae

PEEAG 2 HUBBRA A rh s DL PR — P £ T 2, ek ) B8 i B 1 P 2 VP A A A
P25 A — DU R AR, DRItL, 4 it B P 4 i AR S (0 4 @ AR 1 T 2
YR o R E B
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K 3-7 AN TR BE T AN RIS 77 30 S 0] (i 2H R R4 R B3 Al b 2, % il 4G )
AACHEAREL, FESEIRIT AR, BES RBRRRED, X R Py EEGHR AR A 2
LR MAAZ e BE)e, B RBUMLEI ETHE Y . Xl TR e ok
TR, 3 BUGRE 50 B /NER Z AR 20 1) U, (A5 12 i T AR A5 B RHLAE
FEIXBIEOL T, R 550 B /NI TR 5 ARG A B 5 B IR ) 8] 1
BEARBORR R R, XA RS BRI s 2 2R
B A REE AR, K2 DR R 1 R AT A, 4 i S AR T AR
R AR L BRI At oy “ &R EREEERE &R Z K&, 2

TV B A P S ORI BT, BEER R B TR E

1.2

)
Lo
0.8 |
o]
# itk \
: *
MFAL‘.W,MM\VQW‘MNM—,*WM
0.2 5
[
0.0 . \ Jgey
0 1 2 3 4 5 & 8 9 10
] Cmin)
()

] Cmin)

(e)
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1-25C
b 2-100C

3-200C

| 300

sk [ 5-400C
1 | ;@WM,‘WWMW

1
#
a6t i
g AL ah
= W= WY 4 ] e,
o) Il AN S e
| Ik A1 P ety
f 3 \‘;‘Lﬂ.‘ : ol {
i r’ 4 i} e pro
VI, | ;,.w'"
0.0 L LS
0 1 1 5 8 9 10
I i) Cmin )

K 3-7 AR 77 3T il 4 BORREAE A R T B B R 8
(@) WAL 15 (b) WFE 25 (o) K35 (d) A 45 (o) WFES: (D B 65 (g) WFE7
Fig 3-7 Friction coefficients of samples prepared under different powder addition methods at
different temperatures
(a) Sample 1;(b) Sample 2;(c) Sample 3;(d) Sample 4;(e) Sample 5;(f) Sample 6;(g) Sample 7

M 3-7 AT DU H, BER IR B AR B0, XA PR D S 56 B P ) 26 9 L
RS, AGURNIIAT AN, B EEAR DR A, A Xt PR/ 3 e A A 2 T R
SRR AR, S22 R MR 77, B AR AU RO AR R AT
NI LaxOs 4 AR R BE BE R A A0S T AN LaxOs B R Halhe,  HBUX R 5
3 S DR AT A2 DS 9 525 AR P (1 S A SR RURE (14 B i P 3 380 0 3R v 3 ) FHL A
WK MERR (300°CRALD I, Ik iR B AR SR T AN ARk K 1% 1
HAAFE, X2 H TR LaxOs B R EAE N LAY, LaOs (A GEIR 43
e RN IR SR A TEREARGE I, ARG AL Ml B AR T B s
UEAT LaxOs A7 AL REAE EALRAE il B AGSE, S iR B R IR A R E O,

R 32 ANFNRE T BRI B 4
Table 3-2 Wear Amount of Each Sample at Different Temperatures

FEHiE (mg)
5 Tk 7

25°C 100°C 200°C 300°C 400°C
1 R 1 0.79 0.67 0.36 0.35 1.07
2 R 2 1.72 0.73 1.59 1.14 0.98
3 R 3 0.86 0.58 0.41 0.62 1.83
4 R 4 1.35 1.34 1.17 1.10 1.43
5 RS 0.82 1.06 1.29 0.59 0.42
6 6 0.94 2.42 0.80 1.02 1.84
7 R 7 4.50 2.78 4.19 242 527
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R 32 NAWFEAEA RN TSR, o DU 2 in LA P iR T~ i
i BEPESSIAR T-BEAE . CEA IR R 24T FSP J5 AR B 1445 2 52 1 (1 J5 K — J7 T
xRN 2 FSP A RHE N it 75 mh 52 21 BE R A AN BYEAR T B 520, AR P 6
AL A A A, TS AR A 2R B Ak, R RE SR T, A L B 4 7
RBIRER S TRy LaxOs fE i MR RS, HEEWiRmE Ak
R 2r & VERE A AR E PEB2), NN PR BB B, AE AN TR KPR Bl AL 20, i
TR AT REALIT AR, R0 L5 P A By DR, 2 s P AR B oAt
WFERGE, S BRSO T, B WA BN SRE S SR T B
R, RFE 1 (RPATEEALIR) PERERAL, 55 Al i A 5 7o B R 45 RAH — 2

3.4 ffiE FSP #ll&4ih- Sl T Z 2 E5eRE

D SBIR FUAN R (0 P S 0 SR 0 P Sk i 4 T3 P 5o in A sk F) 4 T i i
FRE A BRI AN 7 AR R, AER 8 (8 F SPAT B FLIE AR AT IR T, B Si0 iR R
WA 1 FSP il %% 2R -2 B T2 S Ha Rt 45 B R AR 250mm/min 2
350mm/min 2 [A], $5PEkBEREEIETE 300rpm F 500rpm 2 8], FELA RLUNR

3-3 Fiasil 9 H T 2550
2% 3-3 44 -4E AL FSP 1.2 250

Table 3-3 Process parameters of pure copper lanthanum oxide FSP

PP e e e 5 PSRt g 1

W75 H/E
w/(rpm) v/(mm/min)
Al 300 250
A2 300 300
A3 300 350
A4 400 250 ITXKFE 140mm,
A5 400 300 % 20mm; BEAAS
A6 400 350 G OSEH
A7 500 250
A8 500 300

A9 500 350
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3.5 REGE

(1D AEEE R, R T @B, BI T 0T A~ s &
SOF N TR TR B0, IR T &iE i R IR

(2) AL T R0 7 SR B B RS . BERETERE . 30 T 7E R IR
J7 A, PAT R LR BE R B I B R U P14 1

(3) A E 30 I SR M SE IR R W T FSP il 4% 4l - UL T I S B0 R,
W RE T S5 SR PRI Sk b 2 P DB P S e Sl S (4

5
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£ 45 afE-FHR R E LR D

4.1 518

AT I B B S O AH S VIR %, 9 S I KIBIT T FSP ] 4 4l - A
BN T XMW A GV PERE 2 I B 2R, DA 2 RS S IO T S BB G 5 R
95 SRS 2 AR AR, 75 X 50 T 2 50 % 6 BT 2 LRI HOU
TSRS T A REHL T 8545 FSP AN TG AOBRE, X T X 38 WUAR SR A0 1
WA SLHEAT A0, R HLRAR.

42MIEW#&%%

- S ks B 28 -
K 4-1 #B3 I LZHCR FSP N LR )2 WML E5
(a) FE A3 (b) BFE A2; (o) Bl AL (d) IXFF A6; (e) IAFFE A9
Fig.4-1 Macro structure of FSP machining surface under partial machining parameters
(a) Sample A3;(b) Sample A2;(c) Sample Al;(d) Sample A6;(e) Sample A9
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K 4-1 BAFELZEZHCN FSP RIBIWRTESE, WEF LA H, BARE
TN TR AR, AH AR ISR ER KV, 48K 22 B Bk R 5% 6 21 B
e H a1 (@ v (b)) v (o) AF—#HEHEE (v=250mm/min) , A[EHH
PESL G NN RIS, FLLEH, (EHEDY 300rpm I, N L3RI 1A ik
AN SR TE B i BEAE RS &, 7E 400rpm INF,  HTREON 30/ B K
W, TEFGEIEE] 500rpm B, Hi AL SR MY A i, H&RRIm&E
WSO TR E T, H X PG S5 R 2 R g BE A 1 b Sk e e oy, 4
Pk 5 G B AL I BE R R 1 I, RN 2 S80S R I A,
TEBEHE K sy B HE Fris SR AR A R, W BRI &R B R, TRk
1, FUMIN T IX S5 B (R T R e AR NI, 2 R i 2 T 1 R
R, DRI REAE e ey, 0 L g (o 2 ik

41 (o)« (d « (&) NMFAFE (0=500rpm) KA [FHHEL IS HE
FEN BN LR SN, b6 Ak B 1 PR AIC, SRR, R N LR T i & R R,
RIBINR, X PO T RS, LI TR Py AR NI I, [ B R A 4
JTE A —hr B R B R BE K, A I &R S SRR E L R, AT
WA &R N T IX s i 7, Wi TIX R T, a2, R
e
4.3 i LXMW 257
4.3.1 B+t &H

K 4-2 2 BER A
(a) 5 %5 (b) 10 fi%
Fig.4-2 Metallographic diagram of pure copper base material
(a) 5x; (b) 10x
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AR O 2R an (6] 4-2 iz, SRER AR AV FLIRIAR MY, Wil o R A6 4L
)77 IR R R 1 S IR A R AR IF Bk R A T 0%, 72K 4-2 (b) ]
DA B /N B, 3R RO HR N IR S R I
432 MIXiG&HE

() S

B 4-3 4l -4 A0 50 FSP i L IX (ol 4H 24
(@) ILHRX; (b) BB (o) ZAXEAM: (d) R (o) BIHIX
Fig.4-3 Microstructure of Pure Copper Lanthanum Oxide FSP Processing Zone

(a) Processing center area; (b) Heat affected zone; (c) Metallography of the junction area; (d) Heat
affected zone; (¢) Base material area

(1) fnL Ao H 4
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@44ﬂ“FWMEEW¢uEMM@
(a) v =250mm/min, @ =300rpm; (b)v =250mm/min, @ =400rpm;
(¢) v =250mm/min, @ =500rpm
Fig.4-4 Microscopic Structure of the Central Area of FSP Processing Area
(a) v =250mm/min, @ =300rpm; (b)v =250mm/min, @ =400rpm;
(¢) v =250mm/min, @ =500rpm
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P 4-5 FB73 wiBE AL B R iR
(a)IETEGRIE 1; (b)AIZRBRIG: (c)IBIEBRE 2
Fig.4-5 Microscopic images of partial defect locations
(a) Channel defect 1;(b) Agglomeration defect;(c) Channel defect 2

4.5 KEBING

(1) SEER AT 8hFLIE 28 A0 R IR 54T FSP N L. M2 E
WRGE, 0TS BRI 4 2R T 0 D 5 B9, 4 P SR AL SO A Rl T A 5 P 1 B4 1A 40
AN [E] ER A Sk A S AR 25 3 R0 n T DX 3R T o A ¥ 5 5 ), ok vy i I i %
SHURI 4 0 P 2 5 0N T 2 T R B KO A A R

(2) DG BB X RO A R 34T WS KL, FSP XIS I A 5 A A0 5
VR AR S), SORIAN AL o I e SR ST, TR ML X Sk
Prko HAN, INTZHON SAAE LS E, £ A Y E N T80
R 5 M oA [ S S8 T e

(3) B (R4 P S TN 3 2 P 2 SR A0 R MO A 2L iR o B o S 6 1A
TE— IR R MR S R, AT LASRAS T (42 2 o 38 4 T
SR FEIMAAN RBOS &, MRS AR/ A R

\)

31



TR R A8 5

£ 5 F auf-F| It B E R EE R R D

51515

6 B30, RIUEFATH LIRS BT X, EE M T2 S8 e e
FSP I LR/ 213K 5¢ 5, WHITEHRRE AN L X, JFE 7 L2380 LXK
RSO A LR U o AT TEA I, AERERE S T IS B AN SRR [ 2
I3 T, 35 B I AR 0 P Skt 45 3o PEERN5E P Sk fie e ik P 1) 7 O R AN
M T XML R B AR AR RO 00 bk 5 B B2, L
IX ) 344311 5 T Py OV AL Y B S s A 3 R o I S A3 BRI 43 7
AN L SO TSR R (R 50

A 2 L@ BRI AT T K R R AR B O R, 4T T AR T
SHCTIRAFI FSP Wl PERE, I 25 G 33 5 v B4 B 20 A BB 453 0 M B S e e
AP S 2t 45 T S N L X PERE RS2 R, D2l FSP L Z S HUR it sk
%o
52 MIXBEDH

521 MMIXtE&EBEE S

H 7€ FSP i A2, AR X2 2 AU FEE AR, SRR A EA
5], AL, AL P B A DA B kL R 1) SO AR S RS AFAEZ e, RN IX
i e . B Hall-Patch 2 2URT %0, s2mann T IX AR B F 2R = A LR LA

N

y

et
N

s
W

fﬁ,:fﬁ,+kHd‘5 (5-1)
A
—— A
or  —— SRS E AL
—— iR R .

A (5-1) AR, SRR X A A 5 SR BERE I, SRR, B
TR PR ey s AEARSEIG R, /DN A B B RURE LR DD 0 e b 2 R B R Al A 2
e R BT DGR RIFLAT IR, BELAS A R 5 A A2 30 4 etk ) 2R

32



TR R A8 5

M B ANAG S RLAOAE S SR N IS L s Ak, derkr A 5 i e FE A R A
AT d S IORC I, ARAE AR T SR NI T, 19 1 0B o RN < SR AR
AP

Ao=a (5-2)

A

o——5fb R AL

—— AT

B R, SABEI L, SRS AR, 5B AL S S A HEAN
TR 7337y, BETTHRFAORL SR BEANRE AL o — J7 T oL (R AR A (45 2R 1A B T BASE
NS5 53 (0 53 B B8 22 (R oL N FEAT AR T AR IR I R /DN, ) iy SR TR 119
BER AL FL AT RERE I I, RENS A AF H B RS AT R S 4 1 2
TH, APRHE) 5 B (03641,

Kl 5-1 Av=300mm/min. ©=500rpm % T (A5 43 A P, 0 pil 28R
)2 B B9 I 3 10 2mm AR IE_E ROREFEAE,  BEMRRE BB i & B L &
DUSEHET R, S5 BTG W7 BUESON, FERSNERRM X, BT LFAZE
FSP 5, i K/N SRR I, TR S AR P B AN REA AR, 7E 90H Vo BT
Bl TERGEI X BEEE S BT R B, KRB SREZ AR K, RPN B
TR BRSO, T2, SO AR, HOhn T RO DR R
FHH &

B HV,
xR

FE SN TG & (mm)

P 5-1 FSP i I DX 8% 1 4 52 A1

Fig.5-1 Cross section hardness distribution map of FSP processing area
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(a) @=300rpm; (b) @=400rpm; (c) @=500rpm; (d) “FIAESE;
Fig.5-2 Microhardness distribution and average microhardness of Cu-La>O3 processing zone
under 5-2 different FSP process parameters
(a) @=300rpm; (b) @ =400rpm; (c) @ =500rpm; (d) Average hardness
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Fig.5-3 Friction coefficient and average friction coefficient of each processing area at room
temperature (25 )
(a) ®=300rpm; (b) @ =400rpm; (c¢) @ =500rpm; (d) Average friction coefficient
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HRT LR, B A8 B IRIR AN B, a BEIR, KR E R, HART
BER B IURE L U

R 5-1HR (25°C) FAWFESLRHTE R

Table 5-1 Quality changes of each sample before and after the experiment at room temperature

TS AT /mg MR 5 /mg %/ & /mg
KEpF 27378.34 27373.84 4.50
K AL 22933.31 22932.89 0.62
REE A2 23967.13 23966.44 0.97
K A3 23875.92 23875.01 0.98
RFE A4 23424.55 23423.28 1.27
K AS 26025.36 26024.05 1.31
RFE A6 25285.88 25284.13 1.75
K A7 23826.52 23824.53 1.99
RFE A8 23466.74 23465.93 0.81
K A9 25174.65 25173.67 0.98

S3400N 15.0

S3400N 15.0kV 8.2mm x400 SE 07:32
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S3400N 15.0k¥\7. 7mm %400 SE005E : 160um

K 5-4 T 20H A 5 2 FSP SRR 1 R SEM &
(a-b) FE AL; (c-d) lFE AS; (e-f) BEH
Fig 5-4 SEM images of wear marks on pure copper base material and some FSP samples at room
temperature
(a-b) Sample Al; (c-d) Sample AS; (e-f) Base material
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Fig.5-5 Friction coefficient and average friction coefficient of each processing area at 100
(a) @=300rpm; (b) @ =400rpm; (¢) @ =500rpm; (d) Average friction coefficient
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% 5-2 7 100°CIIRIFEL A FSP L. 22 B3R 15 1R S2 5360 5T )5 10 48
W, ATLAE M, BB E, BRI S AR LG Ariin, ik, B
R B AR R R TR IR . ZEX % R AT BN, SRATR IR T Bk e
FEIHE Y 400rpm () =AMAFESL, HAR MBI EMHZEA K. JEH, Xl
TR B8 1k i e £ TR E . BhAh, IRBE AS FIIREE A8 R IR B N BRI T

LR PRI P 1, I T AR
R 5-2 100°C R & A SR i 5 224
Table 5-2 Quality changes of each sample before and after the experiment at 100 °C

WEEF S M T /mg M 5 /mg /b B /mg
BERF 27317.08 27314.30 2.78
REE AL 24690.14 24689.13 1.01
R A2 24072.32 24071.21 1.11
RFE A3 23958.17 23956.98 1.19
A A4 23387.96 23386.78 1.18
RFE AS 23589.50 23588.62 0.88
R A6 25144.42 25142.52 1.90
REE A7 22813.65 22812.44 121
FE A8 23753.20 23752.36 0.84
RFE A9 25196.36 25195.42 0.94

i 5-6 FrR N AEEE 100°C AT TS #45¢) SEM MR, M E ]
DVEH, BEERERT R, BN, HHIREHRE. 2ENnETEL, X2
KR ETVE, SRR SR A R R, R — e AL, X B NER N BV S
R, BUREIREETE, B TR

S3400N 15.0kV 8.2mm x50 SE 07.36
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(a-b)IAFE Al; (c-d)itFE A8; (e-DEHA

Fig.5-6 SEM images of wear marks on pure copper base material and some FSP samples at

100 C
(a-b) Sample Al; (c-d) Sample AS;

5.3.3 200°CEHTEER M N EHRE

(e-f) Base material
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1= v=250mm/min

Lo} 2= v=300mm/min
3= v=350mm/min

# b‘(L

S 34 ME 5

WAL BAS A6 XK
U

(C) ‘ It FH'IJ( min) ‘ ‘ . (d) |

5-7200°C T 2% TURE N T X BE 52 2R 80 M1 38 BE B 2R 8
(a) @=300rpm; (b) @=400rpm; (c) @ =500rpm; (d)T-H5EEHE %L
Fig 5-7 Friction coefficient and average friction coefficient of each processing area at 200 °C
(a-b) @ =300rpm; (c-d) @ =400rpm; (e-f) @ =500rpm; (d) Average friction coefficient

R 5-3 9 200°CIAIEE T AR LI AT G 28 Mk, 7RI T, WA
Al, WP AS, BFE A6 HIEHIREUN, o T AT HISE5 B # v =300mm/min .
@=300rpm JN TS HUFT A3 IERE o EAE P B T 2 Ak B 453 K 75 5 i U
AR, TR RURIREE BT S EP R, XF B NBR SN SEVR, B AR B K

% 5-3 200°C R % uUkE LB AT 5 iR AR L
Table 5-3 Quality changes of each sample before and after the experiment at 200 °C

AT AT /mg W5 /mg kb /mg
BB 27460.88 27456.69 4.19
R AL 2475777 24756.88 0.89
WEE A2 25077.24 25076.15 1.09
REE A3 24063.34 24062.21 1.13
Rt A4 23379.49 23378.18 131
R AS 23537.99 23537.32 0.67
Rt A6 24629.37 24628.02 1.35
EE A7 22943.33 22942.49 0.84
EE A8 23746.87 23746.14 0.73
A A9 25046.68 25045.53 1.15

Il 5-8 s et el AELE 200°C 261 BRI SEM BIR, FEEIR &
gk BTE, BSIRINVR, BN, an5-8 (o) FiR, #4; FSP JEIRFE R IT 4G
HH I FRORA SRV, R IR IR . 140 5-8 Ca) P AalAE Al 3222

BN, FLBE AR A S R IR AT, R I B AR E M.
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S3400N 15.0kV 8.4mm x400 SE 09:04 ' ' " "1dodm

] 5-8 200°C 2L BER 5 5> FSP R K R SEM (R
(a-b)ikFE Al; (c-d)itFE A8; (e-DEHA
Fig.5-8 SEM images of wear marks on pure copper base material and some FSP samples at
200 C
(a-b) Sample Al; (c-d) Sample AS; (e-f) Base material
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FUAM B ARACBOR, FEEE R B LR, & RUBORI SN B, TR e
J& 9 500rpm ff) =ANRKFE R, AT HEEEBAZ A A7, BT L2 RGN, S5
XA R 7, WA B, AOERIERE %, #aE w2, K
dh, HE T HARRE, HEE R AU AR
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1= v=250mm/min

2= v=300mm/min
3= v=350mm/min

L f 1 L L L L
2 3 4 5 6 7 8 9 10
fif (i Cmin)

1= v=250mm/min
2= v=300mm/min
3= v=350mm/min
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A Cmin)

(d)
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1= v=250mm/min
2= v=300mm/min
3= v=350mm/min

I+ i) Cmin)

0467 0 448

0.0

0.569

0.167

0.405

03150287
0255H

Umn

K 5-9 300°C I & U N T DX BE 45 R B0 1T 10 BE A S 8
(a) @=300rpm; (b) @=400rpm; (c) @ =500rpm; (d)T-H5EE#E %L
Fig5-9 Friction coefficient and average friction coefficient of each processing area at 300 °C
(a) @=300rpm; (b) @ =400rpm; (c¢) @ =500rpm (d)Average friction coefficient

K 5-4 300°C T & 1FE SL 56 7 5 R

A

Table 5-4 Quality changes of each sample before and after the experiment at 300 °C

AT AT /mg W f5 /mg kb /mg
BB 27351.21 27348.79 242
R AL 2475777 24756.98 0.79
Rt A2 25077.24 25076.15 1.09
e A3 24063.34 24062.21 1.13
Rt A4 23379.49 23378.58 0.91
FE AS 23537.99 23537.02 0.97
EE A6 24629.37 24628.02 1.35
e A7 2294333 22942.49 0.84
HEE A8 23746.87 23746.14 0.73
e A9 25046.68 25045.53 1.15

R 5-4 9 300°CIMBIAEL T -l AE s da fJm i A4, fEZIR L T~ B 1
RPN, ATRER SR R AR BRI T, BEER IR
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S, AR BN BE S, BRI B (ESLIR AR T, iR AL AR
AT HJ AR D

& 5-10 Fros A &IRFELE 300°C 5 NPT B IR SEM KR, A 5-
10 Ce> F1 () AILAE W, FEMLIRE T, BRA B IR v AR LA T 200°CHE
T AHRTIIEA H A 2 0 JBE v RO, 2RI 2 A 38 ST A =4, DRI AR
BEAIG: B 5-10 (a) A1 (o) Hff) FSPAkFE, [FFEH HIL 1 S80I IR,
R AT SEM BSOS RIS FB . vk, BEHE ARG,

] 5-10 300°C 24 £} 44 15 870 FSP AR FE B IR SEM K%
(a-b)iFE Al; (c-d)ikAFf A8; (e-DEBIHA
Fig.5-10 SEM images of wear marks on pure copper base material and some FSP samples at
300 °C
(a-b) Sample A1; (c-d) Sample A8; (e-f) Base material

535400 CEHTEERY K ERE
W 5-11 A N EREETE 400°C 25 F T IARE I BEH R B0 2R, 7E 400°C 134
Bidr, WERMIBRELHE N, RIMER S KAETUNER, FEELERE S
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BEAR, DRSS AR EORME N B, ESURI AN RN E S 2l b, R R B 22 1Y
AF5 300°CREREUHR, BRAFA IR BRIATBURE A3 ATGURE A7 S8
FaiE, TEBEHESKER: 14 Z Y 400rpm 1 500rpm IAEE, L35 BE i S 05 Bt ik
Pk AR L A 3G I P A1

1 1.2
Lok 1= v=250mm/min LOF 1= v=250mm/min
2= v=300mm/min 2= v=300mm/min
3= v=350mm/min 3= v=350mm/min
0.8 0.8
= S
we | f
ffio'h Ul
i
AW
| M U Pl
)
03 W&WM&
N
0.0 L L L | . . . . j i i
0 12 3 4 5 6 T 8 9 10 : E 5 5 1
(a) i f&] Cmin) (b) i [E] Cmin)
1.2
Lo 1= v=250mm/min
2- v=300mm/min
0.8k 3- v=350mm/min 0
=
= | ne
06 H 'J' * 0.446 0. 429
A ) A g, 0.539
= % = 0.327
0.4 f N 1" '
‘ I 0 185 o 185 0225 ==
) 0.2 O 166
0. LY
JRN
0.0 L . L . L L . L L . 0.0
0 1 2 3 4 5 6 i 8 9 10 ¥
(c) B Cmin) (d) l\ﬂ%

Bl 5-11 400°C & 2URE N T DX BE 45 R H0R - 1) BE 5 R 8L
(a) @=300rpm; (b) @=400rpm; (c) @ =500rpm; (d)FI5EE#E %L
Fig.5-11 Friction coefficient and average friction coefficient of each processing area at 400 °C
(a) @=300rpm; (b) @ =400rpm; (c¢) @ =500rpm (d) Average friction coefficient

N 5-5 Fizn g 400°CIMNAFFEE T &R 5200 0 J5 (R =48 4k, BEE IR I
THE] 400°C, HFEAARA ™, M FRARIIE, BRI AR B /N R AR BEAUR,
PR AR 7 A PR SR RS DR BE AR S5 0] B /NERORE S P2 EE, R R
ML) BN B E AT ORIESE s (ERIN T LagOs (1 1a0RE 52 31 il (5 i 5
NTREM, X0 B LasOs N BEAR L7 s B e AR il 25 5 Mk e A A e 1,
e H | FLAE =il T SRS E T R34 o b4 LasOs IIAFTE BE s S U IBETE iy i
THEAE, e EREREER G, WMAENE, 2t FSP sl AL
AR Z, RN E 400°CHIEEEBERURIG T, WRE A1 RILHR
S TR B 12
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% 5-5400°C N % A S0 A J5 TR AR AL
Table 5-5 Quality changes of each sample before and after the experiment at 400 °C

WS M T /mg M )5 /mg /> & /mg
5y 27453.96 27448.69 527
RFE AL 24889.83 24889.15 0.68
A A2 23893.64 23892.77 0.87
RFE A3 23859.63 23858.49 1.14
A A4 23289.85 23289.03 0.82
RFE AS 23640.76 23639.95 0.81
I A6 25111.02 25109.87 1.15
REE A7 22668.89 22667.81 1.08
FE A8 23793.82 23792.78 0.84
RFE A9 25102.97 25101.67 1.30

R F 4 F BN S50 IS ) BB R AT LS, BB S 5-12 o.M
A AER], BEHERER BT, S E, TR I E e, — e
B R I Rl N BRI, TR BRI 1 R LSRR 5-12 (o) AT ()
R IR REMARAE 22 T B R 55 B W SR 3 b, FLRTET ML N, SRR R, A KR
FOAT R VE, BE )™ 5, I FSP 7RI 1 U s i, il 5-12 (ad AT (b)
FIRIRRE AL TESEE0 5 IS IR BRSS9, (EAR HE BB S OB, PR 2801
W, REECN T, BRI W 5-12 (o M (D NIRFE AS IBEIR,
TEZIRFE I RE R B — Le it (HBIRI BN T2, ReB 2135 /A i AL
e

S3400N 15.0kV 8.0mm x400 SE 10:18
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&l 5-12 400°C 24 BEF 55 85 9) FSP iU A S IR SEM B (&
(a-b) FE Al; (c-d) RFE AS; (e-f) BEHS
Fig.5-12 SEM images of wear marks on pure copper base material and some FSP samples at
400 C
(a-b) Sample Al; (c-d) Sample AS; (e-f) Base material

5.4 MNITXEIE

PE IR A T A 5 e T AR T S2 AR N 77 R 5 M T AN B A SR AR I o 3K
SOIAVEAR L 00 SRR S ORI L 7 5 BT R R AN, XA 2, 3
BUEBERIEE SRR AR IN Ay, R AEAR . IR RR, & EEH
B2 T AL B HE AN, R T 51 A R AT sl A LI 77 A o FE AR THT B B2 AN (R IR 5%,
JEE SR A T (R 2 B S BOMP R i R B T 7 A, AT R D VRS T, %%
GUH B BN 7SR A SR 1 RIVE ST B RIVE STHAR AN, £ R IR
SO R, FITEGTAWIE IR IER:, MR T BO™ B BRI aiifib R
) 3 ZE AR E 2O 2 BE AT B S 45, 98 (0 A AL BRI RE e 1) B e
B AL AR B A h BRI AR, T AR R T AR B e B B, L7
PRI PRAR AT i A B 45 B 2 R 28 (0 I R, B AR 58 8 I s R o P
PRI A A A BB, R AR S, HARRE S s shid R iR &
VOE A7 NG /1) N b T T R T & 2 2 AN AR i) S8

ME 5-6 HRT LU el SRS A, BEMIEL T E BRI, I FSP
BRE, RIS R R . HA R I B 45 30 A B 0 o5 9
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P AV IRIE, HAES AL E FA D RIVEST AR, YR Z BN
THEBEFIBR. FIL, ER IR TR & FSP gk X 350102 10 B % 2 2 0L 3
RN, BRSO, MAETHRS, MEHRIR IS NERF B o FE 5
Oy CEAL I, (B BEA A EAE S A E R AR 2, DRI )= B K
SR i 3 S T FSP i RE FR NI LaxOs B3R B b RHI B 45 4 ME R AN R 1,
DA R NIRRT I A 4R AR R R IRRE Y, RIKIE 5-10
J% P 5-12 T f B R TR P, TG ) S5 A JREE , TR T LS M H 7 L i FSP
B B RO R, R BB T .

BN BB R A, 20t FSP AT, AR & T REAR B T REAT 0
AR . 452 2 BT HOTE MR 45 5L, FRAI7E BESR A BN o B T I T IX Y
LR . [FIRZE FSP it eh, %X 4RI 22 B T DA LGS i 7, Ok
AN RLRST, AT Bt =y 1 R AL o 3% M e AR5 T3 i AR B 4 2 A
PRI o H R, SRR ch SORLTE 2 R 58 A FR G5 i THSS M kAT T
SENAIRE ARG, AT AL IS 2 AR A R S G 8080, 5l TN L3
BOAE T A T0IE | FLI S By R B B SR, 2 — 5 R R S el A R 2 T P T P 12k

S0 N TACEE, ZIXIRAAEREAS 2 1 W ESE T, AT G 0 7 ARk 2
AT HIBTE A BHE BESE RIE FH R SR T D) Mt RE o[RS, A 250 1 PR
SRR AR ALV IR FEAGE B, ATIRD T APRHR B fadi 2k . IeAk, BEE AR
s S AN TR T, HARPUIE AL )l 5 ) ARG &y, 38 7 A4 Rkah 28 14 AR
T (I HE A7« (B0 T 5 PO AR 2 T AL T A e 5 [ 2 THT LAY S b B 1 2
T T M RLR N Ry R k.

5.5 KB

(1) FSP LK (RPN S, 0 X 4 1 S R e A S i e, X
U DR T S 20 VR 5 5 83, SR 8 55 A T X e i 9 00 S8 4 8 ARG U 189
BT R W R 3 AT o AN ) 40 Sk e TN 0 25 T R G o 1 [ 3l b A 2 R

(2) TEH A FIATBEEER B, FSP 3R 1 BE 2 R AR B 1 AR5
T B A BT FRAC, R FSP M0 T003E 7 MR BEE R th e . I TS50 7 %
X TS LA P s, WO 1R AR I T B R RO B 4

(3) TEfmR A AT EEBREE ARG, FSP 3URE I BE 45 R AU K T iR
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A, X AR T S IR T U 2 e AL AT AL E R . FSP N T X ey il
BRI REMOR T H b 52, [RIR), J@st SEM MUER BRI, VNN AL HE )
BURE R0 & I A 2GS, B E R, X2 i T2 Reit m 2 &4
BHE m il om B AR E M, S LAE =il ORI, TR S .
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£ 6 & -SRIt E R M Re oA

6.1 3|5

FIAT, [ A T4 FSP iR R i 5o vtk RE AT TTAR X b, DRLRAE PP AG
ERXRIPURTRIEREAALNS, Al 25 RKIEAR . 7 IR T f# FSP il
e AU SE A BB TR Ve e, A HLEAT 1 2R 25 s A LA 22 S
&, DO HyUE v e BEAT A A b o RN, SE 4 P B R i
B Bt DR TN LS00 FSP ] 2 Al - S A B URE (R 708 T RE (152
6.2 MIXBWEEF MO

NV AN F L ZS 0T BN XAREE BL RER BT I v R Be, X Hb AT 1 8
Z s . W8 Al A 20 A AT S BER vE T, R R BT R R Rk, 2
JEIRERIE v, SR E R, TR AT R R RIS IO Swt.%NaCl
WL AEPRIEEAR A R RTIR T, 20 AlEEAT 1 120 A1 24h (15 .

6.2.1 MEF N AATEREEZN

IR E R, REEHURE 73, BT i S 2o s
KT AL, DAL, BT AR X 5 R (A S OR M B R S5 T T TR, H
TR IR R RS R IR, 1% 05 07 38 i R0 I ] Ay SRR o AR b P 453 2K PR ol K
iR TR s A B8 I F T TV 0 Swt.% ) NaCl, i BERERT i A4
I =) £ E Y CuO M CuCly, 1% W] FHBRERIERNE 2, Ve W™ )e /i
RARE, FrfeZME, AT AR, KRELRIHE A ST

m—m,

V=——>=" (6-1)
st

v AMIER (mg/m>h) ;

m NREE R E (mg) ;

my A GEEHE IE (mg)
s NI MR I I (m?)

t AL PRI ] Ch) .
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*® 6-1 FhF Rl e R

Table 6-1 Quality changes before and after salt spray corrosion

12h JE g 2 24h [ 2
WEEP S 12h J& E /mg 24h ) H#/mg
v /(mg/m?-h) v /(mg/m?-h)
HEE Al 12.04 3.344 40.01 5.557
RFE A2 20.99 5.831 73.60 10.222
FE A3 54.63 15.175 57.08 7.928
RFE A4 24.75 6.875 37.72 5.239
WFE AS 39.26 10.906 68.60 9.528
A A6 25.91 7.197 71.57 9.940
EE A7 40.57 11.269 92.75 12.882
FE A8 20.83 5.786 36.46 5.064
BFE A9 33.58 9.323 36.77 5.107
BEA 33.23 9.236 53.83 7.476
xf 16.19 4.497 31.27 4.343

WM AR (6-1) ATLAFEHEE 6-1 Bl g ihig R, WK 6-1 AL
At 24h JEMUEZREL 120 MR IR A A B, Horbik ke A3 M A7
FE 12h A1 24h A B sk 4 257 25 6 5 RRAA A0 FL A 4L iUk, HHEI0 AT e 2 R VAR X
LSRN N LR R AR BRI, X Lo R b (i 15HARE B 5 2 3 Eh 55 J Tk (R 5
M 3 BOH AR FEAR R Er s AR NI B0 1 T ORE J T i e N T-BRA, B
BB I AR R AT FSP N REAH ZEAN K, 130 B AR R 5 ol o e 10 R 3
F& FSP I st I AU SR A AR, S HIXURE T 36 55 8 T i 52 i AN K
6.2.2 MIXHZHEHRE R

S3400N 15.0kV 8.0mm x200 SE 02:51

51



S3400N 15.0kV 8.3mm x200 SE 0056 ' '200Um

S3400N 15.0kV 8.1mm x200 SE 07 2 S3400N 15.0 fm x800 SE 07:19

B 6-1 FSP i L [X 2 1 £ 55 16 vsouL T 35
(a-b) BEFS 12h; (c-d) FSP ikFE 12h; (e-f) BEF 24h; (g-h) FSP il 24h
Fig.6-1 Microscopic morphology of salt spray corrosion on the surface of FSP processing area
(a-b) Base material 12h;(c-d) FSP sample 12h;(e-f) Base material 24h'(g—h) FSP sample 24h

B H FSP ARFE s e (iR AL ARERARE, R B B SR 12h
A 24h WAL R AR T, A2 EEWE 6-1 B, B 62 () 562 (o) R
TR R F R RO S . B P RT LA ER B, 25 12h B R 5
R FZLURE oy, By a4 HeA A il =i, i X
o /b R AR R H D B R RS, THITE 24h (ERSS R UG, SR UE ST AE
FH R0 ) A THT L o S P K S R, SR T ST AR SRR . A R
WLEE, I L IX R TA I 1 &b =Wy O TS, L B2 5 % B3 B AR T .
6-2 (c) M1 6-2 (g) Jy FSP il FE R L 55 B O E S, gD,
fE 12h BRI A /D@ A EFMAY), &S 12h BRI =W e, 4
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JES kB (]G5 3] 24h B, SR Ul= 40 B in, (HE SRR ORFFAAR, K1 H

SR EA . X EEBERAT FSP IAFER) SEM BIR, FT LA ke AL i 1l

FENTBEMI 2518

6.2.3 EIMF YIRS 34
FEARAE R XF FSP fin L IX 4

R

& R T ) DX AT e ER A AN ] 6-2 AIA 6-3

B, 15211 EDX EE WK 6-4, HEAREUE W& 6-2.
9, Cu

6-2 FSP N L. IX 1 12h 5% & i () # H oc & o0 Ah

Fig 6-2 Distribution of cross-sectional elements on the surface of FSP processing area after

12 hours of salt spray corrosion

P 6-3 FSP il T [X K1 24h 555 8 b 1 Ak T oG K 4 A
Fig 6-3 Distribution of cross-sectional elements on the surface of FSP processing area subjected to
24-hour salt spray corrosion

Cu

(a) (b)
K 6-4 £h5 1 EDX &
(a)12h; (b)24h
Fig 6-4 Salt spray corrosion EDX spectrum
(a) 12h; (b) 24h
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% 6-2 %A% T FSP L X Z M #5 55 J8 M AR JC &R 0 Al (wt.%)
Table 6-2 Distribution of cross-sectional elements of salt spray corrosion on the surface of FSP

processing area at low magnification (wt.%)

TR 12h BEFE X K 24h BEFLX K
0 21.75 29.33
Cl - 8.01
Cu 78.25 62.66

M 6-2 FF 23 6-2 1[40, FSPiRFE 12h #h B UE i FER A C R S &
BRAK, HBHIM THCR, FuRlD. ek KES S TIEM= N4, 5
Tl R O R SR AR AP FSP RAE 24h #h 55 8 1hUS 1R AR R T
JE R A, (TR S B RC, FUTREEV RN, R, %
MEUCER M G HORIESE &, A 6-3 HrTLAE H, ST RS R MR E X &
FE—3, VLT REAEAE A 5 S T RE— 0 RNV LS
6.2.4 B IHHLIE S

AR 7L R 55 T IR LR — AN BRI AL R, o R 2 A PR
B2, BRI LR LA R RR, S —PrBU LA R T A A S (D
IR EER, R e 5 /&S AU T8 XEEE TRKS TBER
A BT, TFa6 -5 80 S 1 R A S ST R, I AN S R R A S R R — 4
R PR LB TSR T (Cusl Cu?) , MEE FHREXRsmE 7, LB
N

Cu—>Cu” +e” (6-2)

Cu — Cu™ +2e” (6-3)

R Z Ja 2 AN E SR A A TR T, R B BT AR 7RI LA
BB A, TR AR IS (CuO B Cu0) o AL, SALHR L n] R 57K IR
FERREEAA (Cu(OH)) o XL N T B R 1 H DLk sl B 2r 45 )R
BRI i R o, SR AT AN S A K 2 P REA S8 e R AT, FeVFSE 2 1Y
FE TR IS TBIE I IREE 54 [N o T SR IR S N5 BUE 22 J85 1™ I RO B
AT RE 7 BURARL R E— 2B BUR

ZiE I 6-1 AR 6-1 A, AMPOBMEGIER) FSP N LS HC AT N 1, L £
R RE A P iR T, PERESRTT I B IR S E 4G T A R GAtL, ROl Es 4Rtk
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R aRL RS B98N o BN B RLIE N T SR AR TR, XL g ST DL A bR
e, A ol R R S SR AN B TI5E . i SISt R vk S k1
I AN GAEREE XA, AT FRAR 1 PR 5 335 Fig ok XU

6.3 M LXiEBALFE D4

E LA TSR T AR A 5 A 2 TR 5% R kS TR AL i
2, XF PSP 1aURE 2 T PR 65 e 1 R AdE — 20 BT 78384,

ARSI BT FH B FLARRCA 3.5% NaClIE R, S At i Nig iy, 4k i
TG 5HEHTHEE T (CH FKST (H0) Hifih. S T2 5 it #2941 5%
BT, RO L E S E I S SO o 7 BB R AR ) S R4 iR - Ok 2
BT, BRHE T (Cu*) o 3K/t A R I k) 2 R R R (7, AL
PR 6-4 Froms ERIM ERAE B 5 RN, R I A SRIK 43 a3
T AT R . XA RN B A R B R, R 6-5 FIa 6-6
. TRIAES T (Cu* ™) T LLSIEP I B T45 6, TR . X ek
BrWA R SR IR E T (OH) RN, JERESEME, X&—FE LK
RV v/

Cu— Cu* +2e (6-4)
0, +2H,0+4¢” — 40H" (6-5)
2H,0+2¢" —2H, +20H (6-6)

6.3.1 tRILERLL T4
i 6-7 Fros AANE FSP L 24 Cu-LaxOs 0FE X BEM iR A t 26, sdsd
HAL AU E 15 AR AL i e B ek 6-3 P

0.4

0.2

0.0

0.2

Potential/V
Potential/V

0.4

0.6 |

0.8 0.8
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0.2 F
0.0 |

Potential/V
Potential/V

el

-6 ~4 -3 7 6 5 4

logi/A -cm? logi/A-em?

(c) (d
Kl 6-7 ANTFIIN T 240 FSP AR & B IR AL it &
(a)w = 300rpm; (b)w = 400rpm; (c)w = 500rpm; (c)EiA4
Fig 6-7 Polarization curves of FSP samples and base metal with different processing parameters
(a) w = 300rpm; (b) w = 400rpm; (c) w = 500rpm; (d) Base material

® 6-3 AL HZAU & 45 2R
Table 6-3 Polarization Curve Fitting Results

AT EgRA (B V) RS (A pA-cmT2)
WEE AL -0.159 11.11
R A2 -0.146 14.11
e A3 -0.155 19.53
B A4 -0.171 12.90
WEE AS -0.154 11.15
R A6 -0.146 13.27
e A7 -0.152 11.69
R A8 -0.147 12.54
e A9 -0.192 13.42
(S7%) -0.099 111.6
Xof HEt -0.149 19.38

M 6-3 FIFE 6-7 H AT LAF Y, A FSP I TSR R B B i B hr A
—EER, HAER/ANIN-0.146V, BK1A-0.192V, & TR 1#-0.099V, UiH]
INZLJ5 (R CRE B8 G iR B v s A, SEA 2 R A B ol AL i P S ok P S A 0 R
% e R kg, SR AT 2 — N RIS R W LN RDRESZ S il R 3l 2 R
AR R T I T NP A AL 2, T RO, B R AR R kT
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LR R ZE R, AORHBRAE A A2 J T I85-861, I Fig et L VR B BE A2 Bl ) S,
SEMTRHE R T AL T IR s, B R i i), AR o, VPO &R
TR ok b AL B B T 870 T DA P T ot m VAR B R SR VE A o R, SR 6-3 R
B v] LA tH 2 FSP J5 B URE (05 o e I 25 2 2 BN T REMF I, i ] I 48X
TR FR) B T P2 08 T R, ARG, TR IR 2R B0 LA A 5 A S 6 P 1
FH AT 0 AR A s BRI R AR LG, 1 T A7 5 8 b rRL U 3 P S R O AR
Yo AR R BIN A A RE B AL 2 PR RESE IR S : FSP i A T2CRE F i 42 AR
R A 32 B2 RO 23404k, 72 FSP U AR, I Crp O X ik R A2 B A &5
i, RS RIALL, AHACIOUL S5 A TR Ao RO 0N, AT o & 5 A
f S E B S o B B bR, T DABRAS R A BT (NS0 1) BB &R
B, DL PR 1) JE b 1 (1) B 3 1881 o []RE  Ad %) bz 5 A sk 1 B T R R
NG EI N Sy, TR 1R i R RGO BTG e RO P REME, R4
AL IO S5 AL A1 Dl AR SE DN 53, /b 1 )R R v P E A, T T
BARE AR AR B FESHTZSH0, BB AL AR AS IO JE ik pe
BT HANSHCE LY, R RS, KRR NESER N TSE8 T TN TAH
ROWARTHHIRP R T B, 32T 1 BRI B AL 272 JE i E
6.3.2 fn X5 e L3 E Thi 57
TRIE b — /s, B A AR TE R URE, (R B S L 3k
MHAASE, 528 EIER WA 6-8 Fr.
(a)

F g
S3400N 15.0kV 6.0mm x200 SE 00:20
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K 6-8 9 FELEE T 24 BERA 5598 73 FSP iU 2 1T FELAL 272 JE A 351
(a-b) RFE AL: (c-d) iRFE A3; (fre) ZUMRAREH
Fig.6-8 Electrochemical corrosion appearance of pure copper base material and some FSP samples
under SEM
(a-b) Sample Al; (c-d) Sample A3; (f-e) Pure copper base material

MR DLE Y, AR R 2 8] 7 AR E R E e, BIE g
S5 Horp, B RRERR IO OR -3, (HAE R AR DX I T 422 F JE o
MR o X IR O R AN, B A S R R AR BN E, A RE
P AR A3 TR BAR TR, R AT B SRR, TR
e, ROTHBEEERE N R AL BEMZ T A3, TR £ A0 BERE R
BUNTREAHARE, BRIk Ah, IEREWE RN p R vbt, TR TR B
6.4 KRE/NGE

A ZE A T B L% Cu-LaxOs [ FSP (Friction Stir Processing) i FE#E(T %
e ot S v A TR bk, DA A R Pk 1k o 35 A P 3 4 i B L SR T ok
S, HE TN TS E06 Cu-LaxOs f] FSP iR FE (i i 1 iR 50

(1) #EAT 7 12 /N A0 24 /pi ERZ TR S, RIS R B, g
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