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Abstract: Continuous SiC fibers reinforced SiC ceramic matrix composites have wide applications in the
aerospace and nuclear fields owing to their excellent high-temperature resistance, good oxidation resistance
and mechanical properties. The precursor-derived method has been the most important method for
preparing continuous SiC fibers. The introduction of specific hetero elements could effectively improve
properties of SiC fibers. Based on the research work on precursor-derived SiC fibers of high performance
carried out by our group in the past forty years, this review firstly summarizes the addition methods of
hetero elements, mainly including physical blending or chemical modification methods; The role and
mechanism of hetero elements have been elucidated from several aspects: increasing the ceramic yield of
the precursor, facilitating densification during sintering of the precursor-derived SiC fibers, improving high-
temperature resistance of the final SiC fibers, and generating functions of SiC fibers; The composition,
microstructure, properties, and developmental status of SiC fibers containing hetero elements, such as Ti,
Al, Zr, Fe, B, as well as refractory metals (Hf, Ta, Nb), have been introduced. Furthermore, future
research in the development of precursor systems, quantitative study of the relationship between the types
and contents of hetero elements and properties of derived fibers, as well as engineering applications of the
precursor-derived SiC fibers, has been prospected.

Key words: precursor-derived method ; SiC fiber;hetero element; mechanism



2 R TR

2024 4F 3 J

Je IR AR e A vk 0 LU LR A R e R A I
AT Bl AT AR R R JS 7E — S 1SR R T A
fife T AL Ak b S AR A B bR e A kL ek
PRI A F2 AR B AL 7 S IR AR A ] 2% Pl A e
() I A 5 R R A DL 5 F 2l Ak 1 R s T i A5 2l
A5 1Y) B S MR 5 3 kA B A S R T 3R A e K
TR 75 22 00 52 AR B B 5 B T ol A 2T A I S IR 4
Ve e b kE . 19754, Yajima 28" LBk i b (polycar-
bosilane, PCS) &y J¢ 8K A B 2y il £ 3 SiC £F 4, fifi 15 T
AR 7= SIC £F 4E i vl g . B S, SIC 4 4E X H 5 &
A DL 3 e Ak T ok RN B R AR — R A
P 5 B PR RE R R AL 2SR DL B A% 4B OC S b
G N (5 P i <l 5 07 | A N T G e Y OF 4 o 5
WA T o R R A R

AR SIC AR T YL 5 7T 34 2600 “CLA L {H 32 L
PCS Jy S 3K A i) £ 14 55 — AR SiC 25 2 52 B FH R 2
A1200 ChAr, FEEZ AL T SIC 2 4 A 2 h 2 3-SiC
AFZEL B, 7 A2 LA A v 1 2 T 4 1 (10 00 (T = 434K,
TR LA ) Rk & B (C/SiRF o 1. 3) Y, it
SOk T2, R FH H - SR R S IR B AR 4R 7 et DA B it
& R B 2 Z2 4% ik , 3845 DA H 78 Hi-Nicalon S Y45

AR T AL 24 T B 58 = AR SiC 21 4k, {H Al )y 5K
AR, T L2 B R B K 1500 CHE 47348 T
B G0 T T R 4 b B-SiC R KRR A Sk (Y 47 4
2EPERE N R PR T vk i R T U R IR AR AR A 4
BRI, 40 ZAE LR, & B F Y 7E BGHE Y ajima ik
M SE kb, JF 4R DL 3 mR fh 24 48 2= 1 O 20F 5 T
F 51 A PCS e 3Rk 44 v LA AR A5 14 B 38 0 fL 5 19 SiC £F
Yk, SEURIARE AL 5 & TR 19 SIC A 4T R R
M A e M SIC W B AT RHIF 9 19 32 %2 05 [ 22— AR SO
T 5 TR A S SRR A i A SIC 2R 2l A b 4
HEAT T R4 R A28 T B N A& 5 BT 3 SiC £F4E 11
RIEIAR I %] SIC £F 4 AR I A& S T i 47 1 TR B .

1 RRITEHSIATH

HE 48 5 02 00 2 51 A 8 SiC 4F 4k Je gk ik i 75 =X, vl
oy W) BEAR AN 2 R o o B A S ROOT R Y SE K
TR PEAT S b 97 22 AN W A Ak B e iR 08 18 (B 455 T340
B T LA, i £ Hh A S BT R B9 SIC R4,
TR 7R o EAR I R A0 e, o m] DA o < B K 5+
JiIe R 51 A SIC £ 4k

1 SEIRREL A kil & SIC 2T 4 iy T 2 i e

Fig. 1 Process of fabricating precursor-derived SiC fiber
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Table 1 Composition and properties of several typical continuous SiC fibers containing hetero-element"'*-?741:4%]
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Tyranno SA3 68 32 — — — — 0.6 — ~200 2.9 375 7.5
KD-SA 67.8 30.5 0.35 — — — <1 — ~200 2.5 =350 10
Sylramic 67 29 0.8 0.4 2.1 — — 2.3 2100 3.2 400 10
Sylramic-iBN 65.09 28. 80 0.41 1.47 2.14 — — 2.06 ~100 3.5 400 10
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Fig.6 TEM (a) and HRTEM (b) images of KD-SA fibers"*"
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Abstract: The grain-oriented silicon steel is an important iron core material, and normalization is an
indispensable industrial production process for the production of high magnetic induction grain-oriented
silicon steel at present. It can adjust the structure, texture and inhibitor precipitation of hot-rolled band to
improve the magnetic properties of silicon steel. The inheritance from hot rolled microstructures to
normalized ones of grain-oriented silicon steel and the evolution law of inhibitor during the process of
normalizing were summarized , and the influence of normalizing on the microstructure and texture of primary
recrystallization and secondary recrystallization was mainly discussed. It is pointed out that the fine
v -oriented grain colonies formed during normalizing favour the final secondary recrystallization whilst the
coarse and deformed «-/A-oriented grains disfavour it. Finally, a three-stage normalization process and its
parameters for optimizing magnetic properties of low-temperature heating nitriding type high magnetic
induction grain-oriented silicon steel were recommended. The key research direction of normalizing in the
future i1s to further simplify process on the basis of ensuring the same texture and inhibitor content, and
rational application of normalizing process in the grain-oriented silicon steel produced by thin slab casting
and rolling and strip casting.

Key words: grain-oriented silicon steel;normalizing ;microstructure and texture ; inhibitor
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Fig. 1 Microstructures of hot-rolled band (a)-(¢) and normalized band (d)-(f) in high magnetic induction grain-oriented silicon steel

(a)optical microstructures of hot-rolled band ; (b) SEM images on layer of carbide; (¢)fine dynamically recrystallized ferrite;

(d)optical microstructures of normalized band ; (e)pearlite ; (f) martensite
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Sakai Z:PVHFSE T AIN 7E Hi-B 4 o 9 B i 47 0, W0BE
Hi-B A s AIN 20 =25 :10~20 nm B9 A ZE£HIR AIN
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C IR AIN, Horb B & AIN 8\ b 2 5B 45 A 20m
il WU R R B R . 2 1B T =28 AIN
() RST KR Zs AT H R BE AT ) . BRAL AR
AN C 26 AIN, 75 # AL IR A ORI o /A 250
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Table 1 Precipitation behavior of three types AIN in high magnetic induction grain-oriented silicon stee

1[31—32]

Type of precipitation Size and shape

Precipitation temperature

Precipitation time

A type 10-20 nm, needle-like 500-700 C
B type 20-50 nm, plate-like Above 690 ‘C
C type 100-300 nm, larger agglomerate Above 690 C

plate-like

During hot rolling and

decarbonization annealing

During the y = « phase transformation which occurs
continuously on cooling after normalizing

During normalizing and

decarbonization annealing

5% JE ik BV AE 0. 076C % -3. 18%Si-0. 026 %5 Al-
0. 0065 %N-0. 085 % Mn-0. 028 % S & il JE M 1] i 4 85
A 3k B v AS ] B BORE P A UK 3Rk B, SR TEM 3
Y EE 5 T N TR AL A AL B AR AR R A . A
LA B AL A AT X /N AIN, SigN, B /b 4l
INEALER , F AL TR & 950~1000 CHE 4 /N R ALY A
RERK KGR, RS THR E 1120 CHE & Fh A& ALY T 1R

Vs, A — BRI S LR A E e E
A E A T B IR IR B (920~960 °C) I AIN £EBE &
y o AR BT H XA 2 B O ASBE AT BT A AIN,
B J5 Ve B R B O Y . H Ak K KR
B T 4/ REUN AIN TR Z2 8 KB R = MATE R
5 R 20~50 nm, {H [ B2 A7 20 SINL 5 AN R
SPAE 10 nm A4 . SENLE SR FARE , &R k)
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Fig. 2 Schematic diagram of microstructure evolution after normalizing
(a)evolution of fine y-grain colony; (b)evolution of large A-grain; (¢)evolution of large a-grain;

(1)normalized band ; (2)cold-rolled band; (3)-(5)during primary recrystallization; (6), (7)during secondary recrystallization
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Abstract: The MCrAlY (M=Ni, Co or NiCo) has become a widely used bond-coat material of thermal
barrier coatings (TBCs) due to its advantages of high-temperature oxidation resistance and high thermal
expansion coefficient, with the continuous increase in turbine inlet temperature of aero engines and gas
turbines. However, the stress distribution at the interface between the bond and top coating in thermal
barrier coatings becomes more complicated under a high-temperature service environment. The failure of
the bond-coat leads to the spalling of the top coating, which limits the development of the thermal
protection coating field. The development process of the bond-coat was briefly described. The failure
behavior of the bond-coat interface due to high-temperature phase transition, increased thermal and growth
stresses, and S-element diffusion was focused on, and the failure mechanism of the bond-coat interface
was analyzed. The research on improving the bond-coat interface failure at home and abroad was

summarized. The synergistic strengthening of MCrAlY by rare earth and nanoparticles is proposed, which
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provides a research direction for the future optimization design of thermal bond-coat systems.

Key words: metal bond-coat; MCrAlY ; failure mechanism ; modified research
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Fig.1 Classic double-coating structures of TBCs
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Fig. 3 Schematic diagram of nucleation and growth process from 0-Al,O, phase to a-Al,O, phase
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Fig.4 Schematic illustrations of migration of sulphur in TBCs during oxidation
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T E R HHOG B X416 KE (selective laser melting, SLM) # A il 4 TCGH(TC4+GH4169) & A # %+, #4558 TCGH £k
B2 A MBI EAERIE T2 280, 0T DTS R AL S URE 1 U U5 1A Eie . 4R B TCGHER G 4
EAMRI AL T 22 B0 33 5 900 mm/s GEOCH R 150 W, B k) 99. 5% LI b . GH4169 8 K (% ke 28 1
TCAER A G bRHE) [F ZSAHAS AT A, TORRZS 2 2 528 300 W b g VIR 58 TR A, 001 40 5 A7 450 2 2 R 8 22 40 il M AR O AR A A5 A5
WIS, 3T B 5 1) S i LR RIR B s RO W] S8 98y, &2 & bRk R o B 32 T o ST IRE A 1L, 950 "CRAAL F1LR | il M
R 2 I AR Ry AT A A 21 21 [ A I AR A B B T L A A Y [ I SO A B R A T SR A o S b (A5
A2 MR TR 5 R M 3 A B4R T

SRR OB E X AE L TCAE AR GHAL69; #uab B

doi: 10. 11868/j. issn. 1001-4381. 2023. 000378

MESES: TGI46.2'3 XEARIREG: A XEHE: 1001-4381(2024)03-0033-11

Abstract: TCGH (TC4-+GH4169 ) composite material was prepared by selective laser melting (SLM).
The optimum forming process parameters of TCGH composite material were investigated, and the
microstructure and mechanical properties of as-deposited samples and heat-treated samples were studied.
The results show that the optimum process parameters for fabrication of TCGH composite material are
scanning speed of 900 mm/s with laser power of 150 W, and density higher than 99.5%. The addition of
GH4169 powder changes the solid phase transformation behavior of TC4 titanium alloy material, and the
as-deposited structure shows obvious high temperature solidification characteristics, which makes the
forming characteristics of progressive scanning overlap and layer-by-layer scanning accumulation obvious.
The original coarse columnar § grain size along the printing direction is significantly reduced, and the tensile
strength of the composite is improved. Compared with the as-deposited sample, the microstructure of the
heat-treated sample is transformed into a near-equiaxed structure. At the same time, with the increase of

heat treatment temperature, the dissolution of the second phase leads to the dominant solid solution
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strengthening effect of the composite material, which improves the tensile strength and plasticity of the

composite material.

Key words: selective laser melting; TC4 composite material; GH4169;heat treatment

TCAEKA 4 i T HA L5 1Y T 27 PERE T Ji h vk
A= W R 25 1 55 00 L TR L 28 0 R AL A N B T 45 4
WA E TR AT W . B R A A ]
B 4 R, G G 2 v P 8 2 A 40Tl 0 L R B R i I P 4
PR T SR R A S AR R i
il 5 2 A M ROR TG & M RE R I T

I H SR Y 0 s Ak AH AT DL AR AR R B R A A
A MO, SR AR (1) 98 1 2 5 oM R AE AL T
Ao IS A AR ) R, S BT b HE LA
T i A A AR NG R () 2 A R A L X TG BE
BRI T 28 2 A b R N AT B . O 3 X 1k Bl
JE (selective laser melting , SLM ) £ A J& — Fh DL #OE Ry
AE I R, e B MR L 6 R Ry R, T LA S B A A 5 A
T bR 50 A 1 — A 3T v R 84 b R i T2
AR R P S I Al RN B Y R AR S R I 45 A R
I3 LR G & B A MR BUE B OW 4 2R AR 4L T
B ARGEART . Sui S YHFSE T NI IG R WS Xt 1 b
il 15 Bk & Atk Re fY RE A, & 3 NIt & BE 20 Ak kL i
S RERAR « tH A K BAIX . Zhang %538 i 1 44
il ST TCA-+ 3161 G 4 Ok DX A e 22 97 i
TR T B+ o’ WAL, S BE T AR T 35 S 9 PE B AR 3L
N7, AR5 TR A 4 i B . Xiong 55058 i 3 A
ER ARG S TNIITTRETENO. 40 (BT, T
) B8k A 4, e fn 7 TLNIA B9 A4 i, 2B T8k A 4
4 i A 20 Ak RN JC 3R B0 A AR . A A DG F
9 F B AR AR PR IT I 53O0 3R B SR AR TS 0 X 3 44 I
EHRESEAMEBAASERMEmN, HELTESE
TSI AT B F2 L R 2 2 AR SR ) S R R AR
[T e TR 5

GHA169 = i & 4 Fl TC4 8k A 4 )& SLM 4 A o

(R N U N R 1 A s | A A 4 S s L
TCA BUE 25 4120 47 78 5 R B AR d A, 1T GH4169
MATEARLZHA S RRETEW NI, Cr,Fedf, X
YO OT AR A b g SRR AL ) . AR TR i SLM
BTl 4 T W I — 2 & i GHA169 & 4 /) TC4A 4k &
SEAGMEL RERE T EAMENERAERIE TS
B, W58 T OB BURE A A 3R 1) 10 A 4 5 )
SPERE R TR ING &R TC4sk A aday
PERE R RE 0, R BT R BR A & A MR TR IS T
1) S i o

1 ZBHBEFE

S R AR A H 95: 5 19 TC4 8k & 4 fl GH4169
G4 RA KA, SLM #4153 TCGH(TC4+
GH4169) & & M RHAFE . PIFPI K K & TCGH # K 1y
P2 Ay e 1

®1 LBEABRULERST (RESE/%)
Table 1 Chemical compositions of experimental powder

(mass fraction/ %)

Powder Ti Al \Y Ni Fe Cr Nb Mo Si

TC4 Bal 6 4 0.3 0.3
GH4169 0.97 51.8 Bal 18.76 5.27 3.02 0.15
TCGH Bal 5.44 3.70 6.96 2.56 2.57 0.69 0.42 0.03

TCGH A3 A GO BN P 1Ca) B, SR R BE K
o3 B ARSI TCGH M A KL E , 25 R A& 1(b) fir 7w
H D1y, Dy 1 Do 43 51 4 24. 94,41, 64 pm F159. 30 pm.,
R JH S210 7 SLM BUE 8 % il % TCGH & & 4 kit
R LA T 2 80 3% 2 BT 7R, OB s O 5 )2 e

K1 TCGH M ARBOIES () KoKiiE o1 (b)
Fig. 1 Microscopic appearance(a) and particle size distribution(b) of TCGH powder
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Table 2 Processing parameters of SLM

Parameter number  Laser power/W  Scan speed/(mm-s™")

Layer thickness/mm

Hatch spacing/mm  Volume energy density/(J-mm~?)

P1 70 1200 0.03
P2 100 900 0.03
P3 95 540 0.03

0.09 21.60
0.09 41.15
0.09 65.16

67°, F)ZZ TR 0. 03 mm, FEOEHFHEEIFE 0. 09 mm, &,
2 E0N 600 2, B J5 iR 722 W 51 an 1 2 BT 7 o

K2 SLM g i #e
Fig. 2 Photo of samples fabricated by SLM

fifi RS 2 48 Uk BB X SLM SR TCGH &2 &
OBHEAT PR AL 3, FRAb B BE 4307 2R 800 (C X 2 h/AC,
900 °C X2 h/AC, 950 C X2 h/AC., ik HE ML BT EE i
Y6 JE I Kroll i 7 (1 mL HF+3 mL HNO,+50 mL

HO) i il . % I Axiovert 200MAT %I 5 2% 4 # i 1
B2 (OM) WG HE i Bl B 43 A FIZH ZUE 50 . >k ] Hita-
chisu-70 %37 & 5 594 i 10 38 (SEMD) WL %% 3 5 21
LA S ATESL, M A BELE 1 EDS Xk K F1 4l 21
FFIEZE . R D8 Discover ! X S i 5HY (XRD)
K AH B 20 A, A6 K R 0. 017, #844 S Cu it . fdi ] In-
stron 5982 74 J5 GBI 55 ML HE AT 3 MR P A S5, i 72
TG B EZ 0. 5 mm/min, B 2 KR

2 HBRE5HMH

2.1 MRS

TCGH & & M EH A 1 o0 K 4 A an &l 3 s, vl
LA K B A eI IR A 5 i &
TR, B 3 s 4 N, Crot 8 A B GH4169 #;
A HARM A TCABK A &M AR WL 95: 51 TCA8k &
&M GHA169 & &M A ML .

B3 TCGHHEA M AR AR SEMIE S K EDS JC 3 43 1ii A
Fig. 3 SEM morphology and EDS element distribution mappings of TCGH powder

2.2 SLMRBFEE&GHMPBERESD
2.2.1  BAMELN R ERE 5 A

BT AR M AT R 28 52 & M RHBR G 5 1L,
U 4 A B R (& 4(a) )il 1 Image] H threshold &b P %

b o i B 3 St ERCCEL A () ), BB 3 5 1R G i
ImageJ ' analyze particles # /E A] DL & ~F- 1 Hr 19 &
5B L, MR 4 Cavalieri 24 2 B 215 21 1A of 6 [4
Sttﬁmo
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B4 JeRG 3 () Zb3aT; (b) b3S
Fig.4 Optical image processing (a)before; (b)after

50 SLM JE TCGH & & # BHE R B fE T2 5 .
K 2 g5 P12 B R RE 2% OB B A
ARk P S 1 e B A P 5 Ca) T GBI B T 5 Sk S 0 B
AR B TR/ R SRR S
AN IS 0] 5 A7 (AR PN AT R ) B A, PR e
KARE S 204, 78 R IE & X2 ] BB
K2 2 i g 5 o P3S40 BE i % B ORI AR

R B A A0 2R B ML BROE (181 5(c) ), 8RB0t
Ty A AR 9 41 408 3 5 0] (b R B A8 T 0 AL, b
P IR o i B S 0 R A PR o [
i R AL Y 2O A ik i, R A BUE A RS
TR R RALEEE . RS P2 i S EURE
A 4 PN I B (9 550 4 P15 (b) JIF 7 ke B i A RS
AR

K5 AFEZHCF SLMJE TCGH &4 b kBB T 50 X b i 5 1L
(a)P1;(b)P2;(c)P3

Fig.5 Defect morphologies and proportions of as-SLMed TCGH composite materials with different parameters

(a)P1;(b)P2;(c)P3

XF &S % S BUROY & A OB BB & L AT
it B 5Ca) BEFE A bk 5.6 %0, ELAS LI AR B3k
RAFE R, FEEFLE 100 um BL F o B 5(e) BEFE b kb
Wik 3 1% DL b 3ROE 8 a0 RSF BN, EZ AL P A
60 pm LA T, B 5(b) # B i HeAL R 0. 5%, {BAT5 SR W LA
FERE I 2 T UL 2 21 BRI 0% B B AE AR DN BERE o L
A DL R BE AR O B, e B R A
FU AR 2 B HE S 0/ I B Y R
2.2.2 WOCIHFEXT TCGH & A F L BB Y 52 i

WO T 252 ) WY 52 G bR S BB 1 5
2, R EOETR X SLM JE TCGH & AR RHEL G Y
ML, TG00 P2 I S BOEAE b, [EE E s RN
900 mm/s, PG HAE 70~160 W I Bl N 28 1k , % 3 8
A it — 2 TCGHE & MR SLM BUE 41

6 R AN [l SO T R R R B b AL A P 3 ik
. AN RT  Be % E BN XN
T 34 A AE HB 43 AS B0 IR AR Bk B, L 0 e 3 A 2 T 3% 462
AR AFE(F6(a), (b)), ZHEZREE
BEHG 5 B2 TR A 3G, R YRS R0 e i A R
v /b B2 1m0 ML RSP Tk (B 6(c), (d)) s 0
RN E 105~150 W, 38 B P30 Bl g #5220, H &
MY AN G5 2 (6 (e) , (1)), {H 2D B B )5 9K
PLSE A TH B s SOE T A 2 155 W DL LA, BB & %
b T R RS A AR R T 2 AR 2 A BR
T Bl BE |, Bl e K i o 52 B 0 A R A, BB o RS R
(FE16(g), (h))o AR S50 i b 50t RH i 28 fb 1
0 AR e BB T4 S0 H #2900 mm/s
WOLT A 150 W, R TS 8808 &4 MR, N Bk G
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(2) BERT

500,

(d)

B 6 AFEIOLII AT BURE B K 2 A
(a)70 W3(b)85 W; ()90 W3 (d)100 W;(e)105 W3 (1) 150 W;(g)155 W;(h)160 W
Fig. 6 Defect distribution of samples with different laser powers
()70 W3 (b)85 W;(c)90 W;(d)100 W3 (e)105 W;(1)150 W;(g)155 W3 (h)160 W

RoF B B/ B80S k5199, 5% Ll . TCGHE
A MBI B B RO T S AR A R A IS T 3 3 15 ) R
AN FIL U] TR bR B 5 2 7 Ay BROE G5k B, BRI o G SR U 1
Je B2 5250 R e FEBUE S 84kl % TCGHEZ A 8}
2.3 TCGHE&GMRMMALRRR
2.3.1 PIHATCGHE &M EHLUES

RN GH4A169 ¥y K B TC4A 8k A 4 #% m f i3t
HANE 7 (a-1) s, 2l 405 B0 S5 R B AfokE , LR

T2 100 pm, kL PN 23 A5 DR [ JE B AY BR
Ih [C A s Ao 2 G 2L an 181 7(b-1) fir s, AT LR
I\ 1) 2 LR OE 7 1) BRI B KL, 7E SLM B
i R e A Y R I BB TR Y, B e
PR 5 35 RO T 18] 2R 5 1) [, DT SR AR B Ay
KL, TE Bl KL PN R A -5 SO T 1) B 457 1 AR EHAR
T [k i il — AN R o 5 Bl R R A AE B
ﬁm[ﬂ-zﬂo

B 7 TCAHRA 4 (1) S TCGHE A bRH(2) 4 5 i 4141
Ca) B AT () A
Fig. 7 Metallographic microstructure of TC4 titanium alloy(1) and TCGH composite materials(2)

(a)cross-section; (b)longitudinal section
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K 7(a-2), (b-2) 55 P& TCGH & & #1 ok
B S AW B M4l mMARESEMEKES
FHMIE TCGH & & M B RO 5 5’ 7(a-1) ,
(b-1)H TC4A 5K & MO TE S SR AN R, g AR i 5
AR T R A 2R o VIR TCGH & & 4 RH B K 1m
TRl DL B SE B O3 A5 I AR T AR R ORI AT
T 1 04 J b % 35 e b 96 B R SH A 40~100 pm Z (1],
PO 2 R 5% — 8 AR IS T8 LA [R) 7 1) 26 it A
AR X 5 SLM i R b SR 0 4 4 5w A OC (B 2
JEHE 67°) o W 7(b-2) BT 7w, i RE A AT 22 2R SR
I S0, o 2908 40~100 pm, 28 H 2 2 H
5 e RO TE 0, [ B, 0 b 2 2% mT L SR AR K R A
K abkr, B bR 2o 1 pm K40 mT BE B 94 1
M (E 7(b-2) i &) .

FHXT T TCAEK G 4, i I GH4169 & &M K5,
GH4169 h ZFh pRa & oL R i1 TCGH & & M ¥l g 4

It 708 R JRE AN ) o s ik B ] R OE A A5 ] ), AT U ¢
B AT B 4 R R 2 e RSO RR AR T
b A U R R R O T v A R A AR R Y A ) A
RN o TN O R T S o ol T o G T 1
ST | B = R NI R T D= DR | EU N ol S S U 1)
DI SN R A S R R A T G e S (R
EFFARS T A AR %o RS
b JES B 6K VL DX ¥ 1 I 9 AS 35 50 43 A TR T Bt A
T B TCGH & 4 b R R G\ AT b 5 18 55 0 3 M
Af oL
2.3.2 PULHIE TCCHE G RIHLUES

X SLM il 8 19 52 5 bR RS SE 47 $A AL 1R S T
T R A 4 b i sl O A 5% 2% 1 g R0 Al SV i 20 45 B
23K 2 4 B SLM 45 R 5 8009 4 m Sk B
Kl 8 A WUE TCGH & & b ki Ab 215 19 1 il 41 84U
S Fh B8 AT, FAAD B R B R TR AR 4 b T A

8 AN AR HR TCGH &4 b RHE U (1) 5 AT (2) 1) B M2
(2)800 C;(b)900 C;(c)950 C

Fig.8 Metallographic microstructure of cross-section(1) and longitudinal section(2) of TCGH composite

materials after heat treatment at different temperatures  (a)800 °C; (b)900 “C;(¢)950 “C
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Fig. 9 Transverse EBSD grain orientation maps of TCGH composite materials formed by SLLM after heat treatment
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Fig. 10 SEM images of cross-section(1) and longitudinal section(2) of TCGH composite materials after heat treatment at different temperatures

(a)800 C;(b)900 C
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Fig. 11 SEM images and EDS elemental analysis of TCGH composite materials after heat treatment at 900 °C
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Fig. 12 Mechanical properties of TC4 titanium alloy and TCGH composite materials after heat treatment(a) and stress-strain curves of

TCGH composite materials after heat treatment at different temperatures(b)
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Fig. 13 Tensile fracture morphologies of as-SLLMed and heat treated TCGH composite materials
(a)as-SLMed; (b)800 C;(¢)900 °C;(d)950 C
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Abstract: The vacuum impregnation resin method was used to prepare composite bipolar plates in fuel cell
in this study. The effects of the content of epoxy resin diluent added, temperature and pore structure of
graphite on the impregnation content during the vacuum impregnation process were studied. The electrical
conductivity, flexural strength and airtightness of the prepared fuel cell bipolar plates were investigated.
The results show that increasing the content of diluent and temperature can reduce viscosity and increase
the upper limit of resin impregnation, enabling the resin to impregnate and fill into smaller pores, while
there are still some pores that cannot be filled and saturated, such as the pores below 0. 1 pm are difficult to
fully penetrate in the expanded graphite plate, resulting in the resin being unable to completely fill the entire
pores of the expanded graphite. The optimal temperature for impregnating the epoxy resin/diluent system
by vacuum impregnation is 50 ‘C, and the optimal addition ratio of diluent ethylene glycol diglycidyl ether is
15% (mass fraction). The obtained bipolar plate has excellent electrical conductivity of 340.12 S/cm,
flexural strength of 41. 52 MPa, and helium permeability of 5. 4 X 107" cm®+cm ™ s,

Key words: fuel cell; bipolar plate ; vacuum impregnation ; expanded graphite
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Fig. 3 Effect of temperature on viscosity of different resin systems(a) and on impregnation content of expanded graphite plate(b)
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Table 1 Pore structure of expanded graphite plate at

different densities

Density/ Average pore

Sample (g-em™) Porosity/ % diameter/nm
EGP-L 0.6958 58.52 106. 78
EGP-M 0.9015 52.83 82.21
EGP-H 1. 2816 39.19 46. 28
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Table 2 Impregnation content of EP-15 in different types of
expanded graphite plates at 50 °C

Actual impregnation Theoretical Impregnation
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Fig.5 Pore size distribution of expanded graphite plate

(a)pore size distribution; (b)cumulative aperture ratio

Sample content/ % impregnation content/ % ratio/ %
EGP-L. 65.34 84.10 77.69
EGP-M  40. 27 58. 60 68.73
EGP-H 13.68 30. 58 44.72
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Fig. 6 SEM morphology and corresponding EDS spectra of composite bipolar plates

(a)SEM morphology; (b)C element distribution; (¢)O element distribution
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Fig. 7 Electrical property of composite bipolar plate
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Fig. 8 Gas permeability and flexural strength of composite bipolar plate
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Abstract: The nano-sized Er,SiO; powders were prepared by cocurrent coprecipitation method using Er,O,
and tetraethyl orthosilicate (TEOS) as raw materials. The effects of precursor Si/Er molar ratio,
calcination temperature, and pH value of reaction system on Er,SiO; phase composition and microstructure
were investigated, and the synthesis mechanism of Er,SiO; powders was discussed. Results show that pure
Er,SiO; powders with nearly spherical morphology can be obtained from the precursor with Er/Si molar
ratio of 20: 12 after being calcined at temperatures at 1300 “C. Low Er/Si molar ratio can reduce the
crystallization temperature of Er,SiO; and promote the formation of X2-Er,SiO;. The increase of pH value
in the reaction system has a certain promotion effect on the formation of £Si—O—Er} structure. During
the synthesis process, a tSi—O-—Er} network structure is formed in the Er,SiO; precursor. The
£Si—O—Ert network will transform to Er,SiO; through decomposition and structural reorganization during
the calcination process. The Er,O, impurity is caused by the precipitation of Er'" of the { Si—O-—Er} network
structure in the precursor with high Er/Si molar ratio during the crystallization process of Er,SiOs.

Key words : Er,SiO; powder; cocurrent coprecipitation method ; Er/Si molar ratio ; synthesis mechanism
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BT, EnSiO; B 4 22 5% FH AL G . v 4 080 i iy
Er,0, 5 SiO, By & G Bk ES , 78 1600 “C il 4B 5E 12 h
% 8 7 Er,SiO; # 1K ; Al Nasiri 25 [7] £ LA Er,0, #l
SO, K3 7R 2 JEoR} , BRER TE A 24 h )5 78 1580 CHEEBE 12 h

G LT EnSIO Rk . 1A 1 & # 1 r R AR R A T
R B AR A AR R B S A AR B R R A
APk 2%, BRI A8 K . Lamichhane ™ 3% F [ A 2 i
& Y.S1O, kR B o 8 o & B, e 2 1E SO, i 2
YO, 3 8 1 55 F T L 0 A RO R T IR A AEAE Y.
(Si0.) 0 Z& T o BLA B A A Ak W 0 o 305 3 458 5, [
AH I 45 B Gk 1R B A s — BT AE i IR R (1500~
1700 °C) & i [a]Bebe , REAE AL A e 2%, IR Ak 2%
YT E AT L H R T SR TR IR A KR EN
pH 20 PR 45 0 45 BT 5 Ry AR AR /N L A3 38 5910
FERTFEARIR T A . ARBAC R HZ T ER A
T Yb,SiO;, Gd,SiO; 1 Yb,Si,0,, 3545 17 ki 2
Y57 0 Fils B R R R A R R

A TAE R 9% U Ak 2 JETUE 7 A B EnSiO; By 1k
MEH RGEWIE T Ex/SIUEE R BB E R R
pH {25 X4 T 2 B 500 En,SiO 8 747 k4 F1 20 1
Al AR G5 R I B R, IR BT T EnSiOs By (R 41 kL8 A
PLEE

1 ZBWHBETE

1.1 FE#

AL (Er0,,99.99% , Bt i 43 %0, T 7)) , i1 B
+ & 8 b BT 5 B A BR 5 AR 4 R OF B R & R
(TEOS, Si(OC,H;),, SiO, & #=>28.0% ) , Vi B £ T
JBE 0 A B 28 w5 TE K 0 (C.HSOH L, 299, 7%) , K HE
i 1E 2% Ak 2l 5] A B A A & K (NH, - HLO,
25%~28%) , I AR A AL R R TR B R B 5 O &k
L3 ER R (HCL, 36 %0~38% ) , [ 25 48 M Ak 2% 3 71 47 PR
NI
1.2 BEER

ErSiOs ¥y & # kL R H OJF Wi b % U0 v % &
R e BRI — S 1 En O 8 AR TR R
R W WM& B K E Y EXW S 1 mol /L,
53 Er' % R4 SR BT Er/Si R i B —
KR TEOS, % B TEOS: Jo/K 2. : 285 T /K R 1
Fe1:2: 4R & MHEE 2 TEOS K . % Er'
5 TEOS /K fif W 78 43 18 A, 15 2R & 58 7 W, TR e
SR EKE EE TFKRA, B H S 205
VW

OS5 B T K E TR TR R B R
T 3 0T AR VA VR T pH (E 2 B T R e ek,
VTR A R TR 5 0 U R O I =X TR] B A
S EEWE , S2 I EXT 5 TEOS /K 7 1y iy 231 v &
L0 YE o B, TR A U R T DR A R AR BB AR
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ZR pH A 38 2 IR T T 7R I8 VR TR o 3 R 4 ) A K Y
BRI PN 5 R T VE 25 o ), H 22 5 30 min DL £ 2 B 58
4 158 EnSiO Ik /R Bl . 8 & BRik 24 h)s 2Bk
WU R A B T KR TG K L T X i IR A A T
WHEAT R Ve LB CU 5 NHY o e B il i gk 17
Jil1 908 Ach B A5 0 6 A AT IR A, AR S A5 3 A IR R )
B Ry AR o SR AL B B Bk L DL K & BEAE R R BE A
W, R AT AL 2R B AL A R A R oK 2 AT BR S 40 Ak
T 513 2] EnSIO RTSR ARy K o o BREE DL 3
200 r/min, BREE B 0] 24 2 ho I e, 509K (k) K & AR
A AR A AU AT B Re AR B EnSiO B
ME . A TAE EnSIO B R M B R 24 R T2 S5
mFE 1w,

R1 ErSiOMEERTIESH
Tablel Synthesis parameters of Er,Si0; powders

Er/Si molar Calcination -
) pH value ~ Holding time/h
ratio temperature/C
20:9 10 1100-1300 10
20:10 10 1100-1300 10
20:11 8-11 1100-1300 10
20:12 8-11 800-1300 10

1.3 ik 5 R

K HI ST A449C B[] 25 #4531 {36 Er,SiOs Fif 4K {4
#H AT TG-DSC 43 A, W23 il ok 3 i ~ 1100 °C, JH i
B M 10 °C/min, 28 AR50 R Advance-D8 A X
)£ A7 5 AL (40 kV, 40 mA, Cu ¥ Ko § £ , A =
0. 15406 nm) 43 #1 Er,SiO; B {4 19 4 AH 20 B R it 1A 245
F, XRD FH#EE R 5 () /min, FHEF N 26=10"~
40°, SRS 50 B kAR 4 217 21 5 3% 4Y 4 #F Er,SiO;
B A4 K LB 08 7 i v U X 491 4 3 [ Ol 400~
4000 em ', K ] K-Alpha 1063 %I X 5 £ 6 H1 7 RE
53 BT EnSiO; B 3K 4K N 8 T R 4k 57 5 19 245 GRS 46
A BE . SR FH JSM-6490LV HY 47 4 B 1 &b fof 855 W %€
Er,SiOs 83 74 i FURLE 55 A R SF . R A Tecnai G2 F20
T 375 55 F, T 5 IS 2% En,SiOs 83 7R 19 THO0W IE 551 # 5
TS K, I R L 2% 1) R (L O 1S5 BT EnSiO;
AR R TH (1 TT R 43 i o

2 ERG5HM

2.1 Er,SiO; BT IR @ &9 #4 M 5z 45 4E

Kl 1 A A Ex/SiEE IR L & i EnSiO; 1 3K 4K 19
TG-DSC ik & . 7T LLE 3, AS[F Er/SiEE R H Ak
Er,SiO; i 98 14 19 2k T8 S Wil # AT S Sl AL, 156 BH 78

20: (9~12) VU Bl P, Er/SiEE IR L X wif 9K 74 (4 B 17 4
TEW AT B B2 . £E % R ~200 CYE BN, En,SiO; |l
9K A 24 8 o 1) J i B IR T SR A B K 3% 1hT I B K 43
T5 OB T 1 2 A K R AE DSC 45 v i 231 B
B A W R AR 200~500 CE RPN, 9K AR Y Ok
23R 7% ,DSC £ i H BT — A5 58 A iR it
PR G 2 O AAR v  A kT 5 ik k TA 1 #E R
ALY T AE 500~900 °CHE FEl P, Al BE 44 1) 2 44 2k &
R 2% AeA, o B S 0 30 0 ANAE7E /D i Bk A il
LA IR BT A5 T AY &, 1000~1100 “CHE [l
W, EnSiO; /i 9K /& 22 3L B 2 1 2k 47k, B H DSC
i £ rh 24 & B0 T 5 B A P U AR R AH OC BT 5 AT
IO I T B S RN T A2 B A 1Y EnSiO; HiF SR A &
T EnSiO; ik Ak . 548 B 1T LA 2, Y
Er/Si B /R It R 20: 9, 20: 10, 20: 11 H1 20: 12 B},
Er,SiO; 5 9% 14 i & A6 i B2 43 9 24 1039. 2, 1021. 6,
1017.6 ‘C#1 1006. 3 °C, ¥t B 7E 20: (9~12) Ju [l N ,
Er/St B /R bt w3 44 19 Ak R B A B W 5
Er/Si FE /R H i 38 Jin o] 5 80 En,SiO, B9 45 & I8 B 09 7
[, RSP AT R TR #F EnSiO; & R 19 T8 B .
SN, AR TAE SR 9 D A U0 AR EnSiOs By
PR B R U AL R 1000 CZE 4, W B A T 1 A v &
B

B 1 A Er/SiBE R A K EnSiO; i 384 B TG-DSC i £k
Fig.1 TG-DSC curves of Er,SiO; precursors synthesized

with various Er/Si ratios

2.2 Er/SiEE/REb 3T Er,SiO #4148 48 5 89 22 I

&l 2 i 75 g AN [6] Ex/SiEE IR T i ErSiO; |ij 8K 44
1100 “CHBEBE 10 h =¥ A9 XRD E i . v LLA 2, PO Fh
A 9K A 48 B 7= 4 (1) XRD &1 3% o ¥ a7 & B0 A
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ErSiO; fif 4 W, 36 B JC & AL 2 A 9K 1 2 58 K 1)
ErSiO; & 4k . SR, AR Er/SiBE R LR,
e RN R 7/ A R P
Er/SiBE/R I Ry 20: 9 I, XRD K 3% i 77 78 X1-Er,SiO;
AR i1 Er,O, 5 AE 477 55 1 , 43 51 % i JCPDS &
No. 52-1809 1 No. 63-0897., 4 Er/SiEE/K It K 20:10
202 11, Xt i XRD B H Bk A7 78 X1-Er,SiOs fl
Er,O [ RRAEAT $1 AN 38 H BT B 2 (1) X2-EnSiO; ##
fIE 437 5 6 (JCPDS 8 K No. 40-0384) . % #h, Er,O, %
TIE AT S 06 5l B 2 MU 5 L P S B R R, Y
Er/SiFEE /R IR 20: 12 BF , XRD &3 o Er,O, $: 1F 777 5
U S8 AT R A U R B — 1 En,SiO, 41, (H A 77
1E X1-Er,SiO; 5 X2-Er,SiO; J§ F &5 7R 45 ¥ 41, H X2-
Er,SiO, A1 7 it B 5 i =5 o 27 b 3 B i 9K 44 Er/Si B
IR LU XT3 18 ErSiO; 83 VR A4 164 1) 49 A8 20 10T i A 45 44
P/ W R, 2 Er/Si BER R 200 (9~11) B},
ErSiO; ¥ & # ¥} i Er.SiO; fl Er,O, #H 2H 5% 5 i 24
Er/SiFE/R N 20: 128, Er,SiOs B A 84 1 iy 20— iy
ErSiOs M4 i . 7 20: (9~12) Y5 [l N , B % Er/Si
IR I BEAIG , Er,O0 A 1Y 75 5 28 W AR T8 2% 5 [A]
X2-Er,SiO; #H & 5 W] 3% 3L 32 45 34 0 04 5, i 3K 4
P HB B SiERBE X X2-ErSiO-# B9 4= 5 B A B A9 42
HEAEH

E 2 A Er/SiEE/R H EnSiO;Ri4E A& 1100 °C
JELBE 10 h ™y 9 XRD 3%
Fig.2 XRD patterns of Er,SiO; precursors with various Er/Si

molar ratios after calcination at 1100 °C for 10 h

2.3 1RKEIEE 3T Er,SiO #2491 48 4B 5 B 82 1R

&l 3 TR i AN [A] Er/SiEE R Lt G B ErSi0; #ij 9K {4
1100~1300 CH ke 10 h =¥y 1) XRD K3 . wTLIFE 2],
IR A58 7= ) XRD B3 35 % 3B 5 19 ErSiOs i
S0 A B K A T 20 B R N O b 3 B A
Er,SiO;, {H 4% 5 i B XF Er,SiO, 8 & 4 45 #4147 78
SR . BB IR A 1100 “CHE, A BURS & XRD
i R B AETE X1-EnSiO, fi7 §F 06, 24 1808 1R JE 2 71 &
1200 “CHI 1300 CH , X1-Er,SiO; fi7 5 W W 58 42914 2%,
ErSiOs ¥ W] LL X2-Er,SiO, B A 1 R A7 16, 38 B R
FHZE R ErSiO; 8 58 4 5% 748 S il A, 1100~1200 ‘CHY

&3 A Er/SiFE/R H Er,SiO; A 4K A& 1100~1300 ‘CHEERE ™ /9 XRD %
(a)20:9;(b)20:10;(c)20:115(d)20:12

Fig. 3 XRD patterns of Er,SiO; precursors with various Er/Si molar ratios after calcination at 1100-1300 ‘C
(a)20:9;(b)20:10;(c)20:115(d)20:12
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B A Y R DX 1) 55 R O SCHR i 1 1190 CHREAR —F(Y
T3 8h X 2-Er,SiOs 47T 5 16 5 B Bl 4B 48 Tk B v i 38
WA T A BN R B MR U B Y R v A BT R A
X2-Er,SiOs A= . MAh , 7E Er/SiEE/R Il 20: (9~
115 B, A ok R N 34 & A B B EnO, 47, H L
AT S e A X iR BE A & A W W AR A B 2 LURR R AT Y TE
SAETE (WLIE 3(a) ~ () ), JBEe T 3 1) T v B 2 4l X(1-
ErSiO; 1] X2-Er,SiO; ¥ e L & 4 & Er.SiO; 45 i
Hb I 22 X5 A R A 1 W A 2E B AR B R e .
K 3(d) AT LLFE E, 2 Er/SiBE/R Lok 20: 12 8F,1100 °C
BB 7= W) i X1-Er,SiO; fl X2-Er,SiO; 44 A% , 1200 “C Al
1300 “CHB b 7= 9 W] Fh B — B X 2-Er,Si0; 40 5, A 5L
YA A R B — 19 En,SiO: 85 14
2.4 KRR ZE pHEX Er,SiO, #4491 18 42 i 89 5 I
FE U L BTTE B8 K ErSiO; §i 9K 44 1t #2 v, B i K
FpHERE K T ZHERREZ — & TAEF A Er(OH),
B B AR OIS T EnSiO; B3R R A 1Y 5 R
& pHAA X ], 40X (1) ~(4) fir 7w o

A,B,=nA"" 4+ mB"" (1)
Er't OH )
K, (Ex(OH ), )= B O )
C C

c(OH )=[ K, (Er(OH))/c(Er )] (3)

pH=14 + 1g(¢c(OH )) (4)
2 AR 2 I il S A B B R R 5 K AR R MEIR I 1Y
s R R AR R AR - SR A R e MR WL Er(OHD 1
RN 13X 1077, M h Er ¥ E 10 ° mol/L
iF 38 AT Er B Ui sE 4, R e T A
HH I AR 2R pH A A 8. 69, &l 4 FT /R AN R B i
K 2 pH 1 4144 F 4 1 Er,SiO 8 14 i) XRD &3 . A
LA B, 78 Er/SiEEIR HE ol 200 11 &4 F , & K
ErSiO; ¥ & i X2-Er,SiO; fl Er,O, 41 1% ; i °4 Er/Si
JEEJR B R 20 12 B, T A LAY Er,SiOs 4 14 ] 27 Hy H—
M) X2-ErSiO; 4 il . Y3 4h, Bl 4 (a) AT LA 3, 7
pH=8~11 7 [l N , B & X N & & pH {H 19 I+ &,
Er,SiO; ¥ 4 XRD E 3% 51 14 Er,O, AT 5T 1 1 A6 X 58 B2
Y S KA, J W AR R pH E 19 T 55 X 42 T+ ErSi0; 45 i
JE L BEAK EnO, 28 i & i A — 2 IR EH . 7
Er,SiO; A 38 44 19 £ i ik 72 b, O 4 & pH (R A 34 Jm
A TEOS 1Y 45 58 50 550 78 43, 0 4 58 i &0 26 1)
Tl 42 32 A1 AT I 3 1 e B8 19 0l A7 0 R A B B 2
(3G, B B EXT I ESi—O—Erd W45 2549,
RUREARF 2 Er' FEBbe i B v 2B B EnO, 4% 5 & it .
A Bl BN R Z& pH (E B FH i DLEE R OH ¥k
AR B O, STRF 05 M BG4 Ex 78 itk
A ZELSi—O0—SiH Mt Si—O—Er} M4 45 .

4 TR R A R pH (8 41 T & 1 Er,SiO Bk 19 XRD I 7 (a)20:115()20:12
Fig. 4 XRD patterns of synthesized Er,SiO;powders under various pH values of the reaction system  (a)20:11;(b)20:12

2.5 Er,SiO;# 4 B9 -5 W 7 57

5FT R Sk Ev/SiEE R LRy 20 12 BF A 1 Hi 9K 4
1300 CH&HE 10 h il % ErSiO: B K i e 51 . i K
5(a) AT LAFE B, JF i L 000 %6 8 EnSiOs 3 K 2 k
BRI JE SR A, — U B0RE R SF 43 A 78 200~800 nm i1
Bl , H Er,SiO; 8 A 50Kz 2 8] 77 76 B 5 /9 A1 R B4 .
40K G Er, SO, 8 U UKL 2 1 HLAT 3¢ = 1) 2 18 g , 0k
22 R) 38 5o A B P B AR R G2 H kS AT 3 R AT SR MR
Wik b s R A B S — A EEEH, K S
(b) Bt 7 R BAA En,SiO, 0k (14 385 S B TE i - 5 o0 R

3G AT LAE BB BKOE 40K ErSiO, Jikn 2 w4 &
Er,Si,OC R, H& TR M A, K 5(c) rm
K EnSiO M & 1 & 4 B E o AT LA 2 EnSIO;
A PN i A% 2% S0 M, G B S R L G TR E]EE
0.30 nm, 5 X2-Er,SiO; ¥ #f£ PDF £ i (JCPDS & &
No. 40-0384) 71 (013 ) &7 T A4 7 T[] PR & — 3509 .
2.6 ErSiO M &4 Ll

& 6 [T 7R R Ex/SiEE /R L 202 12 4 B HiT 9K 448 800~
1000 “CHEEFE =P 09 XRD Bl . ol LLA 2, 80 IR
J& R 800 “CHY , B4 = W 2= B0t BH 8 1) TG 22 B SRR AIE
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F5  Er,SiOs# i B9 fHOWIE 5t
(a) A HLBEIE 5 (b) B 5T L BEIAT 5 (o) i 23 B
Fig. 5 Morphologies of as-synthesized Er,SiO; powders
(a)SEM image; (b) TEM image; (¢)HRTEM image

6 Er,SiO i gk A& 800~1000 CHEHE 10 h 4 Wi A 19 XRD i
Fig. 6 XRD patterns of Er,SiO; precursors after calcination at 800~
1000 °C for 10 h

U BH AT 9K AR 18 A 52 B ) AR I B E T B b R
$E T+ 2 900 ‘CHI 1000 “CHT, 7= 4 XRD &% rf ) i 238 1
B2 1 X1-Er,SiO: fiT 9 1, H T8 W 22 FiAH 3. 59
Ah, 7E 800~1000 °C ik B i Bl N, 48 4% 7 9 XRD & 3%
TR DL En O, B B¢ AE 6, 3358 B O 30 2 30 08 125 & AR
X1-ErSiO; fi 4 A= sl AL i AS 18] T [ A8 i, JF JF i
Er,O; 18] 7= ¥ 5 Si0, & 0 A= 5% ErSiOs, i /2 i TG &
B Er,Si0 i 9K {4 12 25 5% A0 1T B o

Kl 7(a) BT 7 4 EnSiO; /i 9K & & Er,0,, Er(OH),
H1Erdd (19 XPS &% . mTLLE #], ErnO, fl Er(OH),

Erdd # 1E W 43 51 £ T 168. 28 eV il 168.88 eV, i
Er,SiO; Hif 3K /& Erdd FEAE 0 W 47 F 168. 98 eV, = F ¥
Ji Evdd FEAF I A W6 457 B AN TR . f L 7(b) Al LB ),
Si0,, Si(OH) M Er,SiO; Hif 8K 1A Si2p #§ ik 0 y 43 51l iz
F102.86,103. 31 eV F1101. 65 eV, [A] #£ 77 1E 1] & 22
5o X T EnO, f1 SiOL 0 7, Erdd F1 Si2p FEAE 15 43 5
Xf T4 AR Er—O S A Si—O B 45 65 R A&
76 Er(OH) , F1 Si(OH ), W) 43 511 %5 i T Er—OH 8 il
Si—OH @ , 4 J& B 1 B A 34 53 19 748 {2 5 20 Erdd Al
Si2p FEAF WA AL 19 R R o X H 4 BT EnSiO; R 3R 14 Ex
(OH), M Si(OH), (1) Erdd A1 Si2p FRAF 0 m] A1, A fh 45
Er,SiO; B 3RAR 1254 Er(OH), F1 Si(OH) B A [/ 4
Er,SiO; i 9K /& 1 R 77 7E 5 Er(OH) 5 N 38— 3 Er—
OH##IE R, A F T Si(OH), M 4 45 #) vh 1y Si—OH
i B M OCWE IR R B O T 3R U0TE O Ak
Yb,SiO B 8K 4 & LA £Si—O—Ybd ’ 48 B 498 A7 78
fR93 BRI R LA HE T, £F En,SiO; B 38 4R /Y A plad 2
o, Er & F [8 AE AT GE b A7 4 ST ST i A R
£Si—O—Sit MEHH M EF tSi—0—Er} 45ty
FATT R W 4% 45 4, En,SiO; Ji 38K Erdd A1 Si2p 45 fiF 1§
FHXF Er(OH), #1 SiCOH) , FE 1 W 1) f B J& Er—O
Si—O e A7 PR 455 42 1k i LAY o

E7 ErnSiO-#HAK XPSEE (a)Erdd; (b)Si2p
Fig.7 XPS spectra of Er,SiO; powders  (a)Erdd; (b)Si2p
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Bl 8 BT 7R R ErSiO; A 98 74 Bz A 5 p 4% 1) 48 5L b
ZLAN TR R . AT LAE B 7E BT AKAAR 1 FTIR 3
2700~3800 cm™ 'y Fl A7 7E — 4> T 12 HL 485 i W i i
F2 R AT IR AR LB T K A DL R e rh
O—H 1 i 4 B s 518 19104 1633 om Ak W i 06
Xif V7 5% B 25 43 1 K i O—H A A9 25 il B s A
1M 1519 cm ' 5 1403 em Ak B i e D) 43+ 551 5 7 o 4 35
H—CH, il & B4 7 o —CHL /Y 25 i 42 8 b4,
A FH 5 BIF 5T AT LA BT 987 em ' A Ay R Wi e AT o )i
Si—O—Er #EA X B A 46 8 sh 15 TO L, 688 cm !
Aab W i 0 o 1V Er—OH B 25 il 3% 25, 17 804 em !
FA50 e B 3T 8 1R ST 06E D) 3 50 % i Si—O—S1 4 FR
i Pz 2h 5 4l Pz gh A 20 Horp  HEXE T TEOS
K it 4 B P T L EnSiO; B KK o Si—O—Si X
kA 455 5 25 il 4% o0y 9 Sk 0k 55, 0 1Y T K A o S 4 Si—
O—Si#E T Si 9 Er” R AL IR B 8 T i Si—0—Si
i SI—O—Er 4 i 19 & & T £S1—0—Ybt M £ 25
¥ . i EnSiO; 8 & 59 ETIR & 3% 7] W, 2700~3800
em Y B R & BRI S R S0 o B Ao R bR R
RN B K T BB A 4 R s R .
Ah L EnSIO M4 FTIR &35 0 W i i 3= 2242 h T 400~
600 cm ™' Al 800~1000 cm ' JE P . His, 990 em !
Rb 1 W% W 06 6 1Y Er—O—Er £t Er—O 8 % fif 45 =
7,879 em VAT 460 em A W i g X v F [ Si0,] Y
T AR T Si—O B I X BR i A8 IR 3h 5RO 2l iR
1551 T 586 cm A1 539 em A 4 105 Wi s ) 43 531 Xt
N[ ErO, ] (x=6,7) Z & Er—O 8 1)2 fl fk 5 5
PR BN LR RTIRAK 18] EnSiO, i 1A By 5% 4k i 72 o,
Si—O—Si } Si—O—Er 8 % ¥ ¢ F1 i , 1 59K 44 73 5
S 15T — Z 5 W R R e R O 3 2ok 5 4 B AR K
T HA RS ) ErSiO; S Ak .

IV A T UE ) 45 Er,SiO- 8 14 1 J5 31 5 (5 A 2
B A T, A 94 B A 1 A K ) EnSiOs By b 207 T

8 Er,SiO; 4R & K 5 bk 1A i B 21 4033 4]
Fig.8 FTIR of Er,SiO; precursor and synthetic powder

—NERMYE AR, B ERO it
HCI 91k 2% )2 N B 35159 3 ErCL IS W, Er B T 76 15 W
o ST AR AE Y 5 T TEOS 78 20 B K ¥ e rp ) 25 %
A K 4 RO I s & —C.H M —OH 5& H 1Y
£Si—O—Sit W%, R G S &d, B A W RAE
) Er’ 2 ik TEOS B 7K fi, IF AT AR Er* g Bt
T 45 BIE LAY £Si—O—Sit G 45 8 BBl . 1 78 UL
VE 1f B, BRPE B B — 20 B TEOS 1y 4 5, £ fff
£Si—O—Sit WG it — 5 & A 38 Bk ; Rl Er' )
2 AL A £SI-O—Sit W 4% 19 5 43 St AR AR
tSi—O—Er} WL, A (5) FiR , i 298 it
£Si—O—Ert MRk i 4 ErSiO, B 2K {4
£Si—0—Sit +Erf > {Si—O—Er} (5)
e B ke o B b, 6 B EnSiO; | 3K & h
tSi—O—Er}t 258 % i i 38, % 5 [Si0,] v w4k |
LErO, ] 2 1 & 55 25 ¥ 5.0 , I3 2o 25 #4) 7 20 A B X1-
Er,SiO;, 1 J& W B & 45 5% il B2 1 T i iff — 20 3 A2 oy
X2-ErSiO; &5, i A X (6) ~ (7) Frx o 24 /i 9K {4
W Er/Si R T EnSIOs k2= 3T & i Er O & 7
£Si—O—Er}t M4 25 1] Er,SiO, i & 5% 16 i 72 vp %
Wrdr i, Ot 5B A R A RN AR B ERO, A4
A -
£Si—0O—Erf —X1-Er,SiO; (6)
X1-Er,SiO;—~>X2-Er,SiO; (7)

3 it

(1)2R IR AL DITE L A T EnSIO Mk Er/Si
JEE IR HE R B AT B AR En,SiO; B9 45 fb 15, B 3 X2-
ErSiO; 1 Az Bl s 1B B2 I8 B 0 T & A B T 3845 4l X2-
Er,SiO: 8 7K |, 4 /&5 ff 1A 25 & 5, 50 B 44 4 A 2 AL
WA B s s B R R pH E Y 48 5 0 RT i R
TSi—O—Ert 454 i

(2) Y17 3K AR Er/SiBE R Hoh 200 12, 4808 10 5
1300 “CHY, & 1 ErSiO: 83 & fi B — 1 X2-Er,Si0; 44
L, AT K R 1) — YR ASURL PN 3 B 43 A 1A A
fE—E MRS,

(3) Er,SiO; 5 3K & J& B £Si—O—FErt M 2% 45 14
YLRLI , £S1—O—Ert M 45 45 14 78 18 be 13 72 v A i
[SiO, ] 0 iR # [ ErO, ] 22 1 {74 45 25 ¥4 5000 , 3 1 4544
&AW X1-EnSiO;, I fr & 5675 1§, X2-Er,Si0;.
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laser melting TC4 alloy
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Abstract: An experimental study on high cycle fatigue behavior of selective laser melting (SLM) TC4 alloy
was carried out. The fatigue properties of the alloy under two sampling directions (horizontal and vertical)
and two temperatures (room temperature and 400 ‘C) were compared and analyzed. Also the feasibility of
improving the fatigue properties of the alloy by hot isostatic pressing (HIP) was explored. The results
show that the fatigue properties of the alloy after annealing are significantly anisotropic, and the fatigue
properties of the vertical samples are higher than that of the horizontal ones. Compared with room
temperature, the fatigue life of the alloy at 400 “C is reduced, but the anisotropy still exists. After hot
isostatic pressing, the fatigue life of the alloy presents a certain degree of improvement, and the anisotropy
of fatigue properties decreases. The fracture analysis shows that the cracks of SLM TC4 alloy mainly
originate from surface and subsurface defects which are mainly pores. The statistical analysis shows that
the source defect size of vertical samples is lower than that of horizontal samples, which is the main reason
for the decrease of fatigue properties of horizontal samples. After hot isostatic pressing, cracks in both

horizontal and vertical samples of the alloy are generated at the surface slip, and the porosity of the alloy is



62 R TR

2024 4F 3 J

significantly reduced without obvious defects, and the decrease in the number of defects is the main reason

for the improvement of fatigue properties of the alloy.

Key words: selective laser melting; TC4 alloy ; high cycle fatigue ; anisotropy ;defect; hot isostatic pressing
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Fig. 1 Powder morphology of TC4 titanium alloy
samples prepared by SLM
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Shy 3 EL 7 1), KA T 1) T BT B O 1) AR E S
K J7 ) AN 2 TR o BERATER S8 WS , 0 BR FH
P T2 AT R A3 . — b il kAR 3 T2 : 800 °C,
B RE 2 h, WA EE R O — Rl o A S R Ab
LT 2 :920 °C,#4H 3 h, /& J7 150 MPa, LB T
B,

Rl TCAEEMATESIULEZRS (RESE/%)

Table 1 Normal and actual chemical compositions of TC4 alloy powder (mass fraction/ % )

Chemical

Al \% Fe 0 C N H Y Si Ti
composition
Normal 5.6-6.5 3.4-4.5 <0.25 0.08-0.13 <0.05 <0.03 <0.0125 <0. 005 0.1 Bal
Actual 6.29 3.99 0.2 0.12 0.009 0.02 0.002 <<0. 005 0.031 Bal
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Table 2 SLM process parameters

Laser ) Scanning speed/ Scan spacing/
Thickness/pm

power/W (mm-s 1) mm

380 60 1250 0.12

K2 fEREBmRER

Fig.2 Schematic diagram of cylindrical blanks

B B RS B9 SLM TC4 4 4 96 m vE 47 4T B8 40
56, 3 A JE B (1 mL HF 42 mL HNO;+25 mL
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N 400 °C, R F L Iy g4 1, 0% R 1E 5% B
71l R=0.1, ¥ & 100~120 Hz, 52 & & 4 HB
20449—2018 # AT o X TIE M2 2 107 & A A &
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% (scanning electron microscope , SEM ) X i £ W7 11 ik
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Fig. 3 Shape and dimensions of samples
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Fig.4 Morphologies of the SLM TC4 alloy  (a)macroscopic morphology of vertical plane; (b)macroscopic morphology of horizontal plane;

(c¢)microscopic morphology of vertical plane after annealing ; (d)microscopic morphology of horizontal plane after annealing ;

(e)microscopic morphology of vertical plane after HIP ; ({)microscopic morphology of horizontal plane after HIP
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Fig. 5

Defect spatial distribution and defect characteristics of SLM TC4 alloy

(a)after annealing; (b)after HIP; (¢)elliptical defect; (d)near-spherical defect
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(a)iB K Ab BT R 220 15 400 “CHE S5 B X HE 5 (b)400 “CTF I8 ok HuAb 3415 PR A5 0 1 9 55 B0 X LL
Fig. 6 High cycle fatigue S-N curves of SLM TC4 alloy under different conditions

(a)comparison of fatigue data between room temperature and 400 “C under annealing heat treatment conditions;

(b)comparison of fatigue data between annealing heat treatment and HIP at 400 “C

R3 SLMTCAE &R ARG S-NHLHTERYE
Table 3 High cycle fatigue S-N curve equation coefficient values of SLM TC4 alloy

Temperature R Heat treatment process Direction B, B, By Correlation coefficient
RT 0.1 Annealing Vertical 11. 30 —2.92 513.13 0.58
Horizontal 13.58 —3.83 386. 87 0.46
400 °C 0.1 Annealing Vertical 10. 90 —2.99 469. 68 0.57
Horizontal 6.88 —1.17 427.56 0.45
400 °C 0.1 HIP Vertical 13.26 —3.75 451.83 0.85
Horizontal 51.75 —16.80 0 0.98
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(a) = WMIBH s () RBUH E X5 () FE D TR X5 (d) BRI IX
Fig.7 Fracture surface morphologies of samples in horizontal direction of SLM TC4 alloy after annealing(400 °C, ,,,, =480 MPa,N,=7.4 X 10° cycles)

(a)macroscopic morphology ; (b)crack nucleation region; (¢)stable crack growth region; (d)transient fracture region
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(a)17:6,,, =560 MPa,N=5.2 X 10° ¥k ; (b) 27 6,,, =560 MPa, N;=8.36 X 10° J&l {X ;
(¢)3%:0,,, =580 MPa,N/=1.11 X 10° & &% ; ()47 :6,,,, =580 MPa, N,=4.5>< 10°J& &%

Fig.8 Crack nucleation region morphologies of fatigue fracture of samples in vertical direction after annealing(RT, R=0. 1)
(a)1%:0,,, =560 MPa,N=5.2x 10° cycles; (b)27:4,,,, =560 MPa,N;=8.36 X 10° cycles;
(¢)3%:6,,=580 MPa,N,=1.11X10° cycles; (d)4": 5, =580 MPa, N;=4.5x 10° cycles

P9 BBE A8 R BIA

Fig.9 Schematic representation of defect-equivalent method
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P10 3B K HAAh B AR B4 45 28000 U 240 RS X B 285 43 A1 B P AR 3 2 1 il 2
() ZKF-J5 1o 5 (b) 3 B 17
Fig. 10 Lognormal distribution histogram and probability density curve of equivalent initial crack size of samples after annealing

(a)horizontal direction; (b)vertical direction

(a)

Bl 11 SLM TCA £ A5 URE I 1025 WLE 3
(a) 3 B J7 16 (400 °C, 6,,,,=550 MPa, N;=1.26 X 10° JE1 ¥ ) ; (b) 7K F J5 [ (400 °C , o,
Fig. 11 Fracture surface macroscopic morphologies of SLM TC4 alloy samples after HIP

=500 MPa,N;=9.02X 10° ¥ )

ax

(a)vertical direction(400 °C, g,,,, =550 MPa,N=1.26 X 10° cycles) ; (b)horizontal direction(400 °C, g,,,, =500 MPa, N=9.02 X 10° cycles)

‘max max

P12 SLM TC4 & 4 A5 R LU 7 1 R0 A IKTE 5
(a) 3 FLJ5 1] 5 () 2K ~F-Jy il 5 (o) R 47 i IX 5 (d) Ik i X
Fig. 12 Fracture surface morphologies of crack nucleation region of SLM TC4 alloy samples after HIP

(a)vertical direction; (b)horizontal direction; (¢)stable crack growth region; (d)transient fracture region



o2 3 WO e DR AL TC4 15 4 1Y o TR 9547 0 69

A F IR R B Ao R B 330 5 area S 45 3 AT
Bl B Y AK & TIITE AK LB, a4 et 3
R AR 2. 271 T o B X R 2 A S W 0
ZEAr AT, 1R KRR 5F 2L 4 X W A T 3R T B 3R 1R
LB XS FLEHAS S m AR E R, AT
AK, B 2800 A 75 i 0 E BRAR . A5 R R R A
P 2 T A AR/ TR Y AR BN R0 AR A A
AR

Ty — 7 EEE RS R o iR A B TR
S5 MY R T 5 3 R ST, 78 855 B T3 K-
FMF  ER R R REGMERK, &G4 Lk
ST, SLM TC4A 6 4 455 5 iR a0y ' 77 i
B, TR R RE i 2L B0 A A A BRAG, B L, A R
JEJG A &% 57 e Re = TR KV A 4

3 &g

(DA 5B KA S, SLM TC4 & 441
T WG B AR, 2 35 77 ) SRy AR A KO T e R A
Al 45 F MR T AR KPR B AR R AL B S A 4
W45 K8 o B2 2% RUH B, FL R Fe 41K

(2) B JCHAAL P S |, 2 A 400 ‘CF , 32 ki R
SRR AT W K HAF S 0 Sk EEH
] 5% 57 75 i O 1o, 4% 1) S P R A7 BB RSB, K
S B RSFEE R

(3) 38 M il 3t T 25 J5 S5 I AE P, T LR T
4 W 9% 55 Pk e T 55 1k 45 1) S 1 L FLBR R A B AR S o
SRR S o 55 PR RE T 0 32 R IR 558 ko p ik B
TR AR B, A0S R R Y 9 95 S B0 i A R
fift B /INSF- TR T R AL R B AL

4

Uit
(o

S & 0k

(1] A5, 2k Bob il (3D ATED HE AR K RLI]. ML &5
Aahfk, 2013, 42(4): 1-4.
LU B H,LI D C. Development of the additive manufacturing (3D
printing) technology[J]. Machine Building & Automation, 2013,
42(4): 1-4.

(2] HHSSEBUAA TRHIL 55 . BOGHE R ) 3 SR TE M 25 AT K S
S KR LT]. s il HER, 2015(11) : 38-42.
TIAN Z J,GU D D, SHEN L D, et al. Application and develop-
ment of laser additive manufacturing technology in aeronautics and
astronautics [J].
(11): 38-42.

[3] LIUS,SHIN Y C. Additive manufacturing of Ti6Al4V alloy: a
review[J]. Materials & Design, 2019, 164: 107552.

(4] A4 ok Z0ME  WRUE T, A5 . 0028 0 K s Pk AR 4 R B4 RS 1 0
sl (7). R EEOE, 2020, 47(5) : 32-55.

Aeronautical Manufacturing Technology, 2015

(6]

[7]

[8]

[9]

[12]

[13]

[16]

GUDD, ZHANG HM, CHENHY, etal. Laser additive manu-
facturing of high-performance metallic aerospace components [J].
Chinese Journal of Lasers, 2020, 47(5): 32-55.

R s A SRR LT, fia AR, 2005
(4): 3-6.

CAO C X. General development situation of titanium alloy for
aviation[ J]. Aeronautical Science &. Technology, 2005(4): 3-6.
KA. FE A R BRI IR B 1], ez bk
Fif, 2014, 34(4): 44-50.

ZHU Z S. Recent research and development of titanium alloys for
aviation application in Chinal[J]. Journal of Aeronautical Mate-
rials, 2014, 34(4): 44-50.

(e R R o I il PN o 7 e e o X ) i U G A
KRR, 2020, 39(7/8): 527-534.

ZHAO Y Q, GE P, XIN S W. Progresses of R& D on Ti-alloy
materials in recent 5 years[J]. Materials China, 2020, 39(7/8) :
527-534.

AW DG mILL A L AL & SR SEE s
ARUFTES R IELT]. MR TR, 2016, 44(8): 1-10.
CAIJM, MIG B, GAO F, et al. Research and development of

B 4B RH

some advanced high temperature titanium alloys for aero-engine
[J]. Journal of Materials Engineering, 2016, 44(8): 1-10.

SUN W B,MA Y E,AI X P, et al. Effects of the building direc-
tion on fatigue crack growth behavior of Ti-6A1-4V manufactured
by selective laser melting[J]. Procedia Structural Integrity, 2018,
13: 1020-1025.

LEUDERS S, THONE M, RIEMER A, et al. On the mechani-
cal behaviour of titanium alloy TiA16V4 manufactured by selec-
tive laser melting: fatigue resistance and crack growth perfor-
mance[ J]. International Journal of Fatigue, 2013, 48: 300-307.
CHASTAND V, QUAEGEBEUR P, MAIA W, et al. Com-~
parative study of fatigue properties of Ti-6Al-4V specimens built
by electron beam melting (EBM) and selective laser melting
(SLM)[J]. Materials Characterization, 2018, 143: 76-81.
NICOLETTO G. Anisotropic high cycle fatigue behavior of Ti-
6A1-4V obtained by powder bed laser fusion [J].
Journal of Fatigue, 2017, 94: 255-262.

CHANG K, LIANG E,HUANG W, et al. Microstructural fea-

International

ture and mechanical property in different building directions of ad-
ditive manufactured Ti6A14V alloy[J]. Materials Letters, 2020,
267: 127516.

VAN HOOREWEDER B, MOENS D, BOONEN R, et al.
Analysis of fracture toughness and crack propagation of Ti6A14V
produced by selective laser melting [J]. Advanced Engineering
Materials, 2012, 14(1/2): 92-97.

GONG H, RAFI K, GU H, et al. Influence of defects on me-
chanical properties of Ti-6Al1-4V components produced by selec-
tive laser melting and electron beam melting[ J]. Materials & De-
sign, 2015, 86: 545-554.

HRABE N, GNAUPEL-HEROLD T, QUINN T. Fatigue
properties of a titanium alloy (Ti-6A1-4V) fabricated via electron
beam melting (EBM) : effects of internal defects and residual

stress[J]. International Journal of Fatigue, 2017, 94: 202-210.



70

B AR 2024 4 3 J

[17]

[18]

[19]

YU H,LI F,WANG Z, et al. Fatigue performances of selective
laser melted Ti-6A1-4V alloy: influence of surface finishing, hot
isostatic pressing and heat treatments[J]. International Journal of
Fatigue, 2019, 120: 175-183.

KASPEROVICH G, HAUSMANN 1J. Improvement of fatigue
resistance and ductility of TiAl6V4 processed by selective laser
melting [J]. Journal of Materials Processing Technology, 2015,
220: 202-214.

MURAKAMI Y, KODAMA S, KONUMA S. Quantitative
evaluation of effects of non-metallic inclusions on fatigue strength
of high strength steels. 1 : basic fatigue mechanism and evalua-
tion of correlation between the fatigue fracture stress and the size
and location of non-metallic inclusions [J]. International Journal
of Fatigue, 1989, 11(5): 291-298.

WALKER K F, LIU Q, BRANDT M. Evaluation of fatigue

crack propagation behaviour in Ti-6A1-4V manufactured by selec-
tive laser melting [J]. International Journal of Fatigue, 2017,

104 : 302-308.

EETB . B ELH &I (2017YFB0702004) 5 8 it & BR 5 415
T R4 H (CXPT-2018-42) 3 I BUHS B e He il BAF 72 11 3 ik 42 70
H (KZ0C190727)

s HHA . 2023-09-12; 81T H#3 . 2023-12-14
BIRAEE . T 2R (1964—) , 058 51, BF98 05 ) 4 ) 14 9% 55
5 WL I A bk < b st T 81 {F A 23 4348 (100095) , E-mail : yheyu@
126. com; SEZENE (1986—) , F , i G TR, A 5% 07 1) Ry 44 ) A9 9% 95 55
W7 24, B ZR b ik - b BT S1AE 4 23 43 4 (100095) , E-mail: jiaozehui@
163. com

(K3 % R RAME)



%52 % %5 3 7 - S D - - Vol.52  No.3
2024 -3 H H71—-81 W Journal of Materials Engineering Mar. 2024 pp.71—81

SR ETE L B, X5, % . Inconel 718 & & WOGIE B Co/ TIN & 45 1k JZ BEHE % KA ALAT M [T, MR TR, 2024,52(3)
71-81.
ZHUANG Suguo, HE Boming, LIU Xiubo, et al. Tribologicaland oxidation behaviors of TiN/Co composite coatings on Inco-
nel718 alloy by laser cladding[ J]. Journal of Materials Engineering, 2024,52(3) : 71-81.

Inconel718 § £ M X B & Co/TINE
BEREEEZERAEANITH
Tribologicaland oxidation behaviors of TiN/Co

composite coatings on Inconel718 alloy by

laser cladding

FEAE B B 00 T ek KR sk T R AR

(1 VgL Tk K2 HLHE S B, PE 4 71007252 HEg bRl B4 K5 o8t
IR 5 HOR W) A RS %, KT 410004)

ZHUANG Suguo',HE Boming®,LIU Xiubo™,ZHANG Feizhi’,
ZHANG Shiyi*, LIU Zhiyuan®

(1 College of Mechanical and Electrical Engineering, Northwestern
Polytechnical University, Xi’an 710072, China; 2 Hunan Province Key
Laboratory of Materials Surface/Interface Scienced.Technology, Central
South University of Forestry &. Technology, Changsha 410004, China)

WE O T WS JE Inconel 718 45 4 78 i IR PR 5 T (9 0 1, (ol P OG I 28 7 R T 45 Co/ TINE B IR 2, 1454 XRD .
SEM Fl EDS 54341 J5 ¥, 8 98 HAE 2 1A 600 “CF A FEAE 47 4 M2 800 “CR Mt AL PERE . 25 R R ] i 45 1 I J 2 Al i
AEXS SEAARA P, 29N AR 1. 3~1. 44% . 5340 TR Z T A W AR 32 250 [ IR S & 1AL & W0 o 6 i 2 I B 4 2
ABFEAT I, 9 TIN B0 it Ry 426 (it 43 400, 8 6] ) i, U 238 040 980 B2 Mk o & 5 T A4S o 3t oy 6 96 1), Tk J2 90 T s A e 4
J 0 R A K T R AR 90. 0220, L AN, A AL S K Co/TIN & A% JE BAT — E My A 1k R Bk, S 1L R o 8. 7634
mg®eem 'oh U HAEMRAHZE A K, BB G U2 TE IR B SR BT A 1 R I B8 A% SR IR R AR R R R I B R R EL
JEB Y ZR b A TN A 3G i gd /N o 38 3 BE AL A AT 0] S0, 7E 600 (CTF 45 W2 B R A A AR BB i, I SR I AR AR B Y 7R A — e
TR B A BT AR

AR - Inconel 718 WOLKE s B G IR E BT s hra At

doi: 10. 11868/j. issn. 1001-4381. 2023. 000636

HhESES: TG146.6;TH117.1 XEktRIRAD: A NXEHS: 1001-4381(2024)03-0071-11

Abstract: In order to study and expand the application of Inconel718 alloy in high temperature environment,
Co/TiN composite coating was prepared on its surface by laser cladding. Meanwhile, the tribological
behavior of the coatings at room temperature (RT) and 600 “C, and the oxidation resistance at 800 °C were
investigated by XRD, SEM and EDS analysis, ezc. The results show that the hardness of the composite
coatings is 1. 3-1. 4 times higher than that of the substrate. The tribological properties of the coating are
tested. When the TiN content is 4% (mass fraction, the same below) , the anti-friction properties of the
coating are the best. When 6% TiN added, the wear resistance of the coating is the best, and the wear rate
can be reduced by 90.02%. In addition, the oxidation experiment shows that the Co/TiN composite
coating has a certain oxidation resistance, and the oxidation rate is 8. 7634 mg’-cm *-h ', which is not
much different from the substrate. It shows that the composite coating can significantly reduce the wear rate
at high temperature while retaining the oxidation resistance of the substrate, and the wear rate decreases
with the increase of TiN. The wear mechanism analysis shows that the oxidation wear occurs on all coatings

at 600 ‘C, and the oxide film on the surface of the coatings also can reduces the wear rate at some extent.
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2P RE & 800 ‘CF M BT A ALAT Ry, 4 i B S = TR A
4 Inconel7 18 7E iy il T 1 H fig 77 4 4k —Ff oy %) LIS

1 ZBWHBETE

S 36y i ) A Ry B BR R IR 4 Inconel 718, 2
B O WA 1. AE SE I ME A I B, SR R R
SEAI T 40 mm X 20 mm X 8 mm, ¥ K IE E R 2
(1) 22 T AT O Ak FE (B 45 . MPD-2W 4 A B AL ) o
U2 IR R AR R 4 B BC LG, 43 B B R Co(ND) ,
Co-4% TiN (N2),Co-6%TiN (N3), FH # F K47
KA, SR JE R R AT IR A AT R . Co TiN AL M
FIREFWM A WME 1R WK1 Ha] W, 4y
W TR 22 R [RE | i 280 Ak K B J00R7 52 A RILDUDIR o YR
G J5 P RBURL 73 A 2450, JC ] B AT R4 .

F1 Inconel’I8EEZLZR S (RESH/%)

Table 1 Main chemical components of Inconel718(mass fraction/ % )

Ni Cr Fe Mo Nb Co C

Mn Si S Cu Al Ti

Bal 18.99 19 3.07 5.15 <<0.1 0.03

<20.35 <20.35 0.009 0.1 0.52 0.96

1 T (A 25 2 M 2 L R SR n 44 1 50 RO Wl
Al 1 A O A5, R SO S 0 SR FH U A O 2ok
HEAWR, LB YLS-3000 B £F 30k 4%
(TESH K 2) o 165250 45 05 X BE 5 E 17 85 il A

BT — SR .

i H X B £k fi7 5 1L (X-ray diffraction, XRD,
Smartlab SE)XJ & & I )= (W) AH#EAT RAE . B IR JERE
s T R A TR VD B 2 e JER A O L R A AR 4 A 3K
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F1 BAEHR (a)TiN;(b)Cos(c)Co-4%TiN;(d)Co-6%TiN
Fig. 1 Powder morphology (a)TiN;(b)Co;(c)Co-4% TiN;(d)Co-6% TiN

R2 HAEBBEIZSH

Table 2 Laser cladding process parameters

K3 EBERSH

Table 3 Friction and wear parameters

Beam Scanning ) . Line
) Laser Overlapping Powder feed Wear Rotation )
diameter/ speed/ ) . Load/N  Temperature/C ) ) ) velocity/
power/W B ratio/ % rate/(g-min ') time/min  radius/mm T
mm (mm-s ') (m+min ")
1.8 900 4 50 14.5 4.9 25,600 30 3 10. 17

BELIEATAT RS AL, B E B I JOIR , B SRR
K (Vi Vo, =3: 1) B2 60 s, i FHAEIE{X(EDS,
4 ¥ Xplore 30. Aztec one) XTI 2 1 6 & 4 A1 1 B0 3F
1R AE, IF A #5 F B 3B (SEM, TESCAN
MIRA 4) M52 1 2 A [R] X 380 b i 41 22 .

fifi FH 4 IG5 (08 3 (HX-1000TM/LCD) # %
R 2 B R R O 1 0 G R R A5 3 22 4 A e
I BCE B (E, Hod 8 fop % B R 4.9 N, TR 7 #5220 ()
15 s il FH B8 488 5 451 0 50 ML (H'T-1000) #F 47 B $2 2%
STU  EEEER B RO E 3. M EA N5 mm B
BE R 1700HV 19 SigN, Fi % Bk 1 R X 5 BR | 52 56 38 5
A3 590 K E IR (25 °C) F1 600 °C . # i i Ff MT-500 %!
PEEE 0B R D o A, IF R A 2 (D) 3 5515 B S
iR

v

:ﬁ (1)
A WR B, mm®/(N-m) 5 V b B8 45t o 81 2k
AR, mm®; D AW shIE B, ms F R in i 28 7ar , N

hT B RN R E R A e

WR

OTF-1200x 7£ 800 “CF X # i A7 iy i AR AL 92 5 . e
FEFE S TT B R SF 8 5 mm X 5 mm X 8 mm /N, 47
PG W AR S R A SR IR B I 800 C, A
R 10 °C/mine 785250 (10 8 iR A AL 72 v, 2 B AR
1,4,7,10,20,30,40 h #1 50 h i JH Hy 5 FEIC SERE & 0
i AR AL . FE R SIS A R S 6 RE B HE AT XRD,
SEM I EDS 43 #7 .

2 #FR5HR

2.1 MBEERRALRSH

=R 2 XRD &5 R 40/ 2 fr s, AR hap L
N1 ZAETE y-Co Ml (Fe, Ni) [, 75 4h ik A 42 )& i)
b4 ¥ FeNi, M Cr;Ni,. FfiF TIN BTN, N2, N3 & &
WEZE Rz T 89 TIN A7 80, DK 4 R [ Ak A W
Co,Ti, MRS % k1117 A1, CofF1E R R A #5718
PG, BVTE 417 CLA T &35 K o-Co Al (H i FHO I
TV H R y-Co MR A B 6 748 AT R 4
T A, BAMEE AR b 4 Fh 4 8 o0 2 78 b
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AW S M aEIE Y, W FeNiy, Co, Ti %5 . 1M
(Fe, Ni) BB L E B F 3K Fe, NIt E [11R )2
Hh e, R A e PR A ) R LA S I AR TE

B2 3R EGWREMNXRD E R

Fig. 2 XRD patterns of three composite coatings

FH T ¥ )2 v R RE A L A A A S 06 i i () B 23T
I FLIO o 78 0% DRk 5 1 7 45 3 v 7 2R AR P 0N
A g4 S A ALY BT L XRD o AS AE e A M iR 51
JEA A o BRLEE 43 B R 2 T W A B RS 45 S EDS 48 T
AT AT

N3 A IR 2 B W A 2 0L, B DAk £ TiN
T 2 W N3TRZ AT 7001 o N3 R 2 A A X B
SEM EMR AN 3 7R o )2 B RS AR T 35 4n ) 3 (a) Jir
NG NER AT L R R R EEZ) R 1,12 mm, F 1E P,

fEfe LS fl. MWEDSHHELE R, RE Rt Ko
A N 5] I H IR WL ) Fe, Ni, Cr % 5K 0 R 017
FE, BB AR ORI B B ep SR R T R S
R

WM L T AR o A R 4 B an 1 3(b) ~
(d) fr 7 o fl B [ B0 38 AT 0t RO 4L 2 Y 3 Ak i
G/VYGE , Joh GO I R B, VO 6 [ B L W 5%
) 1 X 2 2 g /N EUE  anE 3(b) fiT R o XO& T
S DX I i R R R G AN i L7 BRI A
HIVE R, ¥4 H) o 3 R 06k 1 445 o o B A i, R b 4 40
F /NS S S A, TIN T 58 B /NAE i b 5 ] 0 A
A G F W o B A A AR G, S B IR A Y
T o U 2 v B X B 2 4 A S B A e S R
S (BRI | [ Bsf J) [ 43 A1 2 /0 o B o 0k 20 4,
Bl 3(c) fim s TEIR Z IR M4 & X G/ V HA ik 3 5
K, BB U DIAER SR 3 B 3(d) BT . iR
2B X AT EDS a8, a5 L 4. Hip A
Ti, N JCZE W JE T 535053 9 R 57.30% Fi125.62% , 45
A XRD #E D2 55 7T RE 2 AR K b 19 TIN UKL, K 8
Al At B s Nifl Fe o0 2 19 R F 40 805 30k 12, 73 %
4.81% , 4= it A 77 7E FeNiyo 5540, & MK (8 X 35, C
Ib Co 70 % F m 8, B Ak B 1% 3 22k y-Co, IF H Cr
NI JCE 0 70 8050 5 R 5. 71 % F1 12.82% , 7T RE
WAETE CroNL % & R L5 ¥

K3 N3WREHS K SEMIES
() B ATEAR S EDS W45 5 (b) B35 (o) 85 (d) T af
Fig.3 SEM morphology of N3 coating

(a)overall morphology and EDS mapping results; (b)upper area; (¢)middle region; (d)bottom area
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T4 NIREFHMEGAMNAAYEDSER (R FHH/%)
Table 4 EDS results in the middle region of N3 coating

(atom fraction/ %)

Typical

Co Ni Cr Fe Nb Mo Ti N
area
A 7.10 1.32 1.00 0.37 7.12 0.16 57.30 25.62
B 71.49 12.73 5.54 4.81 3.48 0.82 1.13
C 75.46 12.82 5.71 5.08 0.34 0.42 0.17

2.2 BUYEESH

LT 3 B R 2 B X 0 O B N 8] 4 R, A
B Al O, AR 2 ONT~N3 %2 1 14 5 s B 4
N 279.3HV, 5,300. 4HV, 5,370HV, ;#1399. 3HV, 5,
HAZ(heat affected zone) i #EZ i [X., $8 78 O 445 76 1F
FHT B AR 45 04 Rk e A8 b B 25 09 X 8, Tk )23 i) e
AR XA AN TR R B A AR, L A 2l Co (19 N1 IR
JERE AL LR S T 7. 5% (B AEGN TIN 5 , N2
FUN3 U 2 00 B R B2 B B AR 1. 3~1. 4% JF B IR
J2 A R Bl A TN S 0 E A 38 o B s o HpR T e A
TUAT JUASJ7 T8 156 06 b v 09 58 0T 8 200 fiff 4x )8
[ A6 A W 3850 53 A, 7= A R AR 5 R OG K E Y
PR BE 5 115 Fe, Co %6 4 JU R T A M5 b Hh 58 43
J2 VL, DT A 45 78 2% v T8 B ast AR 0 1 3 1, 51 A%
WaF AR, T A Ak o [ s A TN A B Rl R 4
fen DAL O 4 R LTS 0 B BB 8 A A M 1 R U R A A
I HE 5 y-Co @R A MFE M FCC 45H , X — 4%
RA R T y-CofE TIN K. FRIFATAER SIEAZ, T
SR AL TR 2 AL ZUERE N . L, TIN I &2 f K1 N3
T2 O B A e

P4 RS R T2 At ol R

Fig.4 Microhardness of substrate and composite coatings

2.3 EEEMRE

B A 4 J2 TE 25 3R A 600 °CTF Aty 1B 452 DX B ath 2k
5 T 7R o DA v a2 i 2 7 S 461 0 0 0 sl e ok, el
RE 2 B R 75 AR AL 2L 2 T BRI BT
FET B A A IR B i 2 I Bl AR D EE 4
REB WiFaE o 7E 15~30 min PN 45 RE T 1 - 1 788 48 ]
BAE 6w . =T Inconel718 5 3 7 4% 2
(N1~N3) (% - 2 B 8 K 43 591 24 0.71,0. 69, 0. 65,
0. 68, o N2 ¥ 2 1 B8 48 DRSO AR , BRI 4 A Je 4r 1
I REMERE o 7E 600 “CTF Ik 2 101 1 2 45 X B o3 il ok
0.55,0.47 #10. 58, H{K F I 4 (0.82) . &G K 6w
AL TE T RO BE A5 TR LN2 I 2 0 BE R ROl I
%, b AR R AR 8. 45% 1 42.68% , i1 It U WA 76 4 43
HOUR I 420 TIN B U J2 A el B8 P g f i o R4k B2 IR
JTIN 2 6% J5 , i )2 10 B8 488 DR 8RR i 4 v L Tl g
TV 2 v B AR R 6, 7 B b R b R R AR UR
JZ T, {8 B ol T AR A5 ORLRE L N TS B 8 N R

.

5 Inconel718 iR )ZMIEEHINEL  (a)% ik 5 (D)600 C
Fig.5 Coefficient friction of Inconel718 and coatings (a)RT;(b)600 °C

FEARFN 3P g 2 e A 600 CF B B 0 R 2 &
TRER TR E R T B 43 5 O 8. 39X 1077, 5. 55X
10°,1.8010 °,1.36X10 " mm®/(N-m) ., MK Haf
U, N3 W J2 0 B 0 R i AIK,  EAR IR T 83.79% .

600 °C B JE & F1 45 1k J2 09 BE 451 % Oy 9.42X107°,
8.19X10°,1.49X10 °,0.94X10 ° mm*/(N-m), H
Ui B B A TN 257 S 9 386, 2 4 U J2 1 T S 12 % 347
5, HoH R I 6 %0 TIN B, U )2 HL A A g B9 T I
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6 FEARAN Co/ TiN & & R 7 2 A 600 CTF A - 1 2 45 [N 4K
Fig. 6 Average coefficient of friction of substrate and Co/TiN

composite coatings at RT and 600 C

7 Inconel? 18 JefA 5 =ik J3 7 4 i Al 600 “CTF i 45 ¢
Fig.7 Wear rates of Inconel718 substrate and three kinds of

coatings at RT and 600 °C

g4 b S R B 4y Fr, B A TN AT LLE o £ TR
J2 B R U 3R T A S AL, O L A TN BT ]
VE R BB 51T R I R0, 77 A IR BIOSR A L DT o 3 O
JZ 2T RE
2.4 EBBRYESH
2.4.1 =R T BBV

FEAR R U 2 0 BRI S 181 8 BT, I & ]
UL A ) R R B 5, B 8 (b-1) Al (c-1) 43 1) by 4k %
IR 2 T 43 DX e R A, LR R AR kAR
T, T3 Ah i A7 B L R ALY B TS 2 S R R R
Btk o I A B A A R ¢l TR R AR AR, B A oA
Pk B2 b 5 R AR B R R il i 25 5 R AR R AR Y
S HOL R AR R A RTE L IFAE 2 B 0 R
Shy UKL R B T, A 2% T 2 B R Y LS RLES R . 5
A5 3R 5 EDS 25 B B 8 h A£ 7E Cr,0,, NiO 5§
G B ALY o U B TE S g R b, B A 3 1 TT RE 2R AL
B A AR R TR I AE TR AR IRAR 28 oy 3R
T IR A B B IR R R T E A
ARTE AL | A TE T A B R B 45

B & 8(a-1) ~(a-4) % i F FAK 5% 2 19 B 8

ST, 3 TR 2 0 B R B b SRR 4 A I
K EDS 43 Mt , Co F1 TiN 25 6 [ AH (9 78 h 68 4% A 24t
P v B2 5 VR 2 R DA e S 5 v AR U0 ) R A
B Z B W T R R B . B 8(a-2), (b-2)
AT, N U 2 B 401 3R A7 A6 30 i BB PR AR TR D i )2
R Vs o I U )2 AR T AR EE 45 O 09 AR TR B U
My REZENEEEL BRI AE 8(c-2) h
AT ULEE i SR AR A D POk . AE 8(a-3), (c-3)
ATUL N2 U 2 0 B A0 T BT ML 45 A T
EDS 25 B nl A, O & w8, 26 B 0l 68 A7 78 S04k B
T T FLBE 25 R 4 AR 0 R AT, 20T 2 A R 1 R
OIS X FEIE AR, AW R A F G -5 - EE Y
PG, AT i R A B . ANl 8(a-4) Fil (b-4) 7]
W N3 R JZ R B RS AASTE . B E R O JC %
IR F 4 8 20.3%, 3 4, Co W R F 4y B0
67.3% i e T H A 4 8 T R & &, M N3 IR )RR
1A e & A T R AR B L B JE Py e
CoO. £ L ik N3 WRJZAELE AR IE o SR Ab B 4 .
BARKRE 3T E A IRIZ BB/ T B
2.4.2 600 °CF B35 HLER 4> My

FEARAE 600 CF M EEHUE A W& 9(a-1) , (b-1) Jir
7N, ULER B 3 1A 3 T B A R P A SRR YL O HL
FEAE —SERUYG RN E . Ud B LA T T 2o e vl B 32
R ARG, DT il Sig N, P 28 Bk o 66 1 %) 8 0 o ™ 0, 9 HL
TE B A0 2 10 3 M 5T . 454 6 T EDS 430, B Hh O
TCRIEF 8N 66% , 55 4b i 748 ol Cr(5.2%) .
Ni(14.1%) f Fe(8.2%) &It & , W 7 4 1) 1 64 5%
J& 1 Cr,04, NiO Fll Fe,0, % 4 J& 4k . 4 B SCiik v]
L, AT 2 Y ) 4 s A A B B A A [R) 1 A R R R
Jik 4 2%, — i F PBR{H (Pilling-Bedworth ratio) & ¥E4
G B AALBR M I KRR . R Y 1<<PBR<2H}, &
L 5 stk BB U8 T W R 4F R P E . R 5E &
B, Fe,O4 1 Cr,O; 1) PBR A 43 5124 2. 14 F1 2. 07, NiO
() PBR{H N 1. 65, fif LI Fe,O, il Cr,04 1 1Y % Ak I
BN , 75 5 KA #P% B NIO BERR 7 i 5 T 3Lk %
T8, BEL 1k A R} 0 — 25 Bl AR

M 9(a-2) ~(c-2) A WL, N1 ¥R J2 3% 1 5 i 1
LRSS o AR T R N 9 R T R AR TIRE
T S 1, DT D2 T B BT o DA 461 3 1fi K I 9(b-2)
WAL E] BRI T A EE)E, 454 EDS 4041,
O F1 Co JT & Wy I+ 70 B o3 51 2 25 % #1063, 106, 4l
JE& B B EAEAE CoO WM, B N1 2 B2 R
(R ST B B o B Y . LR 3 N2 Uk J2 B R il A )2 Atk
P PR G, O H 2 1 B i, B T Sk Ry KR
i AR HOR W E 9(a-3) ~(e-3) FiR . N3WRIEM



Eo2k H3W

Inconel718 & A e 7 Co/ TiN & 4% |2 BE #8224 K A A0 AT 77

E8  Zid N ESIER
(a) BESRE 5 (b) BESUE AR 5 (¢) 5 JE 5 (1) Inconel718; (2)N1; (3)N2; (4)N3
Fig. 8 Wear morphology at room temperature

(a)wear scar; (b)wear morphology; (¢)wear debris; (1) Inconel718; (2)N1;(3)N2;(4)N3

x5 ERTEREBEDSHH(EFHE/%)
Table 5 EDS analysis of wear debris at room temperature

(atom fraction/ % )

Composite ) ) )

) Co Ti Ni (0] Cr Fe Nb Mo
coating
Inconel718 49.9 7.7 19.5 17.3 3.4 2.3
N1 coating  74.4 6.6 13.6 2.0 2.4 0.4 0.5
N2 coating  73.1 0.3 4.5 18.2 1.5 1.8 0.4 0.3
N3 coating  67.3 0.1 6.7 20.3 2.2 2.4 0.5 0.4

I UL BN 9(a-4) ~(b-4) fir 7, WL4E 51 H 2 1
HH ST A B0 LA R S S I A T 4% T A S SN,

Xof 3R A% ik 1 o R e TE b S R AR N B R R AR
ML, IETE N AR R 28 kA R, i % m i i
FIFE o NE9(c-)Hal WEE S E2 B RR., 5
B EDS &5 356 H T J1, 600 °CTF i 2 R 1A
J& AR B T E R U 600 CTF B R 2K S
R A IS, OF BB ZE B V5 T LS JE o TR
G5 6 B 0 2 4500 RS R B AT 0 SRR R NL IR 2 7R
600 “CT 1 B 4 1o 2 e sk 51 7™ 8 JF HIE IR Ul &
B N2 N3 %2 7E 600 ‘CF A BE 2% T = I8, il
4l Co W J2 HREAH X U 4% J6 14 7 BB 958 , T 9% i TN m DA
HE— 4R E R R TE 600 C AT Y i BEE
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E9 600 CT MY EEHIE 51
(a) R 5 (b) BEHUE A 5 () B 5 (1) Inconel 7185 (2)N1;(3)N2;(4)N3
Fig.9 Wear morphology at 600 ‘C
(a) wear scar; (b)wear morphology; (¢)wear debris; (1)Inconel718;(2)N1;(3)N2;(4)N3

#6600 CTHER EDS HH (T H8/%) LI e 1, e 7 5 TR 5 4 5 56 O 5
Table 6 EDS analysis of wear debris at 600 ‘C AR B B A 0 T ST R A R R i B AL
( fraction/? o W o § N
com frection/ ) S A5 A SO R B S R NS A R
C - P — oy
ot o N0 e Fe N Mo RATRLSH IR BF LU SEHER 800 CF 50 b
Inconel718 0.2 4.1 66.0 5.2 82 1.6 4.8 TR S AL LI 5T, I FHIEIRE X BR . 50 h i — &
N1 coating  63.1 54 25.0 2.9 2.7 0.4 0.5 Egﬁ{jﬁfﬂii}ﬁ‘%(Am)%%Uﬁ 56. 55 mg/cm2 %ﬂ
N2 coating 70.7 0.1 4.5 20.7 1.5 2.1 0.3 0.2 66.16 mg/cmzo %,ﬂﬁﬁii%ﬁﬁé/ﬁ\ﬂrﬁum/ﬁ{bﬁ]ﬁ%
N3 coating  65.8 0.1 7.3 20.6 2.6 2.7 0.5 0.4

A 10 s, Mg B i & o i 2k . SCRR R BT, A
2.5 mANHIEDH b3 g 2 il e IR AT 5 B ) 0 AR L U BT R L
i F Inconel718 & 4 % H T /= I I 55, IF HLE 4§ A PE AT

i



Eo2k H3W

Inconel718 4 4 ML Co/ TIN & 4 1 2 R 24 K E ARG N 79

P10 TInconel718 FI N3 ¥ 2 £ 800 CF %4k 50 h ity %4k 3h 1 2 il 4%
Fig. 10 Oxidation kinetics curves of Inconel718 and N3
coating at 800 °C for 50 h

1 Cui ™ 4t 3 AT A AR B RO T A (2)

Am* =K, ¢ (2)

s A Sy B T BRI 5 ¢ S AR I ] KR 4R AL R

FHEL, AR RN R MR P AL BE B o R

IR JZTE 800 “CF i A Ak 3 3 (K,) K V- J7 A 2% &R 5L

(R)WF 7, Hh REBIET 1, SC 5 80 5 804 i 2

AR BB . ISR A AT UL, N3 W 2 Y A b R

(8.7634 mg-cm ™ *~h ') W& = T AR (H 5 H A HH 2
AR

F7 BEFMREES0CTHEUERMFEFHEXRY
Table 7 Oxidation rate and squared correlation coefficient of

substrate and coatings at 800°C

Specimen K,/(mg*-em **h') R’
Inconel718 7.6835 0.9688
N3 8.7634 0.9632

FERFN N3 % 2 A AR T 9 XRD B3 an &1 11 B
Ro AT XRD KIS AT A, AR SR I 32k Cr, Fe AT NI
B A ALY, 445 Fe,0, 1 Cr,0, 42 J& & AL ¥ K NiCr, 0,
R A G R AR o R A A5 A AR 2 CrO,
5 NI A ALY K b AR R A i, S s LA

12 AR EIEHR

Bl 11 Tnconl718 A N3 Iz S (4 1 XRD 23 Hr 45 2
Fig. 11  XRD analysis results of oxidized surfaces of

Inconel718 and N3 coating

B T m PR AR RN
NiO+ Cr,0,=NiCr,0, (3)
N3 2 M AL R 22 Co M T AL, 12
i CoO,, TiO,, 73 4b, i ki M 2] Fe 1) E ALY Fe, O,
FERF N3 U 2 09 AL J2 R T E B an 1 12 F s o
MNP 12 (a) o a] D56 A 1 4804k 3R 18T 32 22 o K 6 Btk A
ki, EL B 0 25 3R A Mg, 454 K 8 W EDS 4y
Br, K @ HOR Y A Crib 5720 %0k 37.82%,0
JE T 53 H0h 59. 89 %6, 4k I UL b #F HE CrO,0 C M
L e, Fe F1 Ni 0y Ji 140 50 3 R 2. 53% 1 7.26 %,
454 XRD M AT 8 % A 20 it Fe,O, M NiCr,0,, 53
PR TR, N3 2 0 Ak 2 18 R K e IR 25 4, OF HL
43 DX S AE A B Y 280 I AT AR R L IR S A1k
Yz 18] R ik & B (Inconel718: (13.0~14.2) X
10 5°C 15 Cr0;: (7.2~7.8) X 10 °°C '; TiO,: (8. 5~
9.0) X10 ° °C'; CoO: (12.5~13.7) X10 ° C 3
Fe,0;:(11.3~11.8) X 10 *°C W ZE S S8 T4
get i A REFE SE R 28 7 T M 800 “CEI = IR 1 JL
WV IAE I, Y8 o I R g B, 3T 2 i B
g, EDS Wos N3WJZH Co & i K T HAb 48 .
B D 5, B T Co(46.61%) 4k, HiAth 4 J& oo & i Cr
(0.06%),Fe(0.80%),Ni(0.37% )% & w g, H ik

(a)Inconel718;(b)N3 %2

Fig. 12 Oxidized surface morphology  (a)nconel718;(b)N3 coating
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*8 EGMARABIUMREDSER(EFHE/%)
Table 8 EDS results of typical oxidation morphology of

coatings(atom fraction/ % )

Specimens  Points O Cr Fe Ni Co Ti
Inconel718 A 59.89 37.82 0.82 1.47
B 57.40 38.49 1.10 3.00
C 58.80 31.41 2.53 7.26
N3 D 52.16  0.06 0.80 0.37 46.61
E 60.24 1.11 0.44 1.42 36.74 0.03
61.66 0.13 0.75 0.86 36.59 0.02

FHELEAE CoO,0 HAN, SELEFA TiILE(0.03%),
WM Z AL R & Ti0,, Bk FEH N A= (4) ~
(DR

4Cr+30,>2Cr,0; (4)
4Fe+30,>2Fe,0;, (5)
2Co+0,~>2Co0 (6)
Ti+0,~>TiO, (7)

(D& AW 22 M A 45 B 3K y-Co F1
(Fe, Ni), DA K Jgs 3t b 4 4 JC 2 [ JE LAY FeNi, #1
Cr;Ni,, 53 4k N2 FI N3 iRk |2 i /778 Cr, Tifl TIN, IR )2
B J32RFOOF AR A BT 42 R L 3K B AR (262, THV ) 1Y
1.3~1.41%.

(2)N2 U )2 U0 B SOR BT , T N3 U 2 1A e i
14 Tt S 7 i, BB Co/ TN &2 4 3 )2 BE W6 A7 5% il 38 2%
PRI BE S22 M RE . JF FLBEAE TIN SRS, RER
P 450 B A%, Tif S R A o Fl 0 A BE AL B AT, 600 °C
TWRERMA R TR, — e R A B TR
T P 451

(3)800 ‘CF N3 2 HA P A M, Al B R %
BM 8. 7634 mgPeemh, 5 AR A A 22 8 K, UE B %
AR EE AT — 5 YA 0 R s B 08 ORI % IR
FERTE R IR T 0 S R, B R R A A M AR R R
51 55 FH 75 iy, TIT R AR T BUAS , i Inconel718 & 4 7
e R AR iy T A R )T

&% ik
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Effect of PBAT content on performance of PLA

based degradable blend slice and composite

meltblown nonwovens

FEE T R RIS R

(1 AP A AL mURL 2S 1 RHIEFE B, AL AT 1000955

2 b5t S BOR DTS B A R | L LT 100094)

HE Yuguang',HAO Sijia"*, TIAN Junpeng®, YANG Cheng"*

(1 AECC Beijing Institute of Aeronautical Materials, Beijing 100095,
China; 2 Beijing Institute of Graphene Technology,

Beijing 100094, China)
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doi: 10. 11868/]. issn. 1001-4381. 2022. 001080

RESES: TSI71 XEFIRG: A XEHS: 1001-4381(2024)03-0082-08

Abstract: Taking polylactic acid (PLA) as matrix, poly (butylene adipate-co-terephthalate) (PBAT) as
toughening agent and polyethylene glycol (PEG) as plasticizer and compatibilizer, PLA/PBAT/PEG
blends with different PBAT contents were prepared by melt-blending method using twin-screw granulator,
and the melt index, thermal stability and brittle fracture section morphology of the blended slices were
analyzed. The results show that PEG has a good plasticizing and capacitating effect on PLA/PBAT
composite matrix, which makes PBAT uniformly dispersed in PLLA matrix, showing a typical "island"
structure and improving the toughness of PLLA matrix. The PLA/PBAT/PEG composite meltblown
nonwovens were fabricated by a reciprocating meltblown machine. The effects of PBAT content on the
thermal properties, microstructure and mechanical properties of composite meltblown nonwovens were
investigated by synchronous thermal analyzer, scanning electron microscopy and electronic universal testing
machine. The tensile test results show that proper amount of PBAT and PEG can play a synergistic role in
strengthening and toughening PILA-based composite meltblown nonwovens. Compared with pure PLA
meltblown nonwovens fabricated by identical process, the PLLA-3 (mass fraction of PBAT in PLA/PBAT
composite matrix is 3% ) meltblown nonwovens displays a 48.8% increment in transverse breaking

strength and a 28.7% reinforcement in longitudinal breaking strength, meanwhile the transverse and
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longitudinal breaking elongation shows an improvement higher than two-fold.

Key words: PLLA ; PBAT ;meltblown nonwoven;reinforcing and toughening

Hs WG AR 2R A (] R A1) 2 i o R AT B AL
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HR & B ) D9 0 SE B A Rk e 110 SE A
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Rof A S ] 2 ) R i A R I AR I B B AF YRR T
4 T B A AR, A AR AR I i e BRI 75 e ) T
RO ZR-XRZHER-T —FE(PBAT) & —
PERER MR, B IR e M, 2B PLA 3R
FAEL B T B i AORE S BRI, PBAT 388 PLA 9 BF
FE R 2 48 v AE S E R ASE BB A O T, O A
PLA/PBAT 1B £F 4 R i w4 i) BF 90 36 L A /b, 3

S PR Ry ) 2 21 4 M Rt TR L R i A AR M LA
MR . BIFSE 6 B, AT DL 2 VR 0 SR A i B e 75 5
O AR S TR A 2R b i A T AR T B R SRR R A U
e AE KA RS B B (PEG) & —Ffh G #E B4
P RE 25 G B 1 9 0 5 T Akt S 2 R R
TN TS AT R iz . A E ST R W E A PEG A L
P& 75 PLA/PBAT A 19 AH 25 2 | e 21 386 560 384 49 1) 2%
SRS AR B, PEG M PLA HAT A 3T
M7 S8, 3R bW B R AP A 37 3]
PEG % i Mo F R m™ , & BAES R T
KN IA 4y F B B9 PEG %F PLA K 7 B8 19 52 mA |, JiF 52
PEG-2000 5 PLA FEMRA 251 R 4, 9F 7] DL & PLA
Ay T4 (32 B RE J7 L PLA 7605 W8 o 2 vh 5 5 T 4F 4
o ZEh &R T PEG 1R M6 A5 % PLA/PBAT
EAEMEHRIR I, 2R RV PEG 5 T AR M B 1,
5o PLAAH I, PLA/PBAT I8 ¥ i Br 4 5 2 1 iy
PR RIS

AR TR 3k AT B A 4 R PBAT PR 30500 . oA
T PLA/PBAT & & M B W 45 1, 45 & AR TR
YL AT IR 5T, [R) B 25 L8 B /N 43 45k 4 0 R A RS SRR IR
il ot AR P DA B ok R 2 R AT e e i R
BE VR BRI GE Y 5 H 2 1 o 2000 9 PEG 1E R
WEIRRE ] . A AR 0 O R A TR PBAT
& B PLA/PBAT/PEG IR &Y A, o xt kb T
PBAT % it % PLA SR PEGE A9 52, F) 11 &2 08 w5t
BILI S il 2% 0] 58 4 A ) R A ) st ) 24 v R R AP 1Y
PLA/PBAT/PEG & & 1EWi 4 .

1 ZBWHBEFE

1.1 LIWEM

PLA, 8 5 & 6252D, 3 [# Natureworks 2 & ,
PBAT, J# 5 & C1200, 8 E BASF /A # ; PEG (AR) ,
4y F i 2000, ToB TR B AL T A R A .
1.2 HAH&E
1.2.1 PLA/PBAT/PEG IRV A 1) il £

PLA f1 PBAT U] K #£ 80 ‘CF T H# 4 h, &k 5 ¥
PLA,PBAT #l PEG #% A ] it & [ (100/0/3,99/1/3,
97/3/3,95/5/3,93/7/3,90/10/3) 7& = IR FEHL IR
G 5], HBUEAT £ ALY L, B8 AT IR X 7E 120~
180 ‘Cz Ja] , 145 PLA/PBAT/PEG V) K, 23 Hlic
4 PLA-0,PLA-1,PLA-3,PLA-5,PLA-7 flPLA-10.
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YRR H AR R T2 F X4l PLA Y R BEAT 55 H sk .
1.2.2 PLA/PBAT/PEG %W /i i i £
FH A A2 B =0 mE L B3R PLA U1 R DL &
PLA/PBAT/PEG IR UJ i $EAT 15 WE 5206 A mE 1.2
T XA 180~250 “C, 3 o I 5 485 44 Jat 2, ] 45 i AH [+
Il % B (1) PLA/PBAT/PEG & & Wi .
1.3 gl
1.3.1  H&mlds Bt
Z M GB/T 3682—2018( Y8k} 438 P 98 o} s 1K o
U 2 R (MER) FUE R 1 B 2 3R (MVR) 990
FE ) BB S BRI I L2 A T R U Bl 3 AL )
A MFRAH. M6 N 225 °C, 3k 2. 16 kg.
1.3.2 SEM iz
FIFH A 7 WO SR U0 R R Y o T TR
SR WS AT 27 4k 2 WP A, 9 >k H Nano Measurer 3K
A DRIE 1 43 BROHRE A% R 2T e AR AT SR 1T
1.3.3 PR it
I ] 25 #4043 BT AL 217 PLA/PBAT/PEG J: iR
YR 1 4 A AW DSC IR o TH il o o
10 °C/min, N, ¥ 3% & 40 mL/min, P 8 3 15 B 30 1
4 25~600 °C, DSC W ik JE 3 [y 25~225 °C. 4 #r
DSC 2t 25 SR A5 3] Bl 58 A e A8 W B2 (T,) ¥ 435t T &
(T.) J&EROREE(T,) .
Fi 2 OO TR S A 45 B o0
AH, — AH,
“ AHm(st)X w
s AH, R FE G IE RS s AHL R BE I 2 T
f& s AH,, (st) i PLA 58 42 25 5 B i) 45l 00 , L AE
93.7J/gsw IR R PLA Y 5T i 70 %0
13,4 BT 2458 g R 28 A 3R 4 I
& WE A 0 fr i P g i IR GB/T 24218. 3—2010
(gL AR A 50 Jr 1 56 390 40 < W7 245 07 R
ZLAP A R B I 2 (SRR ) )R A8 19 5 1 R T HL 7 g
IS ALIEAT IR . D A5 1 R BRI B 25 °CL il R
SFOM 5 em X 28 em, A R AL 5 em X 20 em, Frfif
A 100 mm/min.

X 100% (1)

2 ER5HM

2.1 PLA/PBAT/PEG % iBEI K R MRE D 7

WF 58 R B 9 MEFR (A A T 77 A B4 s 12
LR 2 AR AR B 5 00 A I 20U DL T 45 D
VIR TE 225 C B MFRAH , 45 RWNE 1R . PLAW
MFRA{E # 97.5 ¢/10 min, B T PLA ¥4 I &4 F 1
i DL - A M T R R 3L L 9 IR EUR T2 S5 AR 4

T ) R R B, A 0 R A i Y
TRy N T E1 B 7Y <o d g 1 A S S G VAR R =S I
[ A2 B2 3 BB T PLA 73 T 85 B iz 3y, 3 BUR IR B 2
RO MR R R PBAT HA &K (105 7 8
By, B4 A KO R PR N IE RS S 3 PBAT 43
THEER MMM, BN T 2 FEEE 94, T L PBAT
VR B0 S B # 2% , MFR M B A 16. 3 g/10 min,
(Kt F FH PBAT 3449 PLA 3 A [8] iR B AR LR I A
(AT 25 P T BN N A A Y G A R Ok i A U B
PES O f I B s AT %0, PLA-O 8] A B9 MFR {8 4
196.8 g/10 min, 52 PLA VI A EL 32/ T 101. 8%,
HWEW] PEG Xt PLA BR 2] T RIAF A BAEN . X2
B o PEG B A AT LI 85 PLA 4% F 8 2 8] /9 78
71,8 PLA Jr FHREBIMiZ shie 1" Bi% PBAT &
A, R Y0 A R MEFR {8 38 #0800, X 2 B R
PBAT 4> F 455 PLA 4> F 55 2 [0] 23 3% i % Wi A0 1 4
I HE W KGR R AT o T RE S B AR IR
B s Y MERAA, °T DL T i R
[ii] 5 2t 398 490 00 0 — et O R 6 PLA B R 1) 3 [] 52
M), XoF ) G2 A T A % T2 DB v A e I A 1 B
HAHES1EM.

El1 PLA/PBAT/PEG IRV A 1 e 4 5 5 I sl il 3
Fig.1 MFR of PLA/PBAT/PEG blends

PLA/PBAT/PEG iR U1 i Y #4 5 43 i 45 2R a0
K2R . 46 PLA P A A 323 “CH- 4 H B0 5 A9 42K
&, 0 PBAT F1 PEG 1E 339 “CZE A7 A JF 4f H B0 I 4
JH ,PBAT Fl PEG X W T, Tor Fl Tosy (3R 758 3T
HHR K 5%,50%,95% B Xt A i ) ¥ T 4l PLA
Yl R 19 48 B #4K JOR B, B0 W] PBAT R PEG L 4l
PLAYI A A W4 W A3 & ¥k . 53 4, PLA/PBAT/
PEG MR U1 v 546 PLA Y1 5 AH EE , Ty F1 Ty, BT X N
() B BEAS A 45 B % PBAT & & i 88 hn, SR 80 A
Toso AT W 5 A 38 K 38, X B W R JLIR T | v PLA B
TS B A i 2K B, SRR PBAT Ml PEG A& #i T Bh
I3 f# . PLA/PBAT/PEG IR YI A 546 PLA Y1 F 4]
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Uy PR 2R B RE R AR R A O L8 e T I 2 B ek i
JE, DRI AT LA A [R] e B 25 00T 3 A 0 G S
XEORFERE I T 20— 2k BAT F A .

El2 PLA/PBAT/PEG IRV A #Y K 5 i 28
Fig.2 Thermogravimetric curves of PLA/PBAT/PEG blends

2.2 PLA/PBAT/PEG #%iBYI /W E 5% o 47

i 3k SEM K14 % PLA/PBAT/PEG I8 U] A 4
Jif b7 A T 43 BT L BIFSE T PBAT M TE PLA B& 44 v iy 43k
7 0 LA e 5 AR A AR 28 1k, A0 3 B . TR 3(a) SR 4l
PLA UJ Jr Wr i b1, LA 52 50 0 1 & A= W 24 it
FEIU L B (B DR Y X2 i PLA 43 8% NI R

SHAS . K 3(b) Bos PLA-0 MR B0 A Wy o6, d
JE B0 B T 2 A A A BB X 1 EH PLA
S5 PEGHRUMHEMN., WE3(),(d)TLLEF,
PLA-1 ) F B 1 A G L 357 [ B B — 28 53 A3 3
ST 22 R BE S, PLA-3 Y1 R B 1 R A 3 28 34 34
K 3(e)~(g) &M, b PBAT & £ i3 i, 38 9] 1 e
AT T B LY 1) Vg 5 " 25 F L, PBAT 43 B0H F 24k 48 IR
std B3R, PLA-5 Y] F H A9 0. 23 pm 38 i 3
PLA-1081 K " % 0. 50 pm, PLA-10 £ F W7 1 if H 21
Y 0 AR 3 B B BT K 5 7 [l B T A 4 s P
B, W T G R B B SRR AE Y A E g R
PBAT 1E R 30 7] , e 75 2 2] R4 i 18 B, ek F
PBAT 5 PLA JEK MY 455 58 B2 UL 2 PBAT 7E PLA %&
PR B DY, ik SEM IS 20 B el 1L PEG 5
PLA JERA 25 M R 4F 35 & 19 PBAT A LA PLA JE A
B A) A3 T, FE I I AT o 7R h PBAT AH AT B 3 7
A BV A PLA LR A 4 A ) Pk i, DA
INEF e R i 25 &3 . 54 PEG 5 PLA fil PBAT #
2B A AE R o S, — o AR L T D v A A T 2
BB . B PBAT & it ad = B, PBAT 43 BUAH BLAR
AR, o35 PLA SR BUAH 23 55, W AHAH 28 AR 22

K3 PLA/PBAT/PEG IR 9 Wi SEM 1814
(a)PLA;(b)PLA-0;(c)PLA-1;(d)PLA-3;(e)PLA-5;([)PLA-7;(g)PLA-10
Fig.3 Cross-sectional SEM images of PLA/PBAT/PEG blends
(a)PLA;(b)PLA-0;(c)PLA-1;(d)PLA-3;(e)PLA-5;(H))PLA-7;(g)PLA-10

2.3 PLA/PBAT/PEG E & B I M BE 4 4

4 & PLA/PBAT/PEG & & & Wt i i) DSC fh
2k, % 152 7 PLA/PBAT/PEG & & 1 Wi A i b
eS8, W B bl DLE B, 46 PLA JE WA Y T,
J962.4°C,T.0108.7°C, T, }159.8 °C., PLA-0 ¥
A5 4l PLAJEWEAT M E, T80 T, 58 3% FEAR% , WE A 45
PEGJ5 ,HI55 7 PLA 4 4RI A BEAEH 1 85 7
PLA # BfiZ 2hfiE /1. PLA-1IEWIAG 5 PLA-O 5 Wt 15

FHEC, T S0/, 17 PLA-3 % W 4 5 PLA-1 45 W55 A
ML, T, T T, #83E — 25 R AIG, Ud B A4 R AH 25 P i —
PR . X AT RE R 4 R AL IR 3 4 PEG,
PBAT 5 PLA Z ] %& A= 5 i B Ak S5 157 1 38 48 )52 )3
P T o B NP L B T 4y FEE R A R
TR T 52 A AR TR T, {HEE% PBAT
M, PBAT 43 F4E 5 PLA 4 155 ) (1) 48 25 72
FEIN A, o T 5 BEAZ S R A (45 PLA-5 06 W8 Aii A
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K4 PLA/PBAT/PEG & & MEmiAify DSC il £
Fig.4 DSC curves of PLA/PBAT/PEG composite

meltblown nonwovens

PLA-7 #& WA 1) T, F0 T WA 35 m . PLA-10 %6 it A
() Ty, T, T, FEAK , v BE & I B & PBAT & &t 19 3
Z VR R RE BE K, AR BEAT BT U ) RN AR XU A2 i A ] £
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Table 1 Thermal performance of PLA/PBAT/PEG composite meltblown nonwovens

Sample T,/C T./C T,/C AH./(J-g™h) AH,/(J-g™h) AH/(J-g™1) a/%
PLA 62.4 108.7 159. 8 27.11 28.75 1.64 1.75
PLA-0 59.3 104. 8 159.3 24.10 28.11 4.01 4.41
PLA-1 59.3 101. 8 159.2 23.52 26. 34 2.82 3.13
PLA-3 56. 6 98.9 158.0 22.11 23.68 1.57 1.78
PLA-5 57.2 99. 2 158. 4 19.38 21.38 2.00 2.31
PLA-7 57.6 96.6 158.2 15.56 19.05 3.49 4.13
PLA-10 56.7 96. 1 157.8 14. 60 18.89 4.29 5.24
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(a)PLA;(b)PLA-0;(c)PLA-1;(d)PLA-3;(e)PLA-5;(1)PLA-7;(g)PLA-10;(h)PBAT
Fig.5 Surface morphologies and fiber diameter distributions of PLA/PBAT/PEG composite melthlown nonwovens

(a)PLA;(b)PLA-0;(c)PLA-1;(d)PLA-3;(e)PLA-5;(f)PLA-7;(g)PLA-10;(h)PBAT

F4) R i) DT 2 5y 2 5 R 0 B o a0 1 e A G R
I PBAT &R AR SR 47 4 958 IR S 4R 49
P RIS 2 AR E LR AE SR .
PBAT & 2 4 I, 60 27 2k 9 B B 45 /0N 1T 47 4k 1)
S5 4 T B R R G e BT 0 T 8 . 3L
W PLA-3 B WA 55 4l PLA 5 W8 A1 A HE , % 5] W 24 5
77w 48.8%, A ) W AL vk Jy 4R B 28. 7%, T
PLA-5 45 W A v £F 2 T 4 1 30410, 20 /N 21 2 FiokL R
ST Y D 2 2 M KA AR AT Ay ) AR TR
5 WA O 1) W 458 0y, BT L PLA-S IS WA 5 PLA-3 B

W% A5 AR B, B ) T 25 0N A e T 2 68 g
REJIG o LR %F LR 9N 1) W7 458 ), PLA-3 48 W5 1
H PLA-S #5058 A 85 B SC BRI {6 . 1 PBAT &
AR I, AR S R R R IR AR S A
TEUR 1 BB PG, PLA-7 85 WEAG i “ 45 3% 7 A1 PLA-10
S5 W AT T 00 £ 2 W K, 2 0 0 WS A AE B Al AR R
AAE: LN NVY & N Ak Y T N R
PBAT & & B3 0, 52 G 4 W5 A R 20 1] Iy 4 1 < 32 3
I P2 W B ) B, K = PBAT $8 T LR 2F 4k [H)
FhATRE AR

E6 PLA/PBAT/PEGE AW PR () B 5 (b)ghm

Fig.6 Tensile properties of PLA and multiple composite meltblown nonwovens  (a)transverse; (b)longitudinal
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Abstract: Mechanical behavior of press-induced deformation of polycarbonate at intermediate strain rates
was studied by finite element method. Based on DSGZ constitutive model, polycarbonate cylindrical
uniaxial compression finite element simulation was carried out. Effectiveness of the model for prediction of
compressive mechanical response was verified by contrast of simulated and experimental results,
calculation of prediction accuracy of model, and analyzation of multi-physics distribution in material after
compressive deformation. Mechanical evolution rule of polycarbonate plates was obtained by simulation of
the solid-state deformation in lateral restricted mode. The results show that simulated stress-strain curves
is in good agreement with that acquired from experiment in the process of uniaxial compressive

deformation, and stress-strain relationship in compressive elastic-plastic deformation can accurately
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predicted by DSGZ model relatively. The overall deformation of material was uniform, and the sensitivity

of stress response to temperature is higher than that of strain rate in cylindrical uniaxial compressive

deformation and press-induced deformed simulation. Mechanical behavior of press-induced deformation of

polycarbonate was reflected by simulated results, which can be an important basis for engineering

realization of press-induced deformation of polycarbonate, and provide strong support for material

strengthening and its application in aircraft cockpit transparencies.

Key words: polycarbonate ; press-induced deformation ; constitutive model; finite element
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j(6, T)=1Ing(&, T)— C, (5)
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Cr=rre=—— (11)
© o h(eT)  eexp(a/T)

G ERE S om, o F1 C, 1y B 6l L iR T 45
N 3 - WA S B AT ORL 5 B O 1k 55 i (particle
swarm optimization, PSO) #l & , 15 % K, C,, C,, C, fil
ao WAE bR 2 BOR M J7 vk RO R s 46 o B 1Y
DSGZ RS HAN S 4 R MK 1R

®1 DSGZEEMESHE
Table 1 Fitted parameter values of DSGZ model

Parameter Value
C, 5.52
C, 0. 687
m 0.0312
a 543

K 16. 44
Cy 3.477
c, 34.23
a 33.01
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Fig. 1 Schematic diagram of constraint conditions and meshing of cylindrical (a) and plate model(b)
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Fig.2 Experimental sample(a) and simulated sample(b)

after uniaxial compression
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P 3 AN TR] i L T 45 1o 78 4 BRIl T 5 17y - o 728 T 01 55 S
(a)0°C;(b)25C;(c)50 C;(d)70°C
Fig. 3 Experimental and simulated true stress-strain curves of PC compressed in various strain rates

(a)0°C;(b)25°C;()50°C;(d)70°C
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Table 2 Simulation accuracy of PC uniaxial compression

Temperature/C Strain rate/s ' R R,
0 0.05 0. 9945 3.6717
0.5 0.9869 5.1229
5 0.9892 3.9155
50 0.9822 4.7455
25 0.05 0.9908 2.2691
0.5 0.9947 2. 1780
5 0.9954 3.0849
50 0.9938 4.8858
50 0.05 0.9757 3.6424
0.5 0.9791 3.8034
5 0.9872 3.0772
50 0. 9898 2.7922
70 0.05 0.9614 3.9774
0.5 0.9669 4.3459
5 0.9757 3.4532
50 0.9725 3.8732
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Fig.4 Distribution diagram of deformation degree of cylinder in thickness direction under uniaxial compression at different moments

(a)0s;(b)5.01s5(c)10s
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Fig.5 Strain distribution diagram of cylinder under uniaxial compression at different moments (a)0s;(b)3 s;(c)6s;(d)10s
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Fig. 6 Simulated stress-strain curves of cylinder under uniaxial compression at 0. 5s '(a) and 25 ‘C(b)
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Fig. 7 Distribution diagrams of deformation degree in plates after press-induced deformation  (a)thickness direction; (b)length direction
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Fig. 8 Strain distribution diagrams of plates at different moments of press-induced deformation (a)0 s;(b)2.56 s;(c)5.03 s;(d)7.55s;(e)10's

(a)0s;(b)2.56 s5(c)5.035;(d)7.555;(e)10s
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Fig.9 Schematic diagram of characteristic unit positions in a plate
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Fig. 10  Strain-time curves(a), (b) and stress-strain curves(c), (d) of the characteristic

points in plates deformed at 90 °C and 0. 03 s~
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Abstract: Ti-13Nb-5Sn dental alloy was prepared by powder metallurgy method. The effects of ball milling
time (3, 12, 24 h and 48 h) on powder performances, material microstructure, electrochemical corrosion
and tribological behavior were investigated. The results show that with the increase of ball milling time
from 3 h to 48 h, the powder morphology gradually changes from bulky to fine particles, and a part of Nb
and Sn atoms diffuse into Ti lattice to form a certain volume of Ti(Nb) and Ti(NbSn) solid solutions.
Moreover, equiaxed a-T1 decreases and shifts into columnar grain boundary «-T1, and the basket structure
changes to Widmandelsteiner structure. The potentiodynamic polarization curves show that the corrosion
potential (F.,) and polarization resistance (R,) of the alloy display an upward trend, the corrosion
current density (I.,,) reveals a downward trend in artificial saliva (AS) and simulated body fluid (SBF).
The corrosion resistance of the alloy is improved because of reduction of a-T1 and increase of 3-Ti. The
hardness of the alloy increases, while the friction coefficient, wear depth and wear rate gradually
decrease. More grain boundaries generate in sintering of the fine powder, resulting in the wear resistance of
the alloy intensifying. The Ti-13Nb-5Sn alloy prepared by mechanical alloying combined with molding
and sintering shows good corrosion and wear resistances, and has a great potential in the dental field.

Key words: titanium alloy ;mechanical alloying ; microstructure ; corrosion resistance ; wear resistance
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Fig.1 SEM images of Ti-13Nb-5Sn powder at different milling time
(a)3h;(b)12h;(c)24 h;(d)48h
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2 Ti-13Nb-5Sn i A BRI 48 h ity SEMJE i K EDS fit it [l
Fig. 2 SEM image and EDS spectra of Ti-13Nb-5Sn powder after ball milling for 48 h

&3 Ti-13Nb-5Sn #3 AR A [F] BRI B 1] i XRD P 1%
Fig. 3 XRD patterns of Ti-13Nb-5Sn powders at different milling time
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Fig.4 Microstructures of Ti-13Nb-5Sn alloy at different milling time
(a)3h;(b)12h;(c)24 h;(d)48 h

B 5 Ti-13Nb-5Sn& G TEP R P IT B LA (a)AS;(b)SBF
Fig.5 Open circuit potential of Ti-13Nb-5Sn alloy in two solutions  (a) AS;(b)SBF
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6 Ti-13Nb-5Sn 4 475 AS(a) Hl SBF (b) i) 3y it {37 4% Ak il £k
Fig. 6 Polarization curves of Ti-13Nb-5Sn alloy in AS(a) and SBF(b)

F1 Ti-13Nb-5Sn 5 & 7E ASTISBF M RS &
Table 1 Corrosion parameters of Ti-13Nb-5Sn alloy in AS and SBF

Solution Time/h E../mV Lo/ (pAscm™?) R,/(kQ-cm %) I/(pA~em™?) E,/mV  E/mV  AE/mV
AS 3 —420+14 0.24740.035 2.2554+0.023 6.635+0.031 312 1450 1138

12 —384+12 0.169+0.021 2.570+0.031 5.57440.026 295 1453 1158

24 —366+15 0.143+0.024 3.122+0.034 4.465+0.035 291 1459 1168

48 —315+18 0.096+0.028 4.644+0.036 3.5834+0.024 286 1462 1176
SBF 3 —367+£17 0.232+0.021 2.483+0.024 6.174+0.027 441 1532 1091

12 —321+16 0.152+0.035 3.1834+0.027 5.14340.028 437 1584 1147

24 —279+14 0.127+0.024 3.7394+0.034 4.164-+0.034 433 1596 1163

48 —253£10 0.088+0.029 5.09740.035 2.746+0.032 406 1612 1206

fm— A O A SO L, o- T /b, B-Ti
B2 BAH I R SR AL FEAE o AR B Y 4R Ak B
Fase , 4% B-Ti bt o-T1 HLAT B & (O T ™5 55 —
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] 43R R AL A A S Eifb e = B
G F AT TiO,, Nb,Os Al SnO, %5 4 Ak 4 21 Wl 1Y 2
BRI ND,O; REE 42 &1 Ti0, M # ) “F e M, it
2T SRR G 25 F SE B Rl B B FE B T
BK R VB AR B T I AR RNA WO A B SR T
] JEE PN 3T RS, DT TR BT 65 4 9 DR 47 7 R 5 Bl Ak AR
E PR R TE VTR R RO B B IR AR R AT RS A B
FIR Ak RS X B 4 T A LR VR PR A
2.4 FEEEPETA

Ti-13Nb-5Sn & 4 1 4k [ W 2 i . W&
B B (R 3G, & 4 00 4 IR B AE 327~392HV i [H]
MR DT BRESRT RIS I B E MR EET
U A 9 M AR R (145 Nb Al Sn gt & 7840 8 1 2 Ti
o, T dA% & A AR BEAS T 0 #2845 A &R
Fo Bl R v

N [ BR B B[R] R Ti-13Nb-5Sn 4 45 B8 45 P %t
AN 7 TR o AE BSR4 BRI B B T 5
FERR T BEE I B, B8 R B08a T 5% o Bl 4 B 5[]

&2 Ti-13Nb-5Sn & & 7 [ 2k & B 18] Y 4E (X1
Table 2 Vickers hardness of Ti-13Nb-5Sn alloy

at different milling time

Time/h HV

3 32748
12 348+6
24 361+9
48 392+5

M3 htfin ) 48 h, FEEE B 0. 44 BRI E] 0. 39, K W]
IR B I 7] 189 Jn 4 45 Ti-13Nb-5Sn & 4 B i B L 42 5
XA EE T 2 A 1K A (] BR S, Sn # Bk T A b ik
B, 5] SR A3 AT AE TR AR, — @ R B REAR T
W2 5 B A I EE AR DA

h T i S A 0 EE R B A PR R, Ti-13Nb-
5Sn & 4 B IR B9 FOG T WAL R An 1 8 FiT s o B IR A
VR 3 300 2% 1) v T2 8 4G 0, G S5 R B R R A B R
DAL EAL o BREE 3 h G & IR R, A5 1 23 pm;
LR E BF[R] 38 00, G A 00 B R R BE B T 08, 12 h R
24 W & IR VR BE 43 ) R 19 pm 1 16 pm ;48 h & & i
/AN 11.8 pmo R 3% T Ti-13Nb-5Sn & 4 9 5 4
R WA KO I R] Y BE O, B R R AE 131X 10 P~
1.43X 107" mm®/(m-N) & [ P H 2 % kA%, % 9] Ti-
13Nb-5Sn £ 4 Mif Bk £ /85 o — J7 1, Bk B Bk [i) 34 o
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Fig. 7 Friction coefficient curves of Ti-13Nb-5Sn alloy at different milling time
(a)3h;(b)12h;(c)24 h;(d)48h
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P8 Ti-13Nb-5Sn & 4 S [ BRI b ] 9 R 3D
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Fig.8 3D surface profilometry of grinding cracks of Ti-13Nb-5Sn alloy at different milling time
(a)3h;(b)12h;(c)24 h;(d)48 h
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&3 Ti-13Nb-5Sn & € 7[5 BK 5 B 18] i BB 453 6
Table 3 Wear rate of Ti-13Nb-5Sn alloy at different

milling time

Time/h Wear rate/10"? (mm’-m~'*N™1)
3 1.4340.003

12 1.3840.002

24 1.354+0. 001

48 1.31+0.002

3 &Fig
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Abstract: The foaming agent alkyl polyglucoside was added into graphene oxide dispersion to generate
graphene oxide microbubble agglomerates, which were then combined with polyurethane sponge skeleton
through impregnating, the as-obtained composite sponge was rapidly frozen in liquid nitrogen and reduced
by hydrazine vapor to form the reduced graphene oxide/polyurethane composite sponge with special three-
dimensional hierarchical porous structure as well as superhydrophobicity and flexible piezoresistive sensing
performance. The results show that the reduced graphene oxide/polyurethane composite sponge-based
flexible stress-strain sensor has a sensitivity of up to 3. 8(gauge factor, GF) , a response time as low as
45 ms. In addition, reduced graphene oxide/polyurethane composite sponge has good superhydrophobicity
with water contact angle(WCA) up to 152. 5", which has potential application in the complex environment
such as wet and underwater.

Key words: graphene ; three-dimensional porous; flexible piezoresistive sensing material ; superhydrophobic
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Fig. 1 Schematic diagram of preparation process

of GPCS-HHA
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(a) Fa i AR A 5 () A7 IO AT 3R s 0 1 B 080 FL b A AL R 25
Fig. 2 Mechanism for formation of rGO/PU sponge composite

(a)without microbubble aggregates; (b)with microbubble aggregates to form structure of “pore within pore”
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Fig.3 Schematic diagram for fabrication of

GPCS-HHA -based stress-strain sensor
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Fig.5 Characterization on structures and compositions of GO and GPCS-HHA

(a)XRD patterns; (b)FTIR spectra; (¢)Raman spectra
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GPCS-HHA B I,/I, {5 34 hn % 1. 25, X 7] AEJ2 th T B
ZRART GO I 38 J5 i 154 5l 1) Bl B 346 22 | e s %85 1 4
K IFH R R RGHSE R X5 AR a5 3R — 30
2.3 HAEEENIR
2.3.1 HESB IR R

& 6 T 7~ oA GPCS-HHA B i 41 %€ 1% %) 22 1 1 )
VRE L e F o N AT At (= N NS DA A R A A L
K% 2R A 45 34 X B, B0 4 [ BE <720 % 13 48
PR I, 20 96 <Te<<50 %0 1Y 9218 18 K X BURT 50 Y0 <Ze<<
70 %6 B PR BE R DI L o 2K il £ 9T A R A PE AR
Syt Je L B g i B g s AR . GPCS-HHA
T I PR TR N R GPCS-HHA 9 43 9% ) 2% 2%
MR R AR B BAF R ik

El6  GPCS-HHA 7EA R R A8 T B R g -1 7% il 2 1]

Fig. 6 Stress-strain curves of GPCS-HHA under different strains

2.3.2 FESEIIE IR RE

K7 T8 9 GPCS-HHA 9 H, BH 2 Fifi i ] 722 £k
<k, ik 7 Ca) roR |, 78 2 UG B8 00 in 28 81 2% 5 72
1, GPCS-HHA 7E 8% J 45 2 10% N 48, 30% K A%

A 50% AR B, Bl 2 N AE 1 A5 4, H BH R T LR 2
Pk i 22 A8 Ak, O HLE 3k 2 )5 BEE 5 00 56 R 3 1 B
B AH XF N, BB GO F J2 o b A 78 7E PU i 42
b d A5 3 T GPCS-HHA 19 R J3 I 75 1% 5% 2% fig
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b 7 L DAl o I NI TR 0 N 1 77 o
ISR

Bl 7(b) BT 7R o & A A8 B, BT GPCS-HHA (1
IO 3 7 A8 A S ) e 7 ]l 2, ey PR AT DU

TE ¢ M AR B A JE A HL BELAR 5 28 A At 3 B 3 2
A ik B 5 B T 4 0 S BN A4 45 ms, BT Al A
) 7 23 F 55 7K P (50~100 ms) ™, 3 B %A% K 2 g 0%
X T 22 AR R

Bl 7 GPCS-HHA A Fiy FHL A Bl i i 42 Al lh 28
() 22 UCAIE B F4) I 288 20 2805 7+ et BHL 4 BT 1] 22 b pHY 2 5 () 2 A 7 228 I o 137 ] g £
Fig. 7 Curves of changes in resistivity with time for GPCS-HHA

(a)curves of changes in resistivity with time during cyclic loading and unloading process; (b)response time curve under strain

K18 JT 7 SR AN R S5 44 T il £ 45 21 GPCS-HHA
14 FR BELB 1V, A2 1 AR A6 T 28, O 1 BFSE APG Y S 6 X
il #5153 2019 GPCS-HHA 1945 J8 1 BE 1 5210, 45 A5 7] 5T
i b SR TE TR N E 50 mL A9 Ak £ SRR 2 BOR
(8 mg/mL) LAl APG 415174 0,0. 5,1,2 mg/mL
TR A ST, R 45 ALV W 45 1 GPCS-HHA 23 51 8
APG-0,APG-0.5,APG-1 1 APG-2, ¥ 45 4 #¢ 5 4
e Ol M I N7 AR AL TR It G e BEL i R A% 1) A £k
oL, A 8(a) iR . BEH APG RN i 3¢ m , 5L F
GPCS-HHA (1 b 77 i A8 e Je g 1) 2R 02 S 48 v ) 1%

i 24 APG ¥ B 4 0. 5 mg/mL i}, % B 2% i 22 i3 1k
Bl e {H, AR EEHG N APG /Y & f , 52 T GPCS-HHA )i/
1 7 7 A% SR AR 1 R ERE R A B AIG,  a IK TR IR
IAPG B9 R . X AR APG &% & R i,
] — 3 FE A AL B S A R BT L GO Tl i A 5 44 v
POt & Lk &, GO )2 7 UBE AR, iR )i 22 5 GPCS-
HHA £ b (9 H B B A8 AU, B2, 36 i APG IR
INRERE S GO R )2 40 i & oL | B b, ZE B 1k GO
2 A B R B AR 0 T 4 G 2 L A5 A 0 7 A, DT 42 5
T 3T GPCS-HHA R 77 B A8 % A% 1 R ALY .

B8 NI 444 il 4 19 GPCS-HHA £ v, BEL Bifi 137 725 14 725 Ak ith 2%
() APG et 5 (b) iR

Fig. 8 Resistance-strain curves of GPCS-HHA prepared at different conditions

(a)amounts of APG; (b)temperatures

Kl 8 (b) T /xR ¥ R i B 43 %I o —10, —80,
—196 “CHil £ 15 2 iy GPCS-HHA Hf iy 21 %% 1 19 22 vk
;3 N7 A% S A A7 i B HG A BEL B 7 A% 1 7 AR A B
fE =20 GPCS-HHA 52 2 /N He I B (A8 e<<

10%) , ¥ R IRy — 10, — 80 °CHil & 19 GPCS-HHA
REE R 0.2~0.5, % VR K —196 CHf ) GPCS-
HHA R ¥ R m ik 3.8, 45AE 40, 4%
FRIRE N —10, —80 “CH} , GPCS-HHA ¥t i v rGO J
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KZ3 A 1E PU 4R b, 1 PU i K AL AU A TE D VR 1Y
rGO F, X i1 GPCS-HHA & £ f/NE AR I, B 5y b
A B vGO i AH B4 i, 6 0z i) e B A2 fk SR 85
AN B HIRE N —196 CR L i 45 B9 GPCS-HHA £
an (9 PU B 22 0 K AL b o3 A 36 78 2 RO 3/ AL
24 GPCS-HHA 22 2| /N & 7 i, 3 B i fL B 5 & 2k
B FLEE Y rGO JFr B 18] AH B HZ fil, % LR 2 1Y
SN I TR S 32 N e o Sl NI A = ol S T
HA &R T,
2.3.3  FE 0 B K PERE

17 N D i R e = ) O N R 2 e Sl S DA
FHZE L X GPCS-HHA R 5 547 55 7K I3 LA BF
¢ H B K, i 9 B, K 7E GPCS-HHA Ff i 4
2Bk, KB GPCS-HHA #E 5 B B4 B K2
MAS KB fh A (WCA) N 152, 5°, X ] figf& th T k26
GO R EHEAT T 58 B A Z0 k> R s A 2R
XF GO i J 2o B e, A B K o i B 0 7 AR T B0A
JJE B GO AEAE T8 W A 450 I ZIB L T o )
Tl K25 H

B9 KIMTE GPCS-HHA 3R I ) I B 42 il £
Fig.9 Photographs of water droplets on surface of

GPCS-HHA and contact angles

(1) 2 V2 3 i 7 VR RV VR T DL R 2R SR
L=k &R T A R/ RETRE S S
(GPCS-HHA) , 7E W A 42 L 15 — 196 “CHY AR ¥ R i
R A AR E 9 GPCS-HHA RS B T “FLh A
L7 LA .

(2) 3 F GPCS-HHA 1% 2 1 v J1 0 A8 1% 4% H
B — RIS A5 bk B H R B B = rT ik 3.8,
N7 B[R] G 2 45 ms, I HL B8 6% o 5 b R O [R) A8
AR R BEL AR A A% 0 o 3 e VA R R B T A APG
Y2 G B R T R MR G R R WY b b
U 0.5 mg/mL H % VR BN — 196 CH, 2T

GPCS-HHA 1 22 ¥k I 7 1 722 1% J& 2% 6 & fie e 1 R
B

(3) GPCS-HHA 5K iy # fi /1 24 152,57, A
B KM o 3R] RE S B Ok 2R A TR A 20 ik A DL R
SRR i BB 0 7 A 1S GPCS-HHA 3% T L S
AN I HLIE B3 G i oK 25 48, DT 2L A 55 G 1Y)
KMERE
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Effect of Ta content on formation mechanism of
passivation film and corrosion resistance in
ZrTiNbAl-system alloy

B T A R, kR

(M R AR R BRL R 542 TR = b MR RS
FIHOARH A W H LS B KEE 150001)

LI Shuwen,ZHANG Yang',MA Yaxi,DAI Pengfei,

ZHANG Zhongwu'

(Key Laboratory of Superlight Materials and Surface Technology of
Ministry of Education, College of Materials Science and Chemical

Engineering,, Harbin Engineering University, Harbin 150001, China)

WEE R 3l i AR AL A A2 BT R R \Mott-Schottky 43 87 FlE H A7 4% A6 BF 58 (40— ) Zr-30Ti-20Nb-10Al-2Ta(2=0,
2,4 T80 % TR SRR Tar &4 &84 478 0. 3 mol/L LiOH #8319 8 Ak BB s ML R AT k. 455059
Ta B35 & (2% ) AT T RS0 Ak RS M7 B2 5 A 4 1A 3R 0 T J8 b 1k, Ta (9 0o 2 8 0 (4 90) it il 4802 o7 e 38 T o, Tt )5
PhE T . Ta2 & 4 005 il i 3 %5 49. 66 nA/em®, /N T Ta0, Tad A 4 (14 i il oL 98 %5 B (201. 40, 70. 16 nA/cm®) -
Ta2 & 4 fli AR I P Y S04 07 A5 B BE H JE  9. 79X 10" em ™, /N T Ta0, Tad 4 4 #0457 45 B BE e JEE (2. 13X 10", 2. 05X
10 em ), B B HUB B BAL IS H . A A BB IR i ZrO,,Nb,O5, TiO,, ALO,, Ta,0-41 i A5 78 n AL IE . Hirp,
Ta2 A4 AL ZrO,,Nb,Os, TiO, F ALY & S fie iy, B LR T J5 Az UM I 1) 5 M o 3, A b7 AR A W Ak e v 1, FL A oA
VA TS S o

KBRS A s WS B ks ik R

doi: 10. 11868/]. issn. 1001-4381. 2023. 000633

hESES: TMI11 XHEARIREG: A XEHS: 1001-4381(2024)03-0117-12

Abstract: The formation mechanism of passivation film and corrosion resistance of (40—x)Zr-30Ti-20Nb-
10Al-2Ta (=0, 2,4, atom fraction/ % , the same below, referred to as Tax alloy) high entropy alloy in a
0. 3mol/L LiOH solution were investigated by potentiodynamic polarization, electrochemical impedance
technique, Mott-Schottky analysis and potentiostatic polarization. The results show that the addition of
appropriate amount of Ta (2%) helps to form a compact oxide film, which improves the corrosion
resistance , while the excessive amount of Ta (4% ) decreases the corrosion resistance due to the increase of
oxygen vacancy concentration. The corrosion current density of the Ta2 alloy is 49. 66 nA/cm®, which is
less than the Ta0 and Ta4 alloys of 201.40, 70. 16 nA/cm®. The concentration of oxygen vacancy point
defect in the passivation film of the Ta2 alloy is 9. 79X 10" cm *, which is less than 2. 13X 10",2. 05X 10"
cm "’ in the Ta0 and Ta4 alloys, with the most compact passive film structure. The passivation film of the
alloy is a stable n-type composed of ZrO,, Nb,Os, T10,, ALLO; and Ta,0;. Among them, the oxide content
of ZrO,, Nb,O; and TiO, in the oxide film of the Ta2 alloy is the highest, which delays the dissolution rate
of the primary oxide film and protects the matrix from further dissolution, with the best corrosion resistance.

Key words: high entropy alloy ; microstructure ; corrosion ; passivation film
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%4 4 (high entropy alloy, HEA ) & — b 5 1 4>
JEAT R, R S A e S AR LA Eon R A . EEA
G HLA B RN | R AR 2 M8 T R A A B G
FEE AN, 0 LA B e Y R R R R A A A T S
PR SRR, o XS
entropy alloys, RHEAs) & LS/ S &8 TR W 0
ERA IR RY . RHEAs 41416/ 5 g5 M e e, M I
JCE (U1 Zr,Nb, Ti, Ta) il % HA @ WAL MiE ), 2
B L A% G ik A 4 B S A Bl Ak T RE RN BT A
Pl

B A 4 O 2 L) Y TR K HE LT A R, R B
W7 G A Tl R e R AR (R B DY AR R R
MEBETT I K R, A5 B 4 4 1 M BB T DA A2 R OR
K R 25T SR R AL 7e MORE . ZrTINDAIT a 5 UE 1
5 A A IR SO R S Y = I R i L i 9
PSR A SR — A% L M ) TR A A B B R
DA 45U FH A8 4 1 0 P 54 i 5 T o P 5 98 A O
WO IFTPTAG A4 R A TR B ot . A 4 0 AT o 5 R4
WYIM K , ZrTINDAITa R G & T &N TR AEAF A
SHRFEPEAARRMER. G, & LIOHARE T,
LiT 2 BUC ZrO, iy 2o 1O R AR 20O, 5 & 42 BR3P
YER I B ZrO, 78 LIOH ¥ W h AR 76 43 B AT LT 7
A ATl 2 e & AR . Nb oo R SR R
Zr A 4 W T bl B R YT, Wang A5V E
FER B T Nb o & 1 U RE B, 72 U T 5 B4k
I o EL A T /N ) R R BT LR TiZeNb & 4 B4k
JIES 1) R i 1, TR RE Deng 25V 98 & BRI 1 ¥ 40 5 i
16 FCC [ % R 19 & Nb ot Z 7] DL ¥ FeCoCr-
NiNb, i £b B 1 T8 1, DT 2 55 A 4 11 o 28 7, 1
A WTHE M. 546, Ta A (IR E BALYIE AL
T4 v B AR AR E M R M BT Y AR S
KB Tanl LAEdE ALO I TE . TR BF Seo %5 5% &
BAE Grl3RuTa & 4, & 4 fh 32 2202 il T4l A pge
W THO, W R I NG TafE Ry sk 38 9 BB % T a,0;
PR THO, By B M L AT 42 5 & 4 10 i il o Xu
SRR 5 & B Ta ot # W B i AT LLRE X Ti-10Mo-
28Nb-3Zr-yTa & 4 19 A & il L 8 % B . Wong %
ALY &3 TiZeNbTa & & Bk B Ta,0, 7] LA
SR A SR E . UL B RN, Tah &k
PR A T oM RE O A RUE AR . BA A R TR Dl
5 L0 A RS ) 4y R K% T % U0 AH G, 7E ZrTiNDAL
A4 Taoo M9 AR E Sl Ak IR 55 ole 28 £ 158 3502 14 1
P IR A 5 itk — A B Y

A TAEWF IR & Ze MESS 6 & 0 3 o %
Ry W N HE — [ B A 58 A Rk T A S N HE — [l ) S

i & 4 (refractory high

R T4 7 LiOH, A L 36 B 0. 3 mol/L LiOH % i it
ITIEh . REGEMESE T Ta & AT ZrTINDAL R 5 & Btk
R T T b e ) R i, SR FH S R 67 AR Ak BHL e 3% R 4
R H B4 A 42 7E 0. 3 mol/L LiOH i ¥ b i B Ak 24 47
S EAT T AN RAE . A AE AL B AR K Mott-
Schottky (M-S) #lll i %F & 4 7€ 0. 3 mol/L LiOH % #
OB B Bl AR BRIE AT T RS RN S5 R RAE , LR R LR
BCAILTH]

1 XBHMBETIE

1.1 SEIH#

K FH e L2 F IO MR 7E S SR P R (40— 20)
Zr-30Ti-20Nb-10Al-2Ta(2x=0,2,4, R+ %/% , F
M) A4, R Tar(x=0,2,4) &4 . JEM K Zr,
Nb, Ti, ALFI Ta 4 )@ ¥R 46 35 KT 99. 9% , Fr f7 5
BESIEIR 6 LA b, AARIE & 42 1 43 3 20 1k
1.2 BAFE

Hi, Ak 2% 55 56 0 45 JF #% H 47 (open circuit potential,,
OCP) M i | w3 Ak “7 BH it M 1K (electrochemical impe-
dance spectroscopy, EIS) F1 8l B v A% ALl 3k . R %
M= R &R IR T 0.3 mol/L LiOH % ¥ i it
1o HTAE Al oy g R 5, 2t il o Hg/HgO
F B, B R R A e R PR AR T E AR e TR
AR RO 2 10 mm X 10 mm X 2 mm, SR H] 405 I %
BT E A R S L, LR A 1.0 em® R 1 .
AT I3 T8 2445 Y 120~3000 H SiC #0483 17 BRI |, 4%
Je 1 pem 4 WA 500 24T HLAR I Y L 9 7E B K &
Pt v 0 A R 7S U UE L 2 S W AT Ak eI L 7
FL A 27 0 3 BT S8 X R A AT — 1.5V fE H AL B
10 min Zb B, 2 BR R i 2 DTS 50 RN 8% B 23 IR, AR
Ji P BEAT 5400 s By FF B F A7 DU, 4R 45 7 A2 0 T i H
B o EIS Wit 76 5 6 0 8 05 2647, S0l 15 5 e 18k
10 mV , JR G Bl g 10 °~10° Hz, 3l A Ao 4% Ak It A
—1 VIR ES, FRE R R 0.001 V/s, 5] 1.5 V i}
5 ks . Bl S 8 ZSimpWin 3. 10 %k 4 % BH 470 %k
AT A I & D HEAT 3K, DARIE 45 B
CIlEiv=K

PR AE 0.5 V HLAL T SE 47 18 H A BH AR AR Ak DL 3k
A5 F 0 LU B BAR B ] R 6000 s 7E RS AR E 1Y
TF 6 A7 5, KRR i HEAT M-S R, 0 BT B A 5 Bk [
W SEBE Ta & &AL ELE . M-S K0 % 10° Hz,
K25 mV, HIE X E K —1~0.4 V.

1.3 MWMEHRE
H I BC 45 CuKo 48 51 09 32 X 55 28 37 51X (D/
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Ta & ik XF ZrTINDALZR G 4 5l A BT sHL T R I ol 1 4 5 1 119

max-2500/PC)FEFIHHE A 4 (°) /min i I T X 5
28 77 3 B (X-ray diffraction, XRD) , 4 7 & 4 B9 A 41
Mo R Axiovert 200 MAT Y62 i 3 %% (optical mi-
croscopy, OM) FAFE & 4 WO 4 8L 45+ . OM #F b
i 3 bR g AR AR R AT HLAR 9 O L IF T Kroll 3 57
(80 mL H,O+15 mL HNO,+5 mL HF) ik 17k 2 it
Z| . & J] Hitachi SUS000 %! 47 # i1, F & 5 8 (scan-
ning electron microscopy, SEM) Fl Oxford Nordlys-
Nano hk15 74 B3 5 #5717 9 (electron backscatter dif-
fraction, EBSD) X 00 45 #4 £ 17 F& AE . EBSD {1
i KR 0.1 pm, I R 20 kV, filff H Aztec
Crystal A1 EBSD FEMG A2 ok ]S

X RE A EAT 0.5 VAE L ALK 4K 6000 s J5 , #H BR
4k AlK o 48 51 (hv=1486. 6 eV) By X B L L T g 1%
(XPS, ESCALAB 250XI) & fE Tar (2=0,2,4) & 4
B A B M o OB BE RSE O 500 pm, a5 E &l
30 eV, KA 0.05 eVEICH T ma Bk, A
XPS e 35K i Jy b i e C s 45 5 B (284. 8 eV) . FIH
Avantage JFXF XPS S35 45 R L4773 7 ab B

2 FERS5HM

2.1

M L5 1

Bl 1 Ta0,Ta2 fil Tad 45 4 XRD j% &l
Fig.1 XRD patterns of Ta0, Ta2 and Ta4 alloys

K158 T Ta0, Ta2 Ml Tad & 4 0 H 4, 2k
M BCC MM B . Ta0, Ta2 fl Tad & 4> HY 32 0 A7
BN 37.1°,37. 7"/ 37. 8", ;1 F Ta By i 1242 (0. 146
nm) /N T & 4 F IR K F 4% (Zr: 0. 160 nm, Ti:
0.145 nm,Nb:0. 146 nm, Al:0. 143 nm) , Ta F N5 &
G AR A WO RS TR B R /DN | S EORT B 0 A 1)
L. &4 B MAginE 2 iR, 28R R
WRIEA . AL (dendrite, DR) FA% & 8] (interdendritic,
IR)JC R 43 i3 1 i, AT LA DR A IR A2 76 AN [R]
BEMICREESE. BME(R) AL Zr & %, B MW

(DR)Ta,Nb &4, EBSD J # & 1 AH R 1 & okz R <
Iy A & 3 Ff s . Ta0, Ta2 Fl Tad & 4 i F 1 ok
Rt gt B an# 3(a-2) , (b-2), (¢c-2) iz, 47 510
(71£3),(68+2) pm M (5843) pm. B Ta & A1
T R RS B BT R R

2.2 BEAMRLST

& 4 K4 416 0.3 mol/L LiOH % Wi 49 4 8 %
1 mV/s i Tar(x=0,2,4) 4 4 W 3l B A7 Ak il 26 .
CINDR U 23| B e o o Y R = R LN
PSP N o g 1 WS o £ 7 N AN WA S N [ B N S
MR B R BT R IAEE— 2 R HL
R W BE AR S . FE Bk XS A 4 0 O 2% R 4R
B, R AETE S R Tafel S %3843 T L, Ml
E o, B ol f A7 S TR RE 9 BT 2 i B, AT DLAR
AR Rl A AR MR ok e R B R M TR
BHI Bl 7 2R A LU A ok Fi 57 T R S R R R £ ok R
R AR A S BN L 2 TR, 0T LB L ZER I
TaJt & 5 Ji s A i Se R AR, M s X b . Ta2 &4
Ji b B 3 O 49. 66 nA/em®, /NT Ta0, Tad &4 1Y
Ji ol B, 9 %5 8 (201,40, 70. 16 nA/em?) o g L A H Ak
M5, & &R EIE S WK 5 R, T LUE ), Ta2
G4 SRR D, B Ta2 & 4 00 S g 28 T
Ta0 B4 MY ; 5 Ta0, Ta2 54 ML, Tad 541
RGO A ETE L L. HEISATI,
SUPRT A R BUAL U W AT Ik 32 R A AR R AL
FK3INES PR EICE EDS . ol LLAE I, At
WY Zr G & B B0 Nb, Ta & 5 8 pluii AR
WA KA, B, o] LLE I R T Ze AR
X, e Ta#T X .

2.3 EIS&#

& 6(a)~(c) MR Ta0, Ta2 fl Tad & 4 i Ny-
quist I FTAH . 1Y Bode & . &l 6(a) 878 Tar(2=0,2,
4)E 4 W) Nyquist B, 2B AAH AR B, BEE Ta
VRN, H A A 2 AR S R S N L B A & A
0.3 mol/L LiOH ¥ 58 T 119 1 J&F e 4 56 35 5 A1 .
Kl 6(b) /R BT A & & WA A AR/ T —80°, R A
A e AR SR T A IR TR H A% A5 R H I U
A EIS 4k, IF N EIS St 48 Boe i 5 B . iz L i
AL FE 7 W AL BH (R,) Bl Ak S L B (R) L #H T4 (CPE)
LT R B (R.) o S B 1 B F Rk X

Z=R.+ 1/{jwCPE,;+
1/[ R+ 1/(jwCPE.+ 1/R.) ]} (1)
s Z R B B BT 5 0 R MO R 5 s B
fE A IC (CPE) 5 SR,
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K2 Ta0(a), Ta2(b) M Tad(c) G 4 M R (1) KITR i K (2)
Fig. 2 Microstructure(1) and element distribution(2) of Ta0O(a),Ta2(b) and Ta4(c)alloys
£1 Ta0, Ta2MMTad &£ DRAMIRTENH(EFTHE/%)
Table 1 Distribution of DR and IR elements in Ta0, Ta2 and Ta4 alloys (atom fraction/ % )
Sample Position Zr Ti Nb Al Ta
Ta0 DR 35.1741.00 30.6240.23 22.45+0.71 11.93+0.05 0
IR 38.4640.66 28.84+0.62 19.78+0.19 13.01£0. 22 0
Ta2 DR 29.174+1.06 35.9240. 56 22.44+1.38 7.7440.51 2.3340.27
IR 35.5941.50 34.9040. 39 16.55+1.80 11.42+1.07 1.18+0. 36
Tad DR 30.2940.46 35.5940.32 22.49+0.90 7.9640. 26 3.6940.57
IR 33.70+1. 24 36.2140.37 17.19+1. 22 10.17+0. 64 2.2040.29
CPE=1/Y,(jw) (2) CPE iR LAk 2=PERE T M 5 . CPE 40y Co i 5L

A Y,y CPE BT IH 51 24 CPE I F8 8 ( — 1<<n<<
D)o Mn=1,—1F 0K ,CPE 25 Jy B A8 1 25 | 1 J&
R BR™ . 48 50 n {5 p T 2 a7 REDRE J32 R 26 1T Bl s 55
AN E VRN B HL R 3 A AN B A e, nfH R,
Bl L0 RS Y CPE AR /I | &5 48 35 50 1 Al Ak JiE
B e /0 AR SRR R b, CPIE O i ok B ABL A
BAT N AL BB ZE (Co) 155 W WA T 1

HRBA R
Ce“:(:PE(fm )”71 (3)

K, R BB HB (Z,,) 18 B i KM, £ 4
25 TSRS AL ETS B o A T 1% 3% B BH R,
M Co 5 A/ MM MR K, R K, Coli/ il 1
MR, FHERATH, Ta2 & &M R &K, Culit/N, &4
F18) e A T JE ok 1 e o
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K3 Ta0O(a),Ta2(b) il Tad(c)E

4 EBSD J2 (81 ( 1) Bz HoAT R ) ffoki R~ 43 A 8 (2)

Fig.3 EBSD inverse pole figure maps(1) and corresponding grain size distribution diagrams(2) of Ta0O(a), Ta2(b) and Ta4(c) alloys

14 Ta0,Ta2Fl Tad £ 47E0. 3 mol/L LiOH
P TR 2l e 4 A i 2k
Fig.4 Potentiodynamic polarization curves of Ta0, Ta2 and Ta4

alloys in 0. 3 mol/L. LiOH solution

2.4 Mott-Schottky 43 #7
% H Mott-Schottky 43 #fr % i 4k &£ 7 0. 3 mol/L
Ll()H{»ﬁ{wP—lfwo 4 V(vs SCE) F iy 2 T (4 1 G
3508 85 AN 7Ca) Bi7R o A & A B R AR IE
1A £ M X B8, 2 B e 0 4 3 T 17 Bl BB R n AL

f’@

—'8) L@QE beunceny
_.-""-F:ﬂ

KI5 Ta0(a),Ta2(b) Ml Tad(c)&
Fig.5 Surface morphologies of Ta0(a),T

%2 Ta0,Ta2#1Ta4 &£ 7 0.3 mol/L LiOH & & *
WU EHBLESH
Table 2 Electrochemical parameters of Ta0, Ta2 and Ta4

alloys after polarization in 0. 3 mol/L. LiOH solution

Lo /(A- L /(pA-

Sample E,,./V i ,
em™?) cem ™)

E,/V

Ta0  —0.3540.01 201.40485.10 9.04+1.19 0.730.02
Ta2  —0.3740.02  49.66+8.15 4.2640.68 0.7040.01
Tad  —0.3940.01  70.16+6.79 6.0140.85 0.7140.01
P, JFG o A A A e B R 4 s L ) B PH S T

A 25 ANE BTN D 2 PN S T ) R B TR A AR S 6 Y
JE ISCHE LE ] B2 PH B 1 BB RCRE MR . A 7(a) I LA
L B Ta & A3, M-S il 2 1 &% 5 6 1 K5
/N Ul Al T A AR A e 2 S AR T o AR M
JEE ) AR 2 BR ) i 3~ 55 3%, 3 B ok Sm ] 1 L Ao
FORL o XKW Ta2 & G 09 H 75 88 b AL 27 L
o

(Grain) &rxéxm%_hw

8 pm

G G WAL S Y 3 1 5

"a2(b) and Ta4(c) alloys after polarization
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£33 BESHEATEEDSHMEFHE/%)
Table 3 EDS analysis of elements at each point in fig. 5 (atom fraction/ %)
Position Zr Ti Nb Al Ta
1 35.65+0. 89 36.43+1.44 19.89+2.13 8.3740.86 0
2 37.46+1.21 36.70+2.61 17.09£1.19 10.41+1. 30 0
3 29.29+2.13 37.46+2.37 21.74+1.42 8.73+1.31 1.81£0.06
4 34.454+0. 80 36.23+3.14 19.62+1.18 8.17+1.41 1.70+0.51
5 30.5140.94 37.54+2.16 18.98+1.13 7.93+1.60 5.0340.74
6 33.6240.99 35.714+1. 37 16.61+0.85 10.61+1.04 3.45+0.48
(a) (b) ——Tal
3t -80+ ._,.-""" b — Ta2
s [ A T
g - 3 l‘g 60 /s ':;.
% i r - ® :'-:
8 g -40f g
= oot E ", by
[N ¥ & + ]
1t 7 o
Vi + Ta0 -20+ '::.
S - Ta2 e
T < Ta4 "
O L I i L i . o i A -l
0 0.5 1.0 15 2.0 ?0'2 10-* 10 10' 102 10° 10 10°
Z(10° Q-cm?) Frequency/Hz
(d)
T IFBE]
& ICPE
c
= PE,
)
100 i " et - R,
10 10' 10° 10" 10% 10° 10* 10°
Frequency/Hz
E 6 Ta0,Ta2Fl Tad & 4 7€ 0. 3 mol/L LIOH & ' 1Y) Nyquist &l (a) 5 Bode El (b)), (¢) LA B S50 6 1 (d)

Fig. 6 Nyquist diagram(a),Bode diagrams(b), (¢) and equivalent circuit diagram(d) of Ta0, Ta2 and Ta4 alloys in 0. 3 mol/L LiOH solution

x4 Ta0, Ta2fTad B EZITWERHWENERSH

Table 4 Equivalent circuit parameters of Ta0, Ta2 and Ta4 alloys after fitting

CPE,/ CPE,/ B
R/ 5 R/ Cegroi/ 5 R./ Cegroe/ (1077
Sample ) (1077 S-s"- n; ) o . (1077 S-s" . , .,
(Q-cm?) ) (10* Q+cm?) (107°F-cm™?) ) (10° Q+cm?) Feem %)
em %) em 7))
Ta0 8.69+0.93 1.3940.08 0.92 1.244+0.77 6.72+0.37 2.03040.50 0.67 3.70=£0. 30 1.30+0.09
Ta2 6.26+0.43 1.5540.07 0.93 0.38%0.09 6.05+0.19 0.625+0.11 0.86 5.84=+0.21 0.69+0. 38
Tad 6.67+0.56 1.6240.13 0.92 0.13£0.03 7.29+0.21 0.7404+0.13 0.81 2.97+0.79 1.53+0.17

AR Mott-Schottky B i fh I X 4 1 H 45
AR g S TR AR LA RN Coo B FEBEAL
5/ AT IR 2GR AR Cy, Cy R R T
MR Z AR Co XRG4 T B
25 Cm, MR N

(4)

1E Mott-Schottky Wi Ht i % K #6375 H 107 Hz,

Cofii o 50X 1075 F /em' ™, 25 [a] Hy i s 53 /N 50U

2 (258 2~3 B Z0) , R 76 LR R T, %

A7 25 V2 10 8L 235 X B PR 8 TR T L W R

R AN O, 1T R
1 2

~o N
(O e,e.e0Np

K, T
(Er*Erb* : )

€y

(5)
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E7  Ta0,Ta2 Ml Tad & 44 0. 3 mol/L LIOH #F I Y M-S I 4 4] (a) 5 Bl b e ke o 4 2 14 (b))
Fig.7 M-S curves(a) and passivation film point defect concentration diagram(b) of Ta0, Ta2 and Ta4 alloys in 0. 3 mol/L. LiOH solution

T s C o2 Bl P R 11 2 i) R Ao FL 2% 5 e 02 S0P 40 1) A
TR s e T BLAS A HL R BN e S HE T B T o 5 N, S FE AT
BT H I ESE ML 5 Eq 2 P LA 5 K, R BER
BB R TR IIRIE . KT/ e 0] LLZ W, H R 1E
F R KT/ e AU 25 mV 2441, ek Tt 5
A 2 TR) Fl A7 23 v B SR BER VR B . RO T E N
A I 3 Y 8 7 e 1 A S A, 8 S R

o [d(c:®)]
€n€. € dE

K7 (b) SR 1T 545 30 A A B r 4025 37 0 i s vk
FE LRI LLE B A 4 0 0B G ok BE S AR T, Ta2
B A Bl R 5 I AR AR Y B P R B, 2R 9. 79X
10" em ™, Ta0 Fil Tad & 4 4l 1k I8 rp o5l B vk B2 24 28
2.13X10" cm *F12.05X 10" cm*, Ta2 & 4 fili 1k
r A A5 B B /D U T H B e R ) B T
2.5 i-tHE&SW

L FL AV 2 X0 A it — o /N Y HL T T P
WESRE RN T W TSRk, fEE R
7 BA RS A AR A 0T Bl 4 T 1 P R B B AR AE DAL
KR,

Np=

(6)

lgi =—A + kgt (7)

Kb AT B S A R R R ]

e Ak HL L 4 e 50 I ) A o AR R O R L R
ok, K 8(a) s o k=—1 F W] Hli b I ) K K
SR IR RS A=—0.5 R BA K KR
Y - T A AR AR RN & 3F 5, Ta0, Ta2 Al
Tad & 4 (0 £ {H 20 % A —0.80940.03, —0. 945+
0. 04 F1—0.690+0. 03, 2 B 3 F & 4 1 4l £k 5 TE 1 445
SR FIEB RS . ME Ta®& i 8m, 2E
T lFAR G B, Ta2 & &M {E R /M. B 8(b) A Tax
(2=0,2,4) &4 M 0.5V o A7 5015 6 -2 ih 2k .
ATLVE B ZE I 0.5 VLA J5 |, HL Ui B 78 & %) 200 s
I T A TH U/ 0 B, L L ST ) 388 S 7 2% 18 %
Wk, 29 1500 s LAJG , B W 9 S o A8 15+ oy B 1% . kit
BEAL LT3 8P AR S X B R WP T RS
AL . Tad &4 i-cih g i BLE S, B A 4
Sl Ak BN SR IR Fa 5 o Ta0, Ta2 Al Tad & 4 16 it fin
0.5 V HLFE T 3R A5 1 Fa 2l Ak L 3 2% B 40 R 1. 51 X
10°°,6.59X10 " A-cm 21 1.71X10 ° A-cm 2, 7]
DLE 3, RIS R A G 4 Tad &t iy n 2 5
FE /N JE G R R A, U A PR RS M e R R R

E8 Ta0,Ta2fl Tad &5 4:4E0. 3 mol/L LIOHE T 0.5 VIEHLAL T /Y 1gi-lgr ik (a) 5 i-c i 2k (b)
Fig. 8 lgi-lgz curves(a) and i~ curves(b) of Ta0, Ta2 and Ta4 alloys in 0. 3 mol/L. LiOH solution at a constant potential of 0. 5 V
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R F XPS 43 A i Ak B 4 B 4 Al . B9
N1 RE RS A TR Y A B ROIE . K 9(a) Ry Zr3d
B R 43 BER OB TS A A sl A B R I 2] 2o (184 eV )
i b B 4 B B AR TR ZeO, 1 8 R 10(a) TR, Bifi
% Ta & & M3, ZrO, B A0 6 & & 08 T i e B .
K9 (b) Sy Ti2p s 40 HF 003 o 4l 1k B8 v Aar il )
Ti*' (465.1 eV F 459 eV)Fl Ti* (458.7 V), Jf H H
P 10 (a) 75t 7 B A0 P 4 T AR Ak W v Bl Ta 35 52 09 38
L, TiE Y & & 2 MBI E S, 540, f & 10(b)
LA, TiO, A % & B B Ta 7 & 09 34 n 2 #E 7+
T A AR A 3 H TLO MM & B RS Ta /1
Th v 5 B AR T ik R IR AE Ta2 &b ik 3 35

o F9(e) iy Nb3d i 43 B 30638, Bl 1k B o A6 ) 3]
T Nb™ (207.8 eV 1 210.5 eV) I Nb*" (205.9 eV) .
FH 1 10 Ca) F5 3 A0 152 43 ) S0 Ak 4 b Nb Ak 0 19 %
bl Ta & & A3 N Je s e AR, i B 10Ce) AT LA
L B Ta & & /93 i Nb,O, & e 5w . B9
(d) 2k Al2p & 4 B 63k o 76 & 4 1k 5 b A ) 39
AP (74.7 eV) B fL I8 4 8 S AL W h ALO, /Y & 4t 4
F10Ca) fir s o ALO, 76l 10 B rb (9 % 7 B Ta &5 it 3
TJLFEARAE . K 9(e) N Tadf w43 PEOL1E . 1E4ii1k
R R 3 T Ta™ (26.6 eV #128.6 eV) fl Ta(22 eV
24 eV),IF HEALBE H Ta,0, 0 & 2EBES & Ta
BRI G . B9 (D) SRR Y A BER Ols
JEREA T . N 10(d) 7T LLE W, B AR R o B 4

B9 Ta0, Ta2 Fl Tad & & Bl LB 2 TR XPS HUR
(a)Zr;(b)Ti; (¢)Nb; (d)Al; (e) Ta; (O
Fig.9 XPS data of elements in passivation films of Ta0, Ta2 and Ta4 alloys
(a)Zr; (b)Ti; (¢)Nb;(d)Al; (e) Ta; (HO
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Fig. 10 Proportion of oxides in the alloy

(a)proportion of each metal oxide in the alloy to the total oxide ; (b)proportion of Ti oxides to total Ti oxides;

(c)proportion of Nb oxides to total Nb oxides; (d)content of oxide in the alloy
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Effect of heat treatment on microstructure
and properties of Mg-12Y-1Al alloy
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R DG WAUBE X AT SR AN R 31 4 A B8 ST Y [ v AL B O B S Mg-12Y -1ALE 4 1y W il 41, R T A
S A AT VL FRAT IS A A 7E = R S RN 200 “CT I ) A M AR 6 HL AL A O TR AL BT S A A R M fE . 25 R
T Mg-12Y-1AL G & S 2l o-Mg LR Mg, Y A AT ALY AR . Mg-12Y - TALEA O 5 00 = T AR e, 7
520 'CX 16 h(T4) [ b BRJS , fiohr BEA KR, 77 A8 i SR A e HE B AR (LPSO) 5225 “C X 30 h('T6) I R Ak FX 2H 2 11y

AR, 5EETMEREH L, T4 A £ 1 200 CF 1M BR TR 50 B WA K, MK EHEEM 1L.3% e R

12.

5% . BLAh ,Mg-12Y-1ALG 4 4 [ 7 Ko i 25 4 3 e i JE it RE A 2 $2 T, J65 ih b i 25 FE B S0 2. 799X 107° A/em”®

M2 1. 551X 10 ° A/em?,

KR Mg-12Y-1AIG 4 A0 31 5 AL 205 Jy 2+ g I AT R

doi: 10. 11868/]. issn. 1001-4381. 2023. 000050

FESES: TG156.1 SCERARIARD: A TEHE: 1001-4381(2024)03-0129-08

Abstract: The microstructure of Mg-12Y-1Al alloy with solution treatment and aging treatment was
studied by optical microscope, X-ray diffraction and scanning electron microscope. The mechanical
properties of the alloy before and after heat treatment at room temperature and 200 ‘C were analyzed by
tensile test, and the corrosion resistance of the alloy before and after heat treatment was tested by
electrochemical methods. The results show that the as-cast microstructure of Mg-12Y-1Al alloy is
composed of a-Mg matrix, Mg,Y; phase and ALY phase. Mg-12Y-1Al alloy has excellent high-
temperature thermal stability. After solution treatment at 520 “C for 16 h(T4), the grain size does not
increase, and new long period stacking ordered (LPSO) phase forms; the subsequent aging treatment at
225 °C for 30 h (T6) has little effect on the microstructure. Compared with the properties at room
temperature, the ultimate tensile strength of T4 alloy at 200 ‘C does not decrease, but the elongation
increases from 1.3% to 12.5%. Moreover, the corrosion resistance of Mg-12Y-1Al alloy is improved
after solution and aging treatment, and the corrosion current density decreases from 2. 799X10"° A/cm” to
1.551 X107 A/cem?”.

Key words: Mg-12Y -1Al alloy; heat treatment ; microstructure ;mechanical property ; corrosion behavior
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B G I DR R 6 LM R Y SR R A
B B BEA &t T HA mom ok A R
N 1 2E VR RE AR R SR AT T Y R
+RRED Y T REEES &P HA R KNSR E
(12.5% , i 43 50, T 1)), BE 6% e 21 [ 75 50 1k 5 i 3k
S Ak ) B AR, AT AT A R S A M BE . Zhao
ST Y o6 RO B R A Mg-1Sn-2Y (a=1.5%,
3.0%,3.5% R F B A & A5 ¥R r ¥
M, 25 R B, Y JTE R MRS N2 #F T MgSnY # 5 Sn,Y,
FHE P2 A, Mg-1Sn-3Y & & 16 = 6 T R BT 008 % 5 ik
305 MPa. A Al EZBEHESGETREHNEG S
bt E 2z —. WFRER, AL B2 401k 3K 5 5
B < O L 12 B )1 B e I i B A o (12
K MR B 8 0 TR 0D A R e L B A 1 B T
AE. UTAEK, LA Mg-Y-AUA R MACE =044 N H
AR B AS AR S 1 g IR A R T A A2 G TET . Qi
SRS TR 0. 6 % ALE] Mg-10%Y & 4 By 7
RO R S AS A A W1 SRR SF B 210 pm b &
55 pum, H& & 76 & i T 0 foRn AR e MR I o 1
XA EEEE N, Y 5 AV SETE i e i
ALY 1, 3> B-Mg Al M08 7= A=, H ALY M 7E B
bR AT AR S S 5 TR A% R SURE 2 446 4 1
B RE o BEAh  LiAE VIR fE Mg-Y-Al & &k &R v & 3t
T K JE WA HE P (long period stacking ordered,
LPSO) &5 ¥y, Jo ] DhAT 204 o 86 A 4 0 e T RS e
P R PR R A SRR AR TR
U R PR AR YR T T A AL B 5 A Mg-57n-
0.5Ca-0. 36Sr A 4x 14 M RE A 52 Wi, & B 11 %5 Ak 3 )
B 4 11 i AR AR TN % 2 5 R A JLT R R B S WS
i R AR AT B — s R BE AR o (A, 9% Ak B AT LA
o R A I o A B R ST RN R B A A
i} J65 P i o B AT XE Mg-Zn-Y -Zr-Ca & 4 i 4T
TSR] L Y [ v A B ke BB A R IR A B8
LT JE ok i S22 RS AR AN S 38 v K 03 R
Vs T S gt AR 1 B0 /D AL S i B A R 1 ok
AR Z . DA EAFR R Mg-Y-AlG 4 H%
A RE RS /N | IR BRR A R i AY OE T BRAL B B g
B R A A Y g v B B I kv R DR e R
ARG G AT A 3 B 5 W N BT S, SR,
H AR & 4> TAERREE h e & & 405 | kot , 6 F
PAb B T AR Mg-Y-Al = J0& 4 124 1k e A AT
I 5 AT iR GE o AR TR A T Mg-12Y-1ALA
4, IR HFEAT T4(520 °C X 16 h) 5 T6(225 °C X 30 h)
AL S8 P A A SURAE R I3 B H Ak 2 T
FFBLMRAFRRE T A& MAL T M6 L E

AT, ORI RS S R A S PEREC R
PESCHE I O N T35 S

1 ZBWHBEFE

1.1 HAH&E

ARSI A 4 BT A 9 Mg-12Y 1AL Fir H s
A4l Mg (99.9%) .4l A1(99. 9% ) 5 Mg-20Y ]
B . HAG SRR A B b BEAT 8 MR R
R 700~750 °C, [F] B 425 % ok 7 v il 0B 55 500 14 A7 LA
BT . A S Y S5 R 4r hr EGRE A SE  T
& FHEIEA(ICP) AT, 45 R an gk 1 iR o Ui ik
etk AT 520 °C < 16 h [ ¥ Ab 21, 45 20 57 A4 & (AT R
T43%) ;B J5 7€ 225 “CF 4 30 h B ab B, b Js A
SRS 19 B I RS RE S (FRTFR T2 o

F1 BEMg-L2Y-1AI5E€HHS (RESH/ %)
Table 1 Compositions of as-cast Mg-12Y -1Al alloy

(mass fraction/ %)

Y Al Si Mn Mg

11.6 0.81 0.002 0.014 Balance

1.2 ALRRGE

W A TRDIR ZS 9 B S AT BE OG5 AR L B4 %
4 T 2 T RS 0E 4T 5~8 s Z il kb BE . fif FH Zeiss-Axio
Imager M2m 750 2% W 0B i A7 S M A BV EE s 5 5%
GB/T 6394—2017( 4 J& - ¥4 & b 2 00 5 7 3 ) v 1) 4K
2w ) AR RST 5 R JH AR A BE 5 X Y FEI
QUANTA 450 414 B8 55 (SEM) X AS [ PR 245 B 5 1Y
Tl 4 205 A W 01 1E 47 40 T 5 R B 45 Cu 8 1) D8
Advance I X 5F £k fi1 81 A (XRD) X £ % 4 A #3547 4
B, FHE L 10°~100°, B & 30 KV, B3 30 mA , F 4
M4 (°)/min,
1.3 MEERIE

K H DDL-100 H 77 fig 12 56 ML A [R)IR 28T 1
Mg-12Y-1A14 4 47 Z -5 & 200 CHz i, Fi
RE 4 3% GB/T 228. 1—2010 b e, #E 5 R~
A M8 mm X $5 mm , $7 i 3 2 8 2 mm/min, & FUIR S
M 6 4> A7 B SR IO 418

H Ak 27 085 b P RE X 7 Vertex. C. EIS B fk2E T
PEsh Eb AT, R AL 8 = Mol ik &, TR s il Ay
Mg-12Y-1A1 A &85, 038 f A4 10 mm X 10 mm,
2 L HL A A A R R HL A (SCE) |, X HL B oA 20 mm X
20 mm W4 R, MR 3. 5% NaCl, eI Z A/,
W TAE HU Al FH /K S 0 402 2 4T 1 28 30007, IR R
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Z5 BT KORI KRG 15 Uk ¥ WU TR . TAE iR
N W 8 22 W T B HL A2 (OCP) 0. 5 h AR 4k, A 3E I
AR R . FRIF AR 5, HE4T 2l i 0 A Ak il 420
K (Tafel) , B FH 48 BB M A FF B FLA A9 0.4V,
HiH# R 0.5 V/s,

2 ERG5HM

2.1 HLRGH

Mg-12Y-1A1HE 4 A FPR AT (19 XRD 3% & 40 15 1
fiR o AU, EARAM FEH o-Mg, ALY , Mg, Y4
H . 43l TARE LG &4 Mg, Y ATHE K,
BUHT 0 LPSO A, % W1 Mg, Y, H & 28 56 4 [ % %
a-Mg #fh . Ho LPSO My % 5 % F PDF 36-
1273 K A 3¢, AR ¥5 Zhang 25 it 16 , 78 Mg-Y-Al{k
P, LPSO MR JA 19 0k 18R (9 HCP 454 , 5

1 Mg-12Y-1ALG S A FRR A R 19 XRD % 4]
Fig.1 XRD patterns of Mg-12Y -1Al alloy at different states

ALY -L12 BUHESE 7 A R . %1 T6 288 i, YA 1
25 T4 B A kA2

Kl 24 Mg-12Y-1A1 & & A [FAR S T 9 SEM
K, Mg-12Y-1A1 4 4 T4 T SEM-EDS 45 SR WA 3
i AN XA EDS 25 g 2 fim . nTLALE
IKFEFEHFAISY LR, HALS YR F LR
2: 1, BAfA E Ho ALY A, XRD WEFHE T ix —45 5%, 2
XE53XMAIS YR FHELT6:8, XLy
Zhang %R TE 1 Y -ALE B LPSO 1 4 — 24, [A)
BF IR B 3 2 R AR 9 45 4 S LPSO A . MR 2(a) th
A DLVE A 4 3 R RN A IR M A
55 B A A CBR B4 BT R A 4 AR, 45 A XRD A EDS 45
S AT DA i S Ak T AR CER 64 B HH A S Mg, YA T
POk 5 855 R Hr B AH Y ALY #1 . Wang 55 4
W B AR A R w0 AR ALY M O RS SR N B R
B A% 0 s A 1 R 00 0 AL 5 T B 25 R 0 ALY AR T2 7
B [ o B rp & A e RO T B, B L—>a-Mg+ ALY,
UL AN, 5 25 41 20 v B A A R B K A R AE X
B R 7 O [ A R P A I R T (Y )
P e SR B AR IR R . 5% A L4
Fb , [ v A RS 20 (K 2(b)) iy ALY A SR AE7E
X FZIEH T ALY AHEA & 00 8 (1475 °C) o [
b F 5 & BRI Mg, Y AHTE 2%, 420 b 8 2 R
AREER,BPLPSOAH. HE 2(c) W LA H, 28 T6 4b
Ja VA KA AR A 3 AT B T R AR i B
ARTE SRL AT T SEM B 18K A OF R BEAR 47
Hb W ZE B AT H 1 A

E 2 Mg-12Y-1A1G SRR AT 1) SEM El
(DHELE;(DTAE; ()T
Fig. 2 SEM images of Mg-12Y-1Al alloy at different states

(a)as-cast; (b) T4 state; (c) T6 state

i 75 b BB LPSO A8 198 1 3£ 25 5 m 0y 3 T vk
JEHMAY B Rg X W, Y 5 AL E
M A BEAR A 4 1 25 58 JF BB ALY JR 1 17,
Xk LPSO M BB BB it L a5 o — i, & 4 Bk
[ i B T K R Y J0 R R AE b A 7R S 2k %

Ab B AR R, E T T U R R B I ] B
I HICH A B, i S A P U A A R R, A
1M BOH B TN WA R S B A 9 HE S
(Y 3 B B, JF & 2 A8 = [ 58 A e AL, B LPSO
Zifgtel,
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K3 Mg-12Y-1A14 4 TAE T SEM-EDS 45 1t
(a) i 2(b)rh T KR (b)~(d)Mg, ALY J6 3R
Fig.3 SEM-EDS results of Mg-12Y -1Al alloy at T4 state
(a)magnified image of area | in fig.2(b);(b)-(d)Mg,Al and Y elements

®2 BE3a)PAREREHHEDSER (EFH5H/%)
Table 2 EDS results for different areas in fig.3(a)
(atom fraction/ % )

Area Al Y Mg

1 56. 4 35.7 Balance
2 6.9 10.6 Balance
3 7.5 12.1 Balance

K14 Mg-12Y -1AL 5 @ 76 A AR EE T B 4 A 241
H, ATLIEN A, T4EM T6 A M Sk )] ~F 43 51 R

83,84 pum H186 pum, B2 4o [ ¥ 4b B S kL 1Y 2 211%
AR KK, LIS RE TR ZE R
Li 2% b T WZ101K (Mg-10Y-1Zn-2Zr) 5 W10K
(Mg-10Y -27Zr) W 5 43 76 [ %5 4k 2 (520 “C X 72 h) Hif
J& R RS I 28 4k S5 R R BT, WZ101K 5 W10K & 4
ar BL RSF 43 0 B 31, 30 pm 34 K # 40, 134 pm, AP
WZI01K £ 4 [ b 33T 5 ok RSE A & A B o AR
o, 3% 2 R P Oy 7 I A BRI A A R A
ARLPSO A T Aokt K

E 4 Mg-12Y-1ALE S e AR PR AT 19 4 AR 241 40
()R (D) TAR;(e)T6 2

Fig.4 Optical micrographs of Mg-12Y -1Al alloy at different states

(a)as-cast; (b) T4 state; (¢) T6 state

2.2 AFiEsE
K 58 Mg-12Y-1AL A 4 76 = i A1 200 “CF 1)
Ji-RiAR Ak o #Ah BRGSO BR P b g | IR 5 R

FERME 6 iR, WA, Sl FHS, T4EMT6
A4 IR E2» 9l 156. 4,149. 3 MPa f1158. 2
MPa, % BR 4t $7 58 B 43 5] & 205.9, 206. 1 MPa Al
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211.2 MPa, KR35 8 1.3%,1.5% F1.3% . Xt
LSS TARG M = ae, vl LUR B, [ b 22
J5 A A R R IR LT A R AR Xk B RS H
AW A . RSN IS Mak 322 ok R
SEEMTH AW, MR, GEEE T4E
B A diobn ROST AR S iR 48 7 R -l A1 (Hall-Petch) ¢ &
o, =0yt kd (o, A 4 0 IRGR B 00 075 7F
B 1 iz B I A2 B A% BT kOl R R - R A R B,
R 326 i b RST SUR A | o T35 R RSP BRI S
AR R X SRR E A - EE A& TN
i/ INBIT R AR AT BELAS AR T 2o B v i A 48 32 3h L DT A AL

P MR R R . 85 Mg-12Y-1A1A 4 P I T
AR ALY M5 Mg, YoM, 78 B AL B 5K T
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Fig.7 Fracture morphologies of Mg-12Y-1Al alloy at T4 state  (a)room temperature; (h)200 °C
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Table 3 Fitting results of potentiodynamic polarization curves

State E../V i/ (Ascm ™ ?)
As-cast —1.896 2.799%x10°°
T4 —1.832 1.551x10°
T6 —1.840 1.584x10°°
3 g
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Abstract: To analyze quantitatively various indexes of wire arc additive manufacturing components of 2319
aluminum alloy, the expressions of curved surface between different process parameters, porosity and
tensile strength values were fitted, and the “process-structure-property” corresponding rule was
established. In addition, a normalized fuzzy evaluation model was developed for process parameters,
organizational defects, and mechanical properties using the generalized fuzzy synthesis operation rule. The
purpose of this model was to obtain the optimal process parameters. The results show that the porosity
generally increases with the wire feeding speed rising. Then the porosity generally decreases with a decrease
in scanning speed. When the scanning speed is 0.035 m/s, the correlation between porosity and tensile
strength is the lowest, with a correlation coefficient (coefficient of determination, COD) of only 0. 6. The
comprehensive evaluation score of the expert is the highest when the wire feeding speed is 5. 0 m/min and
the scanning speed is 0. 025 m/s, indicating that this combination of process parameters is optimal.

Key words: wire arc additive manufacturing ; 2319 aluminium alloy ; corresponding rule ;normalized evaluation
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Fig. 1 Schematic diagram of the wire arc additive manufacturing system
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Table 1  Chemical compositions of 2319 aluminum alloy welding wire and 2219 aluminum alloy substrate(mass fraction/ % )

Material ~ Si Fe Cu Mn Mg Zn Ti Cr Zr Vr Al
2319 0.048 0.063 5.91 0.252 0.014 0.016 0.015 0.0046  0.111 0.07 Bal
2219 <0.20 <0.30 5.8-6.8 0.20-0.40 <0.02 <0.10 0.02-0. 10 0.10-0. 25 0.05-0.15 Bal

F2 HIEHHIE2Z198ETZSHIEIT
Table 2 Design of process parameters for wire arc additive

manufacturing 2319 alloy

Travel speed/ Wire feeding speed/

Sample (m-s 1) (memin)
1 0. 020 5.0
2 0.020 5.5
3 0.020 6.0
4 0.020 6.5
5 0.025 5.0
6 0.025 5.5
7 0.025 6.0
8 0.035 5.0
9 0.035 5.5

10 0.035 6.0

11 0.035 6.5

12 0. 035 7.0
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Fig.2 Pore morphology threshold segmentation, threshold optimization and porosity calculation process

(a)metallographic diagram; (b)threshold segmentation; (c¢)threshold optimization; (d)porosity area statistics
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Fig. 3 Porosity statistics of different areas at different wire feeding speeds at constant scanning speed
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Table 3 Porosity statistics of different regions at different wire feeding speeds

Travel speed/(m-s ') Wire feeding speed/(m+min ') Top porosity/ % Middle porosity/ % Bottom porosity/ %
0.020 5.0 0.29 0.13 0.24
5.5 1.08 0.14 0.48
6.0 1.54 0.71 0.94
6.5 1.97 0.84 1.26
0.025 5.0 1.03 0.42 0.57
5.5 0.67 0.39 0.69
6.0 0.50 0.37 0.72
0.035 5.0 0.95 0.21 0.65
5.9 0.70 0.22 0.91
6.0 0.40 0.31 0.52
6.5 0.95 0.93 0.97
7.0 0.66 0.58 0.72
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Fig.4 Porosity statistics of different areas at different wire feeding speeds at constant scanning speed

(a) V;=5.0 m/min; (b) V;=>5.5 m/min; (c) V/=6.0 m/min; (d)average porosity of different areas of the sample
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Table 4 Porosity statistics of different regions at different scanning speeds

Wire feeding speed/(m-min ') Scanning speed/(m-s ')

Top porosity/ %

Middle porosity/ % Bottom porosity/ %

5.0 0.020 0.29
0.025 1.03
0.035 0.95
5.5 0.020 1.08
0.025 0.67
0.035 0.70
6.0 0.020 1.54
0.025 0. 50
0.035 0.40

0.13 0.24
0.42 0.57
0.21 0.65
0.14 0.48
0.39 0.69
0.22 0.91
0.71 0.94
0. 37 0.72
0.31 0.52

5 H SIS b 3 2319 8R4 4 ik 2L U I
EINEE SUPE N |
Fig.5 Relationship between wire feeding speed, scanning speed and

porosity of 2319 aluminum alloy manufactured by WAAM
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Table 5 Statistics of tensile strength value at
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(a) V,=0.020 m/s;(b) V,=0.025 m/s; (¢) V,=0.035 m/s 5 L £5 lly 1fi ok 45 2 $h 3k

Fig. 6 Fitting curve of wire feeding speed-porosity-tensile strength at constant scanning speed

different wire feeding speed and porosity

)V, =0.025 m/s;(

Scanning Wire feeding

speed/ speed/ Average Tensile

(m-s—1) (memin-1) porosity/ % strength/MPa

0.020 5.0 0.22 245.69
5.5 0.57 233.70
6.0 1.07 215.69
6.5 1.36 265.15

0.025 5.0 0.67 251.57
5.5 0.59 230.06
6.0 0.53 243.74

0.035 5.0 0.60 244.50
5.5 0.61 235.52
6.0 0.41 201.09
6.5 0.95 270. 69
7.0 0.66 263.59

¢) V,=0.035 m/s and fitting surface function coefficient table

Mk E N 6.0 m/s B, SRTPIAL T2 S 50H
Lo, 2068 B AR R, R E % L AS BN L%
55 12 M R A SCE I S AT, IF B o 5 6 22 P B, T
B OB T2 R 2 IR I 2R B
I 3% 2 3 B - FLL B 36 -0 7 8 3 {2 1) il 1 ks 2C0h

2 =435.74 — 5499.77x — 102.86y (8)

XFH A (6)~(8) AT LAE i, y i O, B & ik 2
M 5.0 m/min B4 2 6.0 m/min, #i £ &1 4
Xﬂ?%ﬁ%ﬂ%%hﬁﬁ Wit 41 4 R 1) A2 Ak B

o Ma RO, Bl A% 22 WM 5.0 m/min ¥ fin &
60mhm%%ﬁ$%%ﬁﬁmiiﬂi% ALt
MK 2 MR R 6.0 m/s B, B v o FE B LB 3 0 A8 4k
ISETAE

2 i P O NI E S E BT 9 AR e S R 1 A
FEGETE W 6. Mk 223 5.0 m/min H 454 ¥ B
90.025 m/s B, FL B A 5 07 95 S8 A SRR AR, )
TG A HZ LA S BT M A8 DR UE AL IS S A7 7
25T BA B0 12 P RE .



144 R TR

2024 4F 3 J

PRI 7 30 2 i 3 4 I A 3 L B % e b 5 8 0L 45 ot o
(2) V,/=5.0 m/min; (b) V;=>5.5 m/min i ; (¢) V,=6.0 m/min 5 8 £+ il 177 b5 50 32 50

Fig. 7 Scanning speed-porosity-tensile strength fitting curve at constant wire feeding speed

(a) V;i=>5.0 m/min; (b) V;=5.5 m/min;(c¢) V;=6.0 m/min and fitting surface function coefficient table

x6 ARABEESILEETHRNEBEEESIT
Table 6  Statistics of tensile strength values at different

scanning speeds and porosity

Wire feeding Scanning )
) Average Tensile
speed/ speed/ )
. porosity/ % strength/MPa

(m-min ') (m-s 1)

5.0 0. 020 0.22 245.69
0.025 0.67 251.57
0.035 0.61 244.50

5.5 0.020 0.57 233.70
0.025 0.59 230. 06
0.035 0.61 235.52

6.0 0. 020 1.07 215.69
0.025 0.53 243.74
0.035 0.41 201.09
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Fig. 8 Microstructure of 2319 aluminum alloy samples manufactured by WA AM under different process parameters

®7 BIEHFHIE2Z9EETRIZSHAFEREBTMHR
Table 7 Quality evaluation table of 2319 alloy made by
WAAM with different process parameters

Sample Alverage grain Averége Tensile strength/
size/pm porosity/ % MPa
1 27.47£1.50 0.22£0.03 245.69+40. 64
2 28.49+1.52 0.57+0.12 233.70£11.99
3 29.69£1.65 1.0740.21 215.69435.30
4 39.46+1.56 1.3640. 38 265.15£11.49
5 33.99+1.59 0.67+0.34 251.57+23.53
6 34.16£1.58 0.59=+0.20 230.06£15.63
7 36.43+1.61 0.53£0.25 243.74+22.75
8 23.14+1.52 0.60£0.10 244.5+20.50
9 25.29+1.61 0.61£0.35 235.52430. 30
10 25.67£1.50 0.41£0.09 201.09+£22.15
11 30.84+1.56 0.95+0.33 270.69+22. 24
12 32.51£1.57 0.66+0.18 263.59+£27.08
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Fig.9 Histogram of grain size distributions of 2319 aluminum alloy sample manufactured

by WAAM under different process parameters
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Fig. 10 Tensile strength value of 2319 aluminum alloy
sample manufactured by WAAM under different

process parameters
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Table 8 Expert scoring table of WAAMed 2319 alloy
Sample Average grain size/pm Average porosity/ % Tensile strength/MPa [
Coarsening Middle Refine Low Middle High Low Middle High

1 0 3 2 5 0 0 1 2 2 80
2 1 2 2 2 3 0 2 3 0 85
3 0 4 1 0 1 4 4 1 0 65
4 5 0 0 0 0 5 0 3 2 95
5 2 3 0 1 1 3 0 2 3 100
6 3 2 0 1 3 1 3 2 0 80
7 4 1 0 3 2 0 1 2 2 70
8 0 0 5 1 2 2 1 3 1 75
9 0 1 4 0 3 2 3 1 1 65
10 0 2 3 4 1 0 5 0 0 60
11 1 3 1 0 3 0 0 5 90
12 1 4 0 1 4 0 0 1 4 85

HEE K 5.0 m/min H 474 3 B 0. 025 m/s B, & 5K
AW ERE, WHZ T 2S84 & 5l i
LTINS (AT VA N a2 P N e o (S |
WA 5 B (E A TR T .

[1]

[3]

[4]

S & ik

PR, EARE, FIRPC, 55 2 A K 54 I8 bR s oI 22 88 b1
HlERARLT]. fiias AR, 2018,61(3) : 74-89.

LIQ,WANG F D,WANG G Q,et al. Wire and arc additive manu-
facturing of lightweight metal components in aeronautics and as-
tronautics [ J]. Aeronautical Manufacturing Technology, 2018, 61
(3):74-89.

XK, A5, 52 A M, 5 . RO CHLR S HLIY & R SR A G
AROHTLI]. fiizs 3 1274, 2008, 23(6) : 976-980.

LIU D X,JINJ,PENG Y M, et al. Summarization of development
status and key technologies for large airplane engines[J]. Journal
of Aerospace Power, 2008,23(6) :976-980.

WA L, AF .l IO 22 B ) 3 R S B BT ST
[J]. #HH A, 2022,50(4) :62-73.

HAN Q F,FU R,HU J L, et al. Research progress in wire arc addi-
tive manufacturing of aluminum alloys [J]. Journal of Materials
Engineering,2022,50 (4) :62-73.

ABDULHAMEED O, AHMARI A, AMEEN W, et al. Additive
manufacturing : challenges, trends, and applications[ J]. Advances in
Mechanical Engineering, 2019,11(2):1-27.

VLS R E Il BERUR . 22068 o 9IHS A 1) 3 B R AR S BLIR 5
BT AT T2, 2018,47(18) : 25-29.

JJANG H L,YAO J K, YIN F L. Research status and application
of wire arc additive manufacturing technology [J]. Hot Working
Technology, 2018,47(18) :25-29.

ERERE TR IO T R 220bF IR B i i B AR B o BR B R
B[] AL, 2017,47(8) :60-64.

WANG T T,ZHANG Y B, XIE Y L. Status and development

prospects of the wire arc additive manufacture technology[J]. Elec-

[7]

[10]

[11]

[14]

tric Welding Machine,2017,47(8) : 60-64.
CUNNINGHAM C R, FLYNN J M, SHOKRANT A, et al. In-
vited review article: strategies and processes for high quality wire
arc additive manufacturing[J]. Additive Manufacturing, 2018, 22
672-686.
WIR B ENIE 560 5, 45 V8 4 ol U el 9IRS B o i B AR BF 5T
JELI]. LA TR, 2022,39(3) : 375-381.
HU B, DENG J L, CAI G S, et al. Research progress of CMT
wire arc additive manufacturing technology[J]. Journal of Mechani-
cal & Electrical Engineering,2022,39(3):375-381.
LOCKETT H, DING J, WILLIAMS S, et al. Design for wire +
arc additive manufacture: design rules and build orientation selec-
tion design for wire + arc additive manufacture : design rules and
build orientation selection[ J]. Journal of Engineering Design, 2018,
28:568-598.
DING D,SHEN C,PAN Z, et al. Towards an automated robotic
arc-welding-based additive manufacturing system from CAD to
finished part[ J]. Computer-Aided Design, 2016,73:66-75.
WILLIAMS S W, MARTINA F, ADDISON A C, et al. Wire
arc additive manufacturing [J]. Materials Science and Technol-
0gy,2016,32(7):641-647.
SREAVE  AETE 5 R E AR BRSO B RS AT 5 SR [T ]
T A, 2023,52(11) :1-24.
ZHANG B Y,LI X,ZHANG Y J,et al. Research status of arc ad-
ditive manufacturing of aluminum alloy[J]. Surface Technology,
2023,52(11):1-24.
SPOV AR HAE 2 BB, L SBO6 B A A HLIREE B 5 T2 S 8L
Xt OB i BT R R, 2018,47(1) £ 25-28.
GUO Y X,HU Y,BU X Z, et al. Influence of manufacturing pro-
cess parameters of 5B06 aluminum alloy arc additive on forming
quality[J]. Welding Technology,2018,47(1):25-28.
FANG X,ZHANG L, LI H, et al. Microstructure evolution and
mechanical behavior of 2219 aluminum alloys additively fabricated
by the cold Metal transfer process [J]. Materials, 2018, 11
(5):812.



148

B AR

2024 4F 3 J

[15]

[16]

[17]

[18]

[19]

[21]

[22]

[24]

[25]

MR, TAER . CMT T2 5% Al-Cu A 4 B9 4 1 1 <FL I
ST, A R MRS T, 2014,43 (12) :3149-3153.
CONG B Q,DING I L. Influence of CMT process on porosity of
wire arc additive manufactured Al-Cu alloy[J]. Rare Metal Ma-
terials and Engineering,2014,43 (12):3149-3153.

CONG B, DING J, WILLIAMS S. Effect of arc mode in cold
metal transfer process on porosity of additively manufactured Al-
6.3%Cu alloy[J]. International Journal of Advanced Manufactur-
ing Technology,2015,76:1593-1606.

GU J,BAI J,DING J, et al. Design and cracking susceptibility of
additively manufactured Al-Cu-Mg alloys with tandem wires and
pulsed arc[J]. Journal of Materials Processing Technology. 2018,
262:210-220.

R T5 f KM L 55 A S HON RS A R 2219835 &6
AL AR S AT LT ], TRUMORE T 2. 2022,52 (2) :129-133.
LIQ,FENG C,LIU B, et al. Influence of WAAM process param-
eters on micro porosities of additively manufactured 2219 alumi-
alloy [J]. Aerospace Materials and Technology, 2022, 52
(2):129-133.

RYAN E M, SABIN T J, WATTS J F, et al. The influence of

num

build parameters and wire batch on porosity of wire and arc addi-
tive manufactured aluminum alloy 2319[J]. Journal of Materials
Processing Technology, 2018,262:577-584.

KOBAYASHI M, DORCE Y, TODA H, et al. Effect of local
volume fraction of microporosity on tensile properties in Al-Si-
Mg cast alloy [J]. Materials Science and Technology, 2010, 26
(8):962-967.

2R ARG B 1 SBO6 A 4 A KMERe RS (D). R
R R, 2017,

LI'Y F. Process and property study on wire arc additive manufac-
turing of 5B06 aluminum alloy[ D ]. Wuhan : Huazhong University
of Science and Technology,2017.

ZHANG C,LT1Y,GAO M, et al. Wire arc additive manufacturing
of Al-6Mg alloy using variable polarity cold metal transfer arc as
power source[J]. Materials Science and Engineering, 2018, 711:
415-423.

WANG S,GU H, WANG W, et al. The influence of heat input on
wire-arc-additive-

Metals, 2020,

the microstructure and  properties  of

manufactured Al-Cu-Sn alloy deposits [J].
10(1):79.

LIC,GU H,WANG W, et al. Effect of heat input on formability,
microstructure, and properties of Al-7Si-0. 6Mg alloys deposited
by CMT-WAAM process[J]. Applied Sciences,2019,10(1):70.
WANG P,HU S, SHEN 1J, et al. Characterization the contribu-
tion and limitation of the characteristic processing parameters in
cold metal transfer deposition of an Al alloy[J]. Journal of Materi-

als Processing Technology, 2017,245:122-133.
ZHOU Y, LIN X, KANG N, et al. Influence of travel speed on

[28]

[29]

[30]

[31]

[32]

[33]

microstructure and mechanical properties of wire + arc additively
manufactured 2219 aluminum alloy [J]. Journal of Materials Sci-
ence & Technology,2020,37(15) : 143-153.

JHEEH . 5556 4 F 4 CMT HL 9IS A4 il i B2 AR S VERERT 52D .
TRFH LR, 2021

ZHOU G S. Study on CMT arc additive manufacturing technol-
ogy and microstructure and properties for 5556 aluminum alloy
[D]. Shenyang : Shenyang University, 2021.

WANG D,LU J, TANG S, et al. Reducing porosity and refining
grains for arc additive manufacturing aluminum alloy by adjusting
arc pulse frequency and current [J]. Materials, 2018, 11 (8) :
1344.

afa FUZE R RSO ik b MAAG M W 480 £ 7 A ] 25
AR LT]L AR 2R, 2009, 30(10) - 21-24.

MENG F J,ZHU S, DU W B. Fuzzy synthetical evaluation of
weld bead stability for pulse MAG welding prototyping [J].
Transactions of the China Welding Institution, 2009, 30 (10) :
21-24.

AR A IR SO R . T AR VT A A 114 A B 0 5T A
A EA 7). S aE 4, 2010, 31(8) : 49-52.

LIX W,ZHAO W Z,ZHENG C D. Weld fatigue life assessment
based on fuzzy quality evaluation model [J]. Transactions of the
China Welding Institution,2010,31(8) :49-52.
BRHELL JEM BT 45 IR TR SR A D A A p AR vk
FEIPO R GELT]. AR 24, 2011, 32(4) : 71-74.

WEI'Y H, TANG B, LIANG N, et al. Expert system for select-
ing welding processed based on fuzzy comprehensive judgment
model [J]. Transactions of the China Welding Institution, 2011,
32 (4):71-74.

FORE B TRy . R T ORGP AR AR R T B e TR 3R AT
FRFFELT]. AT T2, 2012,41(15) : 176-180.

WANG Y A, ZHONG F, XU Y. Welding deformation factors
based on fuzzy comprehensive evaluation [J]. Hot Working
Technology,2012,41(15) :176-180.

BECAE RS, G o, 45 . JE T2 0P A B ikl MG S5 4% 5
AT (T]. KR, 2015(2) : 7-11.

XUE J X,ZHU X J, YUE H R, et al. Quantitative analysis of
pulsed MIG welding based on fuzzy comprehensive evaluation

[J]. Welding & Joining,2015(2) :7-11.

E&WE A5 (JCKY 2020605C006)

Y #m H#A . 2023-03-21; 11T H#A . 2024-01-02

BIRAEE . H/NLL(1979—), 5, 808 W BT ) AR 5 5t
PR B T2 A BRI T A A L R M
SR Wi N I I Rl P R N NN 2 % 5 =28
(211106) , E-mail : zhanxiaohong@126. com

(ALt :RER)



52 % CRE oOoB TR Vol.52  No.3
2024 4F 3 J1 5 149—157 1T Journal of Materials Engineering Mar. 2024 pp. 149—157

SIAMEN: TR NG, 2/, % ERS356 AR 22 H T 7075 4 & & MIG AR L AR BEPERE [T, A48 TR, 2024, 52(3) : 149-157.
WANG Chenyang, LIU Xiao, LI Xiaoping, et al. Heat treatment performance of ER5356 welding wire for MIG welding joint
of 7075 aluminum alloy[ J]. Journal of Materials Engineering, 2024 ,52(3) : 149-157.

ER5356 1EZ FHF 70752 5 & MIG 18
1= 3 P Ab I 1 B

Heat treatment performance of ER5356 welding
wire for MIG welding joint of 7075

aluminum alloy
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(Jiangsu Key Laboratory of Advanced Materials Design
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Technology, Changzhou 213000, Jiangsu, China)

EE R H MIG (4 ER5356 17 223647 3 mm J52 7075 47 & 4T e 0, 085 H Sk 64T T6 PAAL B . 3 1 62 W e (X 5
LRATHH B SRR AL, & s R B | RO S A I D AT R Sk A8 SR S W D e o B AR AR
e 8 v 3 30 4 BE R I AL TR AL 1 Zn, Cu %85 4 T8 5 AR AE BT 1 MgZn, 5 AICuMg A, iy 45 4% 3E 47 P4 4 358 Ak )
Gt 5 AL PR S R 43T Hh A VA A SE AT B BT+ B R AL, B Sk LRI oR R T 2006 SR AR AT AR T 18, 400, Wl il P42 5 .
A T B A SRS G 4 0 3R & w3 B KR 22 5 BEb D) 2= PR B 10 22 53 5 B2 i) DX T B 2 TS 1 T 3k

KB 70758 A & s MIG AR PV 31 IR S5 1 21 01 2= 1k g i i

doi: 10. 11868/j. issn. 1001-4381. 2022. 000948
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Abstract: MIG welding and ER5356 welding wire were used for butt welding of 7075 aluminum alloy with a
thickness of 3 mm. The joint was subjected to T6 heat treatment after welding. The microstructure,
mechanical properties and corrosion resistance of the joints were analyzed by optical microscope, X-ray
diffraction, scanning electron microscope and energy spectrometer combined with room temperature
stretching, microhardness and electrochemical corrosion. The results show that the molten pool flow
brings Zn, Cu and other alloying elements in the molten part of the base metal into the weld, and
precipitates MgZn, and AlCuMg phases during the welding process, which become the basis for the heat
treatment and strengthening of the weld. After heat treatment, most of the precipitated phase melts into the
matrix to form solid solution+aging strengthening, the joint tensile strength increases by 20% , and the
weld hardness increases by 18.4%, the corrosion resistance improves. However, due to the limited
alloying element content flowing into the weld from the base metal, the difference in mechanical properties
between the welding wire and the base metal and the heat-affected zone softening phenomenon cannot be
eliminated.

Key words: 7075 aluminum alloy; MIG welding; heat treatment; weld microstructure ; mechanical property ;

corrosion resistance
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HHSREL, AL TR SR FE R o- Al
VSR AL 21, 5 B A A N R AR, B & W
G KRB A g 2 T BE BE RO 2 m R AR A A
A2 N FH 04 O 200 ) R R e L . AR &
R A 8 o 5 A 45 5 B TS0, I 2 0 7 R R A A R
22 J 3 5 AT LA S A kb B GR Ak B2 Sk Ty R pERE Y,
TR TR R AR, LI AR 7 RE
BB BET0T5mA &, A 15 #2 k b om
JE K F] 511. 8 MPa, g B b4 8 B 1 94 % , K 0] ik
16.9% . HTHiGbk= 7 R2E A &2 M0, L hrE
FEHAELL S R 2200 BT DA i BAb B B B
SREMLBEETRB G &E LM ¥t LG %

AR TAE 2 5 B s K A 4 2 W BE MR R 1 LA 4
W5 RIFLIEETRYMIG,  TIRE D Zn, CuSEH

SR T HMABERT, HA R B & T A
Vs -+ IR0 38 AR 1 0L 5% L T LA il T ER5356 45 22 5%
F MIG #3547 3 mm J& 7075 525 58 45 45 4 19 % 4 45 52
B, TE AT K T2 S0 A5 B R A Iy 2 M R Sk 1
filt b, % 422 3k R A7 T6 #RAb B I AF 58 He 4 M1 20 BT i
H 2 e T b 06 T 8 e B A TR RSkl
SR RE A AT AT E

1 SEW#MBITE

b4 3% 3 mm X 150 mm X 75 mm #J 7075 & 3
Ra A LM, RIS B 524 MPa, 0. 2% & IR 38 B 455
MPa, ffi & 36 806 . M5 B4 R FH 1l 1 4 3K (9 ER5356 47
22, HAR 1.2 mm. B 50 22 594 A nER 1
FT7R o

®1 BMMBRZOLERS (RESE/%)

Table 1  Chemical compositions of base metal and welding wire(mass fraction/ % )

Material Si Fe Cu Mn Mg Cr Zn Ti Other Al
7075/ T6 0.08 0.20 1.41 0.06 2.55 0. 20 5.60 0.02 <0.05 Bal
ER5356 0.04 0.09 0.001 0.15 4.8 0.12 0. 002 0.09 <0.05 Bal

S ML MIG WSME315 %% 5 1k 32 B % 7 % &
KR ML, AR 57N 99. 99 % 4l @ <, ok 1 AR PR
i 20 L/min, FE4E T 3R KR B bl . Zad K ik
JE L 100 AL R 21 VO 4 mm/s TR 12
mm I % 42 8] B i 4K 45 77 2 1 8 I A 1 3k (o hr i
B 297. 4 MPa, Wi J5 &R 7. 7% ) , % 422 3k i 47 T6 4
LB S 2 R GB 6397—86 M BUA FE T H AR 5
I3

B CRREEIE A . T LR R4 1E 75 38 5 1
10 b JE AL B BB SR L 1. 94, M5 4% A
TE RAF o 3 A I P 1 (o) AR A A T AL 00 A 4
BB N 52.8%

SR FH b 1 4106 T 125 i) £ 4 AH AR S, Keller 12t 711
JE& ot {5 FH Leica-DMi8 7 4 A 1 3 5 X 2 32 3k 8 s 41
41 fdi ] D8 Advance ECO B X S 2k i1 5F ( XRD )Y 5>
B 42 3k 19 % A0 B 43 5 18 FH Sigma 500 & 45 4 B 58
(SEM) - 45 & e %A (EDS) WL 70 B 432 3k b7t AR 5 4
FH WDW 3200 54 i, —F J7 g P A 38 56 AL 1 47 2 1 it 5
5, 2R B Imm/min, 5 A K 4F DR 6 4 F 173K B
Je B B E 5 6 LECO AMH43 . {8 R 1 43 % 4
S R AR T AT 2 I S AT R, B AT 1. 96 N AR R
12 s3f# I PGSTAT 302N Hi £k 2% T A 3 o 15t 4% 2 1 1F
15 J e 3, 8 ok A PR FH 3. 5% (R ar 5, D)
NaClEs W, A6 0 T AR 1 em?, M3 40 H Ak 27 i 8 S =

Bl e
(a) FREEIE T 5 (b) MREEE 1 5 () 1 RE A I
Fig. 1 Appearance of weld

(a)front of weld; (b)back of weld; (¢)specimen cross section

A R I H A b, VR SR H R Sk S b AR, B R R A X
B, AL 2R A I S 8 VB —1.5~1.5 V,
FHE N 5 mV /s, AP S 4. th 10 mV 19 1E 5%
W AE N E S, 8 H 10 mHz~10 kHz,

2 ZEREHH

2.1 EIEHAR
K2 45k ML gL, al LAFE ), 284k 3 4 ok
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FEEEIX (weld zone, WZ) H A % 45 40 ZLFEAE | 5 4 /)
R & AR, FE - AL FE R b A7 7E KA B 1 5T A, A
] 43 5 B AN 3% 22 09 RO AT 1 9 . 3 A X (fusion
zone , FZ ) A XF T Ho Al X Bl ik v B e K, 1l df b T
[ 2l N R S S N 1 50 S 119 A et AN A
Lo 220 P 52, #4052 I X (heat affected zone,
HAZ) KA 4. BT A 8RS 25 EHR
) DX AR B DX i SR ™ L Bk TS SR TR,

BHL % i AL 4k 252 1 K, e BOHE B0 S IDXBRUT AL A A
JIN TR B AR AR O RORL R Y bR ARk o R Ad
Joi MR B 58 4 A5 O UMLK B9 45 Bl A 4L 2L, B AR T
B KB 18 7 L B AR ALJE AR A5 A 7 2 85 — A0 i
Mo A X5 A R DX A A NP 4 O R Ak 2k
1, T8 R 5 0 55 Jil 2 0, BAGRE TR) IX SR O A A A
AN 58 4 A E FE 4 DX, T o3 i ORE AT DR B A BL ) A
FRAE

K2 Sk GMAL () PAHHT; (b) Fab BUG s (1) R4E 205 (2) 4258 ] 5 (3) AREEAT M)
Fig.2 Metallographic structures of joints  (a)as-welded; (b)heat-treated ; (1)left side of weld; (2)middle of weld ; (3)right side of weld

PR X2 B2 3k Y 55 BR Y, L AR RN (3 )
TR B2 D) F AR . B3 S $A Ak BT S AR I X
fn AL L] 5 A R . AT DU Y ARG S ARG e X
7 4L 41— R R R (HE AR B /N ) AT Y
S o AT A S I A5 A B S ARG ) X R y T 1)
SRS 14,6 pm R E 17. 4 um, K& T, M &
5 0 TE AT 3 43 55— AH UKL 72 0] 2 B A, L XF
il S 1 BEL A S T B AIG, S A T R sl B AR . Hy
TG ) X AR T 41 40 H R R SR A /N B = A 4
JCR o S BT By 2 5 TR R A A B
H R A AR M A B R R R T N T
FEGE WA ALk PSR 4% ot di kL y O ) B R
33.7 pm K% 50. 5 pm.,
2.2 EZMHAMHESLH

K 4 g B PR S MR8 XRD K. T4A 4T
RO BN, B T (111), (200) , (220) 45 5 0§ 1 R
a-ATFERAI SN 3] 2 A H Al AR ) = 5 04 o AR B
T FR AR I A 22 45 R 2 % 6 4 T A 1 4 00 44 4 3T A

Mg,Si,MgZn,, AlCuMg, AlCu5 Al,,Fe, I fE1E .,
A HE S MgZn, M5 AlCuMg #HIE A kR . (E3 &
(R 2, FAAb BRI 5 T ORUA 5 R A 4 8 Mg,Si
AL 8 MgZn, 5 AICuMg % 7 R84 4 b A, B
TEEENT B A 7 R A S WERRHE

&1 5 A #1 kb BRI 5 R AE X5 I I X A 40T
ZAAE IR . B TAE ] ER5356 45 42, 1 8% tht ot E i
AR SR MY A FIRTTE R, B T R R
BOBGE S A HlES5(a-1) 0] LLE H B4 s
Zn &l 0.002% WA E 2.9%, Cu & & i 0.001%
BEANE0.7% , Mg & 4. 8% BRI E 3.4% . Ui
i AR R P R S SR T S IS R 2
WMz EETEETRWR NS #.
i B 5(a-2) 1] LLE H, #8452 Wi X AF 76 B 2 09 % Ji
Mo A2 5858t Z T RN ERAETE N ME
A E R, B B TR A X G X Mg,
Zn, CuJG 2 & L K 58 — AURL 1776 A 5] 72 32 (1) & 45 PR
G A A ICR I R B S MR v R (AR AR



152 R TR

2024 4F 3 J

PR3 BAGEA CRoRE I (1) 5 M5 (2)  (a) $uak BT ; (b) Pib 1S
Fig.3 EBSD orientation(1) and grain boundary(2) of HAZ (a)as-welded; (b)heat-treated

4 AT IS A4 XRD i E

Fig.4 XRD patterns of welds before and after heat treatment

B X5 TR e DX JR] 6 B 422 3k s X 1 5(b-1)
R, BAb BRS BR4E X Mg, Zn, Cu A ¥ 5], i F &
Fe, Si % AR F7E MR 825 © 287 HOME LU i, 34
AbBRXT Fe, Sig2ma /N, A AR . &1 5(b-2) 12
N AR BRE RGE  XATR A T R W E A (H AR
48 X 52 X Mg, Zn T 4946 % B 22 B AR /N Ul B 43
A1 ) 1B ) A e

K6 Mk FEGHIORLHAME R, uRiEL
AT AR E P L . K 6(a) s, AR HEET Mg,
Zn, Cu U2 75 $ 52 i) X 52 3% 22 0 40 A H A KR D%
Bl UE SRR AR A A T R H ok B 1 ARk B s g

Ao R A [R] B, 7 B o DX A7 AE T A LR AT . L Cu

Jeh IR B RO R AR X 0.7 BT R 1.5%
([ 5Ca-2)) , Kt & Cu AT H AU B i X 3R

i), HL g 7 Cu 7 & 4 ORI X 22 18] B at e 3, ™
R PR o (AR AR Zn n R AR
AP XY LB AL T AR R A e B R
AU & DX AL BERE 9 Zn T0 28 B A6 98 1t W2 4 ) Ui
gl 2 R EE RS G R DR AEAE Zn 0 R 1] S SE R 9B
AR TR RS SR B e R Bl 2K AR Y
Zn, CuJU 3R 7 A B A3 ) (LI O B Ak BRI J7 48 O 5
AU AR EA AT, S BOIE 05 55 AR B
L TER AR N TR A A T B B IT R BB B LA
JLR AW RIS . K 6(b) B, Pak B 5 £
BE & K A ARV A - ALBE A BT A5 D) Bl L Mg,
Zn, Cu Ji 7 2 3h W g i/, FASE Wi X 0 3R 14 2200 A
B RE 2k R A/ IER AV B R R L th T A ST R
TE 7 ZBE b v 28 45 00 W BR 5 ilp ., S8 5 1o 9 R A1
A AR B B, = BORT 48 - IR T X - BE A B 8O0 RO
Oy FE BRI Sk BEAATT R A AN A

P 7 g B Ab PR S 4% DXOHTERGEE mi X AT A
fii B P @R T AR . B 7 (a-1) R, Ak B
HIJJ 48 R0 B o AT AR b SR B A1 35 A A
Rl 1) 5 B 7(a-2) o, Ak IR A% 45 DX AT H AR ¥ A
FHW S o A (i 2) , G R DX AT AT Tl O 5t 0 25 K0
JEAR A (R103), EAFEB R M BERA (4) 5 1 7(b-1),
(b-2) 7, FAAb BR S 4 S I BT AR A A - ALK
T R g RO R R D B ORI M ) (A505) AR IX S
AR i) DX 3 252 03 A B AR AT H AR 2% BOIR (U5 6) 5
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E5  JRaE (D) MG X (2) RE A& ICE N
(a) #Auab BT 5 (b) FALE 35
Fig.5 Distributions of main alloy elements of WZ(1) and HAZ(2)

(a)as-welded; (b)heat-treated

K6 sk EEGRITRLAM

(a) P4k SR ; (b) FAb B

Fig. 6 Linear distributions of main alloy elements of joints  (a)as-welded; (b)heat-treated

W Ah LTS A A AT A G 7) BR B £ . 4 Tmage-
Pro Plus(IPP) 3 G2 11, $ kb B IS A5 4% DX AT H AR 1 AR
O3B0 AL BT A 4. 1990 PR E 1. 8% , #1E¥ i X At
HOAHTE BB 6. 8% B IRE 3. 7%, B A & i3k
A A AR 2 2% A A R e s g H Ao &R R
42 5 B 42 00 2 10 e 3R 2 A5 4 AR08 B 52 i BT 1 £

TORHAR B R T L A, R I LA R A B L
AR E 454 XRD 5 EDS 43 Mk 5 (£ 2) 1l LU
SR, A5 i X 37 A5 B ARG R 5 ), 5 BT H MgZn,
5 AlCuMg #H B AR B4 i o 2R 854 (A5 3) s i F
J 0t 4 JE W Bl L (AR G 4 o0 2 b R VR B [l IR v B 3 3
58, Zn, Mg Je 2 & R i BE M — KR 4% Dy 1) 28 B 4y



154 R TR

2024 4F 3 J

7 HREE (D) FFASZ I X (2T AT 0 A Ca) PAR BRAT 5 (D) #Asb H1LS
Fig.7 Distributions of WZ(1) and HAZ(2) precipitated phase (a)as-welded; (b)heat-treated

x2 HHHEEDSEENHER(EFHE/%)
Table 2 EDS quantitative analysis results of precipitated phase

(atom fraction/ % )

Point Al Zn Cu Mg Fe Mn Si

1 73.8 6.8 5.0 14.1 0.0 0.1 0.2
2 70.0 8.8 6.0 15.1 0.1 0.0 0.0
3 76.3 7.3 4.6 11.5 0.0 0.1 0.2
4 77.5 3.1 2.1 1.2 141 1.7 0.3
5 92.0 1.4 0.4 3.9 1.9 0.2 0.2
6 74.7 1.2 0.9 0.5 151 3.9 3.7
7 63.7 14.1 7.7 13.9 0.4 0.1 0.1

i (B 6(a)) , 1 G IX Zn & 5 A L #G% o X BE AR, 53
s [H) 322 252 19 90 J22 R AT s A 5 22 Sl T 2R (A5 2) , Cu, Fe
FIC R AR A X5 G W X J 3RS B0 Bk AR
TR G 4) s TRIRE H T4 3t 42 JE Ik 3h , TR A Ak X R
WA Zn ot E W B IX , T8 MgZn, M 7E 548 Pl
MU BEH TR ZIn t RS EAR, KBS R
WUORLIR (81 1) o PR B S, ShORE AR AT — E B2 B 17 R
b A BT R 2 MgZn, 55 AICuMg [ 9% 28 54K, $ 3k
25 DX LR AH T RR 3 O R O I I SR AL 5 R A5 )
$ETF . B A LA MgZn, S ER AL FTRE T 5 A AT A
() 1 22 Pk, 5 B0 B X 5 3G X 11 34 2 bR 45 44 7
I VBN IV S e R ) S ok R Y ) B Dy 24
R TE . H T A BERT & Fe, Si, Cu Mk L&
YL 2 M i, R REE B B O R B, SR A

B2 YR i AH (A5 6) 5% 7 o
2.3 BELAZMESHMHYE

Ak R IS Sk R - I AR R an I 8 T L 42 3k
Wi 1 SEMJE S anIE 9 i .t TR A X AAEEZ K
KT AH (L 7) 5 B0 A7 8 98 M I ; IR B ey 1 34
SR DX 28 D G IR A S0 A X0 S B X R R
BB A X AL R Al /N (BT 2) B s 0% Ao
T2 MEREARN 5] AL B L AR KA I AR
T LA Mg AR 0 ST AR gk e A
TR T AL AN AR A AR A DX, R 43 ik
FEFEIE A XKL, B 9(a-1), (b-1) g #ukb 3 Al 5 323k
WG S . T LLE W W AR 50 R A, R kB
i B ANAFE D S AL, MRS AT LIE
oAb BT S Sk i S A I B Bt R e A

P8 Hhad R F 2 Sk B g - 1o 7 1 25

Fig. 8 Stress-strain curves of joints before and after heat treatment
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PO B2k 2 WL (1) ANz (s 1 (2) SEM L (a) FAAL BERT s (b) 4k 35

Fig.9 SEM images of joints macroscopic section(1) and tensile fracture(2)

(a)as-welded; (b)heat-treated

Pl Bt 25 R 7386 K, il 2k 2 o i, A B RS i R A R
55 W7 J K SR 5 A b B R S AT B v PAAD B B Sk
S 34 450 Fir 5 R 280. 4 MPa, i K 3 Ry 12, 5% 5 #uab
B S H2 3 V- B U b B 42 T 20% % 336. 7 MPa, fifi K
R EE 13.5%., K 9(a-2), (b-2) i H Ak B AT 5
$2 3 T 1 5L A [ 25 0 o i W TR I A7 7 R i A5 Tl )
B, HLAT W50 0 P DR SRR AR JR S B T A OB
R A9 70N Za) T T T 45 R (R S TR ), 3 B 4 3k W 4 ML 1
J M E A RN . AR BT ) A A AR R T
AFIURE | XoF 35 20 A H A S0 (5 8~10) #E T EDS & &
I3HT (3 3), 45 5 R ,MgZn,, AlCuMg 5% Fe,Si,Cu
B4k & Wy A % B PAb BE S B0 B R SF AR, #r A
UKL B O B TR BURLIR 9 & Fe b A4 (15 11)
BR BR A1 AT A /b i ] o S0 BRI BR 09 % Mg, Znfb A
Wy (A5 12) , UE B B BT 2538 4 4k 2 A AL A ¥ 77 o

x3 WOWMHBEDSEENHER (RFHE/%)
Table 3 EDS quantitative analysis results of precipitated phase

at fracture(atom fraction/ % )

Point Al Zn Cu Mg Fe Mn Si
8 79.1 4.5 3.1 13.0 0.0 0.0 0.3
9 83.1 1.9 1.3 7.7 4.4 0.3 1.3

10 79.3 3.2 2.3 12.2 1.0 0.2 1.8

11 88.9 0.8 0.9 3.7 4.9 0.6 0.2

12 82.0 3.7 3.4 10.4 0.1 0.0 0.4
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22 BE G XA AR AR W B (H 32 Sk 37 3 [ s AL
¥ 574k 5 i s A0 AR T B R A R 4R T AR 4% 7 38 A

P10 ARdb PRI 4 Sk b AR Im 44 [tk fRO R 2
Fig. 10 Vickers microhardness of joints cross-section

before and after heat treatment
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Fig. 11  Tafel curves of weld
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Fig. 12 Nyquist curves of current for weld
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Abstract: The variation rule of deformation structure and magnetic properties of high strength non-oriented
electrical steel with cold rolling were studied by field emission scanning electron microscopy (SEM -+
EBSD) , rapid temperature tube furnace and AC magnetic properties measuring instrument. The results
show that the rough strips with a large number of substructures and smooth strips with a small amount of
deformation are formed in cold-rolled high strength non-oriented electrical steel. The rough strip has a y
orientation, mainly {111} (110), and the smooth strip has a {112} (110) and {001} {(110) orientation. In
the rough strips, there are a lot of shear bands with width of about 2-3 pm, which show an angle of 20°-35°
to the rolling direction. And the quantity increases gradually with the increase of the reduction rate. There
1S a certain misorientation between the shear band and the matrix. With the increase of the reduction rate,
the shear band gradually changes from {111} {110) to {223} {110), and the misorientation between the
shear band and the matrix gradually increases. After annealing, the texture of Goss and {111} increases,
while the texture of {001} decreases. The rolling direction magnetic induction intensity increases, the
transverse magnetic induction intensity decreases, the magnetic anisotropy is significant, and the iron loss
decreases.

Key words: high strength non-oriented electrical steel; cold rolling reduction rate; shear band; texture;

magnetic property
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Table 1 Chemical compositions of test steel (mass fraction/ % )

C Si Al Mn P S Fe
<<0.003  2.67 0.95 0.45 0.012 0.003
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FL ORIV FLE T 2208 FL A Y S A2 21 (1) R ] i 5 18 (2)
(a)86.95% ;(1)88.26% ;(c)89.13%
Fig. 1 Microstructures(1) and orientation imaging maps(2) of cold-rolled sheet with different cold rolling reduction rates

(a)86.95% ;(h)88.26% ;(¢)89.13%

B2 ATV LR SR 08 SLAR T oRLAE 2% 0O e 2 0 ) A% 18] (1) KO I 1Y 0, =45 ODF i 151 (2)
(a),(d)86.95% ;(b),(e)88.26% ;(c),(1)89.13%
Fig. 2 Orientation imaging maps of rough strips and smooth strips in cold-rolled sheet with different cold rolling
reduction rates(1) and corresponding ¢,=45° ODF cross-section maps(2)
(a),(d)86.95%;(b),(e)88.26% ;(c),(1)89.13%
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(4)86.95%;(1)88.26% ;(c)89.13%
Fig. 3 Distributions of grain boundary misorientation in rough strips(1) and smooth strips(2) with different cold rolling reduction rates
(2)86.95% ;(b)88.26% ;(¢)89.13%
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(2)86.95%:(1)88.26% ;(c)89.13%
Fig.4 KAM distributions(1) and misorientation distributions(2) of shear bands in samples with different cold rolling reduction rates

(a)86.95% ;(h)88.26% ;(¢)89.13%

PS5 ARV LR T AR FL AR D BT D1 9 ODF # i  (,=45")
(2)86.95% 5(b)88.26% ;(c)89. 13% ;5 (d) ,=45"x 1f # 1 [&]
Fig. 5 ODF cross-section maps of cold-rolled sheet shear bands with different cold rolling reduction rates(¢,=45)

(a)86.95% ;(h)88.26% ;(c)89.13% ;(d)¢@,=45" standard cross-section map
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(a),(b)86.95%;(c),(d)88.26%;(e),(189.13%
Fig. 6 Orientation imaging maps of annealed sheet with different cold rolling reduction rates

(a),(h)86.95% ;(c),(d)88.26%;(e),(£)89.13%
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Table 2 Texture components in annealed sheet with different cold rolling reduction rates

Volume fraction/ %

Reduction rate/ %

{111} texture {0011 texture

{1101 texture

{001} (100) texture {0111(100) texture

86. 95 12.4 26.9
88. 26 14.1 21.1
89.13 17.7 14.2

3.59 6.67 0.30
8.16 4.84 5.67
16.1 4.32 9.09

R3 AERILETZERS IR K G 6 5 %L 15 5972 5% R 58 B K 9 15

Table 3 Magnetic induction intensity and iron loss in transverse and rolling direction of cold-rolled sheet after

annealing with different cold rolling reduction rates

Reduction rate/ % Bsooo(RD)/T Bsooo(TD)/T Mean value/T  Difference value/T Py s/ (Wekg ') Py ouee/(Wekg ")
86.95 1.690 1.652 1.671 0.038 2.357 19.422
88. 26 1.692 1. 625 1. 659 0.067 2.332 18.475
89.13 1.703 1. 604 1.653 0.099 2.316 17.684
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Abstract: In order to reduce the energy consumption of the reaction, the magnesium alloy samples were
immersed directly into three conversion solutions and reacted for 9 hours at 60 ‘C and pH=12. 0 used the
chelating agent-assisted method by adding three chelating agents, ethylenediaminetetraacetic acid
tetrasodium (EDTA-4Na) , sodium citrate (SC) and potassium sodium tartrate (PST) to aluminum
nitrate (A1(NO;) ;) solution, and Mg-Al layered double hydroxides (LDHs) films doped with different
chelating agents can be prepared on the surface of magnesium alloys. The microstructure, phase
composition, and corrosion resistance of each LDHs film were analyzed by SEM, XRD, FT-IR, ezc. The

results show that the chelating agent-assisted method can successfully prepare LDHs films with typical
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layered structure on the surface of magnesium alloys under normal pressure and 60 ‘C environment; and
three kinds of Mg-Al LDHs films obtained can effectively improve the corrosion resistance of magnesium
alloys. Then, by comparing the structural properties of three different LDHs film layers, it is found that
the Mg-Al-PST LDHs film prepared by adding PST has the highest density and the largest thickness,
reaching up to 1.4 pm. The improvement effect of three coatings on the corrosion resistance of magnesium
alloys is as follows: Mg-Al-PST LDHs>Mg-Al-SC LDHs>Mg-AlI-EDTA LDHs; The magnesium
alloy covered with the Mg-Al-PST LDHs film compared to the blank magnesium alloy, the corrosion
current density decreases by about two orders of magnitude, and the total corrosion resistance increases by
about one order of magnitude. And based on the analysis of the structure and properties of the obtained LDHs
films, it can be seen that the chelating agent-assisted method can prepare Mg-Al LDHs films with better
corrosion resistance #n-situ on the surface of magnesium alloys under the lower energy consumption condition.

The reason may be that the carboxyl group in the chelating agent can accelerate the deposition of AI°" on the

magnesium substrate and promote the substitution of some Mg*™ in Mg (OH), by AI’" to form LDHs.

Key words: magnesium alloy; LDHs film ;in-situ preparation; chelating agent; corrosion resistance

BG4 HA B AR LR B B 1 MR A g R
i RE 7 R S 00 A W A A PR SR O L R T Iz
FF R B LA H 8 AR b B T EER AW
it ok M 5 2, AL O A S o IR A% B B 25 o 1 B O ok,
SOCH R FH ¥ Rz 2 PR, E R E R R 3R 1 A
RS S ME, MESES SR T & 58S
G BRI MRS [R] 0 JIEE 2 36 3o B 2 1 4 34 5 s 4 1T B
e JE ol A B, DA 2 8 B B < AT Dl ko W I BE S
o LS B 3 NP = (AN S SR VNN (£ =0
BRI OISR AL T A . b ke i Akt Tl T2
faf B AT DAAR FROE IR &2 2 1 T AR SO0 a5, 32 38 T E N
ANBYT 2 TS L TR R T 2 T A I AR — ol 2
HW TR 0 B 5 4 2 1 77 A Ak BB AR, (H 2 2 v
() Cr®" 23 2 B8 o ™ J i et . DRtk 75 28 3400
A TG TG Y 1Y Ak 2 e A R AR A% G 1Y B R R Ak e
T

JZ R A A L W (layered double hydroxides,
LDHs) J& H 47 1F HL 7 19 32440 J2 A 571 B vl 1 )2 [l B
B B R AR A R A R A S,
HFARZ A5 B 2 RUKBE A (MOg) (1 /\ T 4 25 4 8
o 2 R A S oT 2 HERR 2 A, IRl B LDHs J2 A 2
] 23 fFAE — 2E K ARk 43+, I I, LDH's 25 44 £ g
P LDHs iyl =0 (M M (OH), 17 (A7), 0m
H,O, Horbr M H M AR G 40 J2 R0\ i 4 fL Y BE 25
T A" KR 2 ] e A B B o 2 TR B B
ML, m e B R OK 4 F R BCE o Ros MPT/ (M +
MR EE IR Y . FE4 K Z 80 B0 T, LDHs (198 1k
HL I 2 BH B 7 )2 M 59 M= g% M [a) i B O 5 % 3
A S AR FDE B LDHs; B4, 38 77 76 — B R ik 19
Li-Al LDHs, HJE sUHLHI & Lit ik A AICOH) ; 1Y 5 A%
25 7 b2 2O [LIAL (OH) s J (A" ) om HLO'

Y24 A 1k, LDHs B 229 T W B 700t e fi Ak st
ek 2 B 700 R 4 [ L AR AR, B Y
F W], LDHs & — P B 25 504 2 o4 Rt L & T 20
OO, BA R0 B BEAE R, ELMUORR A )2 ) B
BT ie I e M Re A AR 2 B B e B
e, TEBE A 4 e Tt 4 LDHs B 9755 2 , Bl AT K i 42 7
BEA A W T ik v BE  LDHs BEAE B A 4 8 1l B 40 45048k
EL& T T 0 oL R o

FI i 1 4585 & 4 26 1 LDHs R A% 3 689 05 16 2K
L KB RN B B A SRR N TR BB 1 4
J& W, R JE AE R R ST OB, DT AR
B A& mg & LDHs B . Wu "W Bl E T Mg
(NO;),, AI(NO;) s, NaOH Fll Na,CO; 1 1R A I T 18
1 YT YE Bl A5 T LDHs A 3R (R 3% kL, B 5 45 86 A 4
BUAE LDHs OBl 3 /K #92 7E 120 *CF [z 36 h
il &SRB 4 £ Mg-Al LDHs . {HJ2 b ik i
BRE A, W% 5 R LDHs B8 (4 52 B Tlk
o Wang 5™ H K 8B £ R Mg(NO,),, Al
(NO,) s F1 Na,CO, IR A W W N, JF T 125 CHAEE T R
i 24 h B 8E A 4 2 1 Mg-AILDHs 5, Wi 7 16 7
LDHs Bl g5 i o (B 352 1A sl Mg-Al LDHs B9
Mg™ WA AT L p 6 R R L B AR | DA 2 — 2 B AT
#% LDHs I (19 2 3% WA ; Cheng 25/ 4l 8 B 42129
TE ALINO,) 3 W N FE7E 120 “CF K I 12 h, i3
il £ ELAT B el 9 Mig- AT LD Hs i

R HETE A R E g R A T2
T 45 SN () 9 0 4% ol R0 45 Ty 1k i e il a5 R
4 1 Mg-Al LDHs 5 BT 75 e FE ik & 14 [ 8, (H 2, i
B il % LDHs B8 Ge € o & A A A 5 B 7E T &
LDHs [R5 F A9 7K P02 5 27 v il R R R B T,
WG T T 1R S E 2 A e i BIR Al LD H s Ji5E 4 W S . oy



168 R TR

2024 4F 3 J

T ok bR ), Shulha 25 08 85 4 4 12 0 26 T PE Al
(NO;); Hl NaNO; IR G RN, IF R IR AR = 2 )R
THNER(NTA) S Z U Z B (EDTA)E R B A7,
i I B AR A PH BRI iR A9 Mg™ R VRPN I Y
AP SEIAE ORI (RIH ) 95 CIRIFRIR N TR
G F 0 W A5 B )E RS R i Mg-Al LDHs B %05
SRR PR T £ LDHs BB 5 0 R g ke . Hovr,
il F NTA 1 S % A 70 B i 85 19 LDHs 58 5 3 = 1
R ARG AE N NTA G — 2R,
L, 75 2 TR G E B A R THl &2 A &k m
Mg-Al LDHs i . #7452 41 (sodium citrate, SC) F17F
A1 R A 4 (potassium sodium tartrate, PST) 48 T |
H &R EBEA R A LER" g bk, fH
Py A T A T A T A R 1) 4 B S S R T D AR B
A4 Mg-Al LDHs B H 2 — 52 /Y 8 F A5 .

B F DL A5 IR, R T il B A R A B
o E Y R AR TN A R I 2 R Y 2 TR N
(EDTA-4Na),SC Fl PST =Fh # 4 %), W 5 16 % & .
60 ‘CHI pHH Ry 12. 0 B9 PR 88 T T 86 A 4 5% 11 J5 A7 il
# 7 Mg-AlI-EDTA LDHs, Mg-Al-SC LDHs #l Mg-
Al-PST LDHs i, Il F§ XRD,FTIR, XPS, #i{L2
DA A3 T 1 3% B J2 B0 45 A 4 1 eSS e 5 4 P . T
B O 2 0 25 b L A R AR 6 HLJE R BL B AT T
it

1 ZBHBERE

1.1 SEIE#HR

LDHs & 7E AZ91D BE & 4 5L b s o7 i 45 19 o
AZ91D BE G 4 HE R 1Y 14> R+ 8. 5%6~9. 5% (i & 4
B, F)ALO.45%~0.9% Zn,0.17%~0.4% Mn,
<<0.08% Si, <<0.004% Fe, <<0.001% Ni, & & N
Mg. ¥ AZ91D #: & & Y % R~ 24 30 mm X 30
mm X 0. 5 mm{E )5 LL b PR TAERE S o A TAE
FH 0 BT A A 27 0 R 2 A3 i 2 . A R 55 (AL(NO,) 5
9H,0, 99% ) 7 1 & 4l (C,H:Na,O,+ 2H,0, 99% ) i
A1 R B A (NaKC,H, O, 4H,0,99%) . & — & WU 2 12
7Y 44 ( CH,N,Na,O, + 2H,0, 99% ) . & 1k & ( NaCl,
99% ) VA E A4 (NaOH, 99 % ) , ¥ 3L [ b 5T i L
FHECA A A A 25 i #R R & dF — 20 fR i g 3L
A v WA B s R 34 e K.
1.2 XBITREH

AZ91D B & 4 4 3 200, 400, 800, 1200, 2000
H i 4CHIF I | Bifi J5 7E TC 7K £ B 8 7 3 BE 10 min, 28
JEW S 4 TAERE R A 2 mol-L ' NaOH % ¥ i

Al minBr A RE A G, BT OB
7 IE Uk 10 min, B J5 BUH ¥ KT R7

¥ 0.1 mol-L™" & = & U & R /4 4l (EDTA-
4Na),0. 1 mol- L™'"#FFE MR 4 (SC),0. 1 mol- L™ & A
iz #0 &h (PST) = Fp 2 & 5 40 5 5 0.05 mol- L™
AL(NO,) ;»9HO R A IF ¥ T R & 7K1 B S i A
4 mol-L ' NaOH ¥ W K — FP iR & % W pH (E#5 H 2
12. 0, 8 Ji 4 4o ad A Ak B S 1 BE A A R i 43 B R i 7E
R =FIRABE RS, F 60 °CTF A9 h RIS Mg-Al
LDHs B W25 s J5 , O R &, 25 8 oK ol ke
KR T 15 .
1.3 RIEFE

K 7 B H0BE (SEM, Hitachi S4800) Fil fig
TEAL CEDS) X #E i 2 47 158 08T 550 W0 2% 1 6 28 41 sl
FE ol aT X B R AT B (XRD, RigakuSmart Lab, Cu
L) R AT T RS %) AF 28, AT S A1 BE R 5°~80°, 471 4 B B
5 (°)/min, # i MDI Jade 6 %4 % XRD & i i 17
Oy Mo SR FH A HL AR e 21 A % 3% A (FTIR, Thermo
ScientificNicolet iS50) 2 AF 1 5 A4 45 4F B fE 41, FTIR
K FH 4 B S (ATR) IS ke &, F1 30 38 L
400~4000 em ' R H X 5F 206 H BB % L (XPS,
Thermo ScientificK-Alpha, AlKa &} £k # & I , 1486. 6
e V)R AEFE i MBS A A L2215 B

T 2T 2y H AV A Ak il 2 R H Ak 24 BB (ETS) it
VE A R R T ok M BE o H b E IR AL BR R
CS2350H HLfb 2% T ARG, , M 1R 22y LAY (Y = Ha f R
g, P BEG S E N TAER A (ML AL L em®) 40
(2 em X 2 cm) FIAEL AN S AL SR A (SCE ) 43 SR 2 X H
e S L o BT AT HL Ak 2 Ik 2 7 S WA vh R AT
H 2 Bl A T4 AT 46 22 A1, 4 T4 f il
B A 3.5%NaCl¥ W 1 h, H 2] JF #% i {7 (open-
circuitpotential, OCP) & 28 »  Tafel % 1k ih £k 59 M 158
Flh:—0.5~1 V, A B -y 5 mV/s, EIS [A ¥ 7E
T I F 57 B2 B0 5t 0 3 48T 2R 8 [ > 100 kHz~100
mHz, ¥ 8 f 2 (AC) K 10 mV, EIS [E 3% 2K ] Z-View
AF S B4, DT AR A5 A0 I 1 H Tl 2 2 80

2 HR5WiE

2.1 LDHsEEMERSHS

1y A [] 2% 4 50 6 Bl i % Mig-Al LDHs % 1
SEM [ #l EDS [l 3% . o = Fh B & 5700 H B 2% 07 78
AZ91D % W i T LDHs 5 #i 8 (1 499 >k Hook 45 4
BRI LDHs J8 ) 38 180 B S0 A7 AE — a2 22 5 (] 1(a-1)~
(c-1)). M KBl 1(a-1) A LIF i ,Mg-AI-EDTA LDHs
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IR 22 5 A AR X X 2 AL IR B0 B AR LB R, 3

A RE 23 3 BB 0 R A R AR A 25 . | 1(b-1)
7R Mg-Al-SC LDHs i 5 7 i fk B AH 58 #5045
() B AT DA i BB 0 400 0K S R ORI ) 2K
5 AR B X SR R B AR A R . 18 1(e-1)
Mg-Al-PST LDHs i) SEM &, % PRI )2 [5] £ 5 3
AR AH Ak 7 RS /T Mg-Al-SC LDHs i, H
IR 2 B0 1 ) b A AR BRI AR T, R 2 TR B K
BRI Ain PST 045 2] () Mg-Al-PST LDHs i £ % JiF 5
e, HCRH R B A B 0K T DL RIS AR A R ARy
B drr o H T T S0 B EDS 45 5 (] 1(a-2) ~(c-2))
R, il 2 T A% i LDHs B2 32 2 54 5 Mg, Al

C,O,N, Hrh Mg-Al-PST LDHs H AP & & 55,
X S R Oh B A 30 PST R LA & 3 2 0F 325 b 0 B 1Y
APTBUREE A 4 £ 1w a) Mg(OH), I 39F — 4 [ W B AR
Mg-Al LDHs**'

ATl LDHs [ ) 485 1 #8008 T2 31 an 1l 1(a-3) ~ (c-
3)Frn , Al LL &k B =R LDHs 5 X5 5 8085 Hb A= K 7E 8
&4 Fm ., i Mg-Al-EDTA LDHs(8 1(a-3)),
Mg-Al-SC LDHs (& 1(b-3) ) fl Mg-Al-PST LDHs
(B 1(c-3)) Ry )R BE 73 29 1.2,0.9 pm 1 1. 4
pm. Ho Mg-Al-PST LDHs )2 )5 ok, ittt
A R T B B Rk BB X R A A B S A
Jig o

P ASTRIEE A 700 4l Bl il 4 Mg-Al LDHs Bt ) SEM [El &% EDS [l 3%
(a)Mg-Al-EDTA LDHs;(b)Mg-Al-SC LDHs; (¢)Mg-Al-PST LDHs; (1) i OTE S 5 (2)EDS 18135 5 (3) % i o W 51
Fig.1 SEM image and EDS spectra of Mg-Al LDHs films prepared with different chelating agents
(a)Mg-Al-EDTA LDHs; (b)Mg-Al-SC LDHs; (¢)Mg-Al-PST LDHs;

(1)surface micromorphology; (2)EDS spectra; (3)cross-section micromorphology

SEM Fl EDS 5 3 3% 81 | 5% #4550 4t Bh ik m] LA
TEH R 60 C&AMETF RN 9 h g T8E4 4 361w i 2k
EL A R EOIR 25 Ky HO B0 9 LDHs B8, H A i i

| PST FF 1% Mg-Al-PST LDHs & 1 50 % ¥ & &
J;BZ %Ko
Ti

T H>
‘11

m’ﬂm

&F

— 2 73 M B G R Bl B 3k o AR BT AR B S
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e LDHs 519 B 43, %R [ BE & 547 7 XRD,FT-
IR A XPSt . &l 2(a), (b)) AZIID B4 4, 43 5l
7 % Mg-Al-EDTA LDHs, Mg-Al-SC LDHs fil Mg-
Al-PST LDHs 986 & 4 XRD B, W 2(a) H AT
PLE B 4 BRI A 407 S 04 o B2 4E H =, 1T LDHs (1)
W AR S . R R T X SR R aE R AR = (FE
T v 20 B TR — i 29 8 100~10000 pm)™ | i
LDHs A EREALZ M 0. 9~1. 4 pm(E 1(a-3)~(c-3)).
B, Tk — 25 B ) LDHs 52 9 5 4F 1 6 18] 2
(a) " 10°~25" 1 ¥ il Ry 8 R 22 &1 2(b) , b B vl LW
FEH X F A AR S T = R [ B A R R S o R
fir, 76 XRD &% v 35 0] W8 1) LDHs X iz F (003) F
(006) i FEAF £77 5 1% (JCPDS No. 41-1482) , 15 B 1 i
A Bh AT LS B LDHs $R1F 2589 . Hoh Mg-
AI-EDTA LDHs [ fiE 0§ 53 51 7 T 12. 48°F1 20. 55%;
Mg-Al-SC LDHs 9 %5 fiF ¥ 43 51 £ F 12.28° Al
20.46° ; Mg-Al-PST LDHs Ay %5 fiF 1& ) 43 51 47 F
12.44°F120. 53°, [H it , XRD $4f #k— A 3E 01 1 %
IK R AE IR AR D TR BE B 4 R T & T Mg-Al
LDHs JE 2 . it 4h, 7l LLFE H Mg-Al-SC LDHs #il
Mg-Al-PST LDHs # LDHs 4% fF 6 58 Ji& [t Mg-Al-
EDTA LDHs ¥ 5% , iX ¥ B SC #1 PST A #| F
LDHs [ 5 1% 5 5 {2 & Mg-Al-SC LDHs fiit 2 h Mg
(OH), Iy I 35 £t H Mg-Al-EDTA LDHs 1 Mg-Al-
PST LDHs H (09 558 , 33X 3 W 75 i SC ik 23 7] i) {2 i
A= Mg(OH),(JCPDS No.07-0239) . [H I 254 1l %0
NI 4 50 PST T A Rl T B 4 4 2 1 LDHs & 1
AR

N TR A ) Bl Bk ) £ BT AR =P LDHs %1
W4y, % F FT-IR F1 XPS 4r #f T Mg-AlI-EDTA
LDHs, Mg-Al-SC LDHs 1 Mg-Al-PST LDHs i 2 .
FT-IR M 25 R an & 2 (c) fr i, = Ff LDHs [ 9 R¢ AiF
W 25 B RE L, v 3742 em U1 1659 em b A W Wi
A 43 505 PR T H—O—H A 4 4 ) FlK 437 1 25 il 4ig
UYL FE 1543 em Ak i W UG T2 B T PR TR IR AR
XERR 4 o T RS R R A A R R AR, Y It i
REAE W HE— DR T B AR MEH . 1373 em™ b 1Y
W e U AT R 2 i LDHs 2 [ B A iy NO i 4 4i 2 F1
COS™ WA X FR i 4 51 2 1, PR 7K W & A il i
CO., It 7¢ il % LDHs 0y i #2 b & 47 2 7 COZ
B 5 R, 7E 500~800 em RGN 7 AE
— ek, X Al RE & T M—OH fl M—O (M=
Mg, AD 1 S #s B sh ™

Mg-Al-EDTA LDHs, Mg-Al-SC LDHs il Mg-
Al-PST LDHs &) XPS ML W& 2(d)~(1) . H XPS

LB (L 2(d)) T LA H = LDH s B8 4 g 25 7 i i
AL, ¥ 40 5k A Mgls, MgKLL, Al2p, Al2s, Cls Y
W O 1 R Bk g (KLL) , 3678 = LDHs B9 o0 % 268
BUHEAR — 3, XPS 7% R kT Mgls(E 2(e)) .
Alp(E 2(0)) M O1s(E 2(g) ) 45 & s F 1302. 9,
1302.7 eV M1 1302.6 eV;74.5,74.6 eV 1 74.6 eV;
531.9,531.6 eV # 531.7 eV, 43 %l % i Mg—OH, Al
—OHMOH/OH . 8 Mg Fl Al #}5 B IEHE mii
ST LDHs A9 T s ML IE & M2 f MTT 5 e Rk
I AR FH A 7 48 B R e iy, = Fk LDHs i
Clsi (B 2(h), ())& = A0 X Rl T = F
B 7 A A Bk Bk SRLBE RN AR R AR, D e Cls 3% H B C—
C/C—H M O—C=0 my g ; [ B} i T 7KW & A 2>
it CO,, T8l % LDHs iy if B2 v i COS W,
M B COS i, it ClsiEE (E 2(h)) FH R
R B (B 2G)) AT L& B, X F Mg-AI-EDTA
LDHs 1 & , = > W& 43 7l fii T 284.8, 288.4 eV Hl
289. 4 eV, 43 % i C—C/C—H,0—C=0 1 CO? ",
H s C—C/C—H Al O—C=0 ¥ 3¢ H EDTA-4Na,
XFF Mg-Al-SC LDHs 1fii 5 , =~ 20 5l 7 T 284. 8,
288.5 eV F1289. 6 eV, 73 51X iy C—C/C—H,0—C=
OMCO; , Hh C—C/C—HMO—C=0¥3%kH SC.
XFFMg-Al-PST LDHs i 7 , =g T 284. 8 eV,
288.1 eV f1289. 2 eV, 435% i C—C/C—H,0—C=0
MCO: , Hh C—C/C—HMO—C=01#3k 4 PST.
Horh = F LDHs 2 th O—C=0 ¥ 1F 0§ i 17 B g A
255, W BE MR IR & S R 5 & R 2 | AL 2%
ZE

LT bSO o A A A e I A R Bk A
Mg-Al LDHs B (0 5 JBEHL 6 AT B an =X (1) ~(6) Frs .
e, AT B BREE R R OH & A R, A U4

LB DU R 3L A BRI AR
AP+ 30H — Al(OH), (1)
AI(OH ), + OH — AI(OH ), (2)
W B BTN ARG 7R M 3R 5 R Mg (1 B
e 2 A b i s A O AR A AR
Mg + 2H,0 — Mg(OH ), + H, 4 (3)

Mg-Al LDHs # & S AL 2 Mg (OH), 1 #9 &8 73
Mg B Al WU, B S B2 74 A LDHs )2 [8] , e 4
FE B MgsAL(CO;) (OH) 5+ 4H,O(JCPDS No. 41-1482,
B Mg-Al LDHs) , BLi 2% 5 fn R

2Mg(OH), + Al 4+ 30H — Mg, Al(OH), (4)

3Mg,Al(OH ), + OH + 4. 5H,0 —~
MgsAl, (OH );g+4.5H,0 + AI(OH ), (5)
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[#2 Mg-Al-EDTA LDHs,Mg-Al-SC LDHs #l Mg-Al-PST LDHs % XRD,FT-IR FI XPS Il i
(a) XRD B4 ; (b) %R K 20=10"~251 XRD 3 Bl ; () FT-IR &5 (d) ~ (1) XPS E %
Fig. 2 XRD,FT-IR,XPS analysis of Mg-AI-EDTA LDHs, Mg-Al-SC LDHs and Mg-Al-PST LDHs films
(a)XRD patterns; (b)corresponding to the enlarged XRD spectra of 20=10°~25"; (¢)FT-IR spectra; (d)-(i)XPS spectra

MgsAl, (OH );+4.5H,0 + CO? —
Mg AL (CO;)(OH );4+4H,0 + OH + 0.5H,0
(6)
BEAR LA —CIRETMEEE L LK ERR,
DOERN RIS S5 &R E T ERE AW (—O0—M—),
I A T BT 2 (4 = Fh 25 A Bk BE L 35 R 3L | Bt 2
B W 22 1) A B P R = dEAE AR [R] B A R A
Al LA (&EP{)J%E@AIWL%R@J% G B R
FEEE A B G 4 32 T B AR A 1 Mg™ DL s v i S
B AL I Z AR 3 AP B Mg(OH), 364> Mg™™
M 2B B Mg-AlLDHs™ . [ it , B4 3 ol AR 3 6
A4 7610 Mg-Al LDHs EAY 4 K
2.2 LDHs iR 5 /& 1% g
R T RS AS [ R b 4 o sk | g st e A A Ak

2R AR AR i 1 T R AE A SR 3 R IR
I Tafel Sh 4 12 20 B i Ak i 26,8 BT 45 B Ak 2 509 7
%% 1 I:'jO

3 N WIRESAE 3. 5% NaCl i ik o i i Ak iy 28 [
Fig.3 Polarization curves of different samples measured

in 3. 5% NaCl solution
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R1 AEHERMES 5%NaClin IR SE
Table 1 Polarization parameters of different samples in

3. 5%NaCl solution

Leon/ —B/ B/
Sample Eonwscr/ V s

(A-cm ) (mV-:dec) (mV-dec)
Blank AZ91D —1.516 1.94X107* 149.7 58.8
Mg-Al-EDTA LDHs —1.476 9.38x10°% 101.2 147.9
Mg-Al-SC LDHs —1.459 7.05X10°°  84.3 95.1
Mg-Al-PST LDHs —1.473 2.98X10°% 110.7 151.5

HESHMELIAUEN,AZIID A &R L8
SR 5 A R B R AE X T Tafel AR X, 25 #1037 &
Az I 1o Bl /N AR A B BH AR XS ol F 3 R RS
FH % IX Tafel & AL A 58. 8 mV -dec. X F % 3 A
[v) 52 0 46 B & F L EL PHAR X8 JE IR A %6 B A EL B
G AT B Hdh Mg-Al-PST LDHs 1Y 8, %
KLIEF T 151. 5 mV-dec, H H 3 & BHH BE4L X, K
I Mg-Al-PST LDHs I 3 8 ) 58 U i 4 A 17k,
X B 4 R G 1 I e R B A

WH L TE 4 A R K A B Tl s R e A B
Sk AL 4 R JE ik i B v RE k7 R AR, LR
Az JE b B N R B ) P R OK 5 Bz, DR 25 5 AR T
TR o T 2 AR e — P ok L O LR
8 B ol S VL B B 7 2 MR RE L S e R R K, R

W32 0 ol sz 7 T AT A R RE PR 5 e =z, UL ek sz Y
RS R LRI LUE W R R 0 ) 3 BE R
YR 2 5 A TR B2 B 5 4 0 1 00 ol vl 52 AL LG B 5 42
FEIRBIA T IERS R B S 0 8 Dl s/ 5 TR B
HEmbn®sEREFEEREAR TR, 20
B4 4,8 3% Mg-Al-EDTA LDHs,Mg-Al-SC LDHs
M Mg-Al-PST LDHs ) B 45 4 JA o vl 3 %5 52 43 5
J1.94X10 ¢, 9.38X10 °, 7.05X10 ° A/cm® FI
2.98X10°° A/em®s PRI, T ok 1 58 555 1) /NI Oy
Mg-Al-PST LDHs>Mg-Al-SC LDHs>Mg-Al-EDTA
LDHs>% HEEA 4 .

Bl 4 (a)~(c) 2 A [R5 1 F Ak 2 BE B 3%, 3 2o
Wit A5 A ESF ) 0 O R 4(d) i AR Rk i
P T il 2% Jir 45 FF 5 E AT AL BH TR G T R4
(a) H EIS 9 Nyquist Bl A& 58 L 1 8], i, 75 2
o FH B 1) 5 8 CPE R4 R R M2 IF 51 A nok &
HESLPRHLZS o n R8N N R GEHL 28 5 BILAR FL 25 C 9 I 22
FH,n=13/R CPE 2H B A . n=0%£/R CPE &
FAH A PH . BI4(d)h, RAARBF W, R, F1 CPE, &
)22 %) H BEL RN HL 25, RS2 L fr % 75 HL BHL, CPE /2 XL
JEHEE R HER B, L O HUEOT I . R AR RS
R T8 ol 5 F BEL T R T TEAG R 0 R P g L TR
Tk (7) R .

P4 ASTEIRE i 76 3. 526 NaC LI W 14 v fh 2 BEL T 335 P KA 17 55 A0 v 2% 1l
(a)Nyquist &5 (b), (¢)Bode [l ; (d) 55 %5 1 % &

Fig.4 EIS plots of different samples immersing in 3. 5% NaCl solution and equivalent circuits used for fitting EIS plots

(a)Nyquist curves; (b), (¢)Bode curves; (d)equivalent circuits diagram



$o52%k 3 B2h

700 4ot Bk ) B S B R T Mg- A1 LD Hs 5 K U ol 173

Row=R,+ R.+ R, (7)

EIS A0 R 14 f Ak 2% 28000 3% 2 o, 38 28 %) b

Tt B BEL R (19 K /DN TR K B i TR Ak K /0N T
3 Mg-Al-PST LDHs>Mg-Al-SC LDHs>Mg-Al-
EDTA LDHs>75 FI8E G 4, 5 b il et 45 21 —
;oo X TG R Bk R 0 = A OR [R] LDHs Bk
Ut , H T LDHs 32 0 2 02 1 & 42 0] B 28 7 48 2% 1

AN [F B A 50 22 (A A7 A6 v oy YA AE T DL R S 45 55
M EAER Z M E AR &% LDHs (195 2 i
[l B, SEM 3 28 S (1 1) £ i = ﬁFIDHsH%E’JﬁI&.

JE WL AF A 22 57, b IR WA D] 3R a2 B Fl LDHs Jii
(T ol PR A7 22 5% . b SR AT PST AR N B 550 T8

£ 4 T % 19 Mg-Al-PST LDHs JE X864 4 5L
1) B 1 350 B 6 o

®2 EAFRMTHEISENESH
Table 2 Fitting parameters for EIS spectra depicted in fig. 4

Semple R,/ CPE,/ n/ R,/ | CPEy/ ny/ R,/ R,/ Ly/ R/
(Q-em®) (Frem ?) (Frem ?) (Q:rem®) (Fecm ?) (Frem %) (Q-cm®)  (Qrem?) (Heem %) (Q-cm?)
AZ91D 12.84 2.004x10"* 0.65 180. 8 77.03 0.11 257.83
Mg-Al-EDTA LDHs  13.82 2.951xX10°° 0.96 535.8  4.662>x10° 0.93 686 1014 327.4 2235.8
Mg-Al-SC LDHs 13.59 1.581X10°° 0.92 900. 9 1.284X10°7 0.96 976. 6 1983 387.6 3860. 5
Mg-Al-PST LDHs 15. 09 1.442X10°° 0.88 3190 1.525X10°7 0.97 1779 3480 1582 8449

3 &g

(1) 7% i R 55 7% W b 43 590 n % & ) EDTA-
4Na,SC M PST, ¥ Al #£ % & . ik (60 °C) 88 7 (pH
{E N 12, 0) 1 Z 40 T 3 0 12 958 1 15 7 BE 5 4 2 T 1
%Eﬁﬂﬂﬁ”mﬁéﬂ:’zﬂﬁﬁl\/{gﬂl LDHs . X 5%F H#j

B A K G % VA TO T R R A R R T
B4 4 Mg-Al LDHs 5, [ I3 % 7 LDHs [ 78
BE A 4 B AU 1 Y L

(2)3F XRD,FT-IR Fl XPS 43 Hr i il 2 45 71 4
#E LDHs B8 A K 04 5 R AT R« = Fh 2845 500 34 0] 38 2o
RGBS A R R Mg L R WP R B AL
G T AN AP FEBE B & IR By Ui, i A AR g

AP Mg(OH), H By 43 Mg® F I 1 LDHs JBE

(3)AH b BE & 4 LK, 3 2o B8 A 500 Sl Bl o2 ) o5 2
i AN 6] LDHs [ 04 B 4 4 0 il s (52 389 0F a1 B 2l , B3
P REEY T TAWRAN SRR, KPR nEs
# PST il % Fr 5 59 Mg-Al-PST LDHs JIE it £ % 1 i
1R JRE B AR A Tk e A, HG ol R 9 B Ol 2. 98 X
107 A/em?,
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Abstract: To increase the impulse mechanical strength of alumina, the pore structure of alumina was
modified by surface coating. It was found that the impulse mechanical strength of alumina samples coated
with aluminum chloride increases from 35 MPa to 51 MPa and the mechanical strength of alumina samples
coated with aluminum-based complex increases from 21 MPa to 46 MPa at the calcination temperature
range of 100 °C to 1100 °C by the DL-3 typed impulse mechanical strength test device, while the mechanical
strength of uncoated alumina samples increases from 17 MPa to 39 MPa. According to scanning electron
microscopy and X-ray diffraction, the surface coating of aluminum chloride has little influence on the crystal
type of alumina materials after high temperature calcination. At the same time, it can effectively fill the
matrix pore of alumina materials, increase the density of the support, and improve the mechanical strength of
alumina materials. In addition, compared with the alumina sample coated with aluminum complex, the
alumina material coated with aluminum chloride possesses larger surface area and smaller pore size after

high temperature calcination. More importantly, the surface of the alumina sample coated with aluminum
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chloride formed a rough shape after high temperature calcination, which was beneficial to the loading and

dispersion of the active metals.

Key words: alumina;impulse mechanical strength;surface coating ;aluminum chloride
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Fig.1 SEM images of Alumina with and without surface coating
(a)Alumina-A-500; (b) Alumina-B-500; (¢) Alumina-C-500;
(d) Alumina-C-1000
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Fig. 2 XRD patterns of Alumina samples with different

surface coating processes
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Fig. 3 Specific surface areas of Alumina samples with different surface coating processes
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Influence of Fe on shape memory effect of

Ni-Mn-Ga alloy microwire
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LIU Yanfen',LI Shuang, LANG Zirui,MA Zixuan, LIU Xiaohua
(Department of Physics, Qigihar University, Qigihar 161006,
Heilongjiang , China)
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Abstract: The shape memory effect of alloy microwire with Fe replacing Ga based on Ni-Mn-Ga alloy
microwire was analyzed. Ni-Mn-Ga-Fe alloy was prepared by vacuum tungsten arc melting furnace and
the parent alloy was prepared by a high vacuum precision melt drawing equipment. The effects of Fe
doping on the phase, the martensite transition behavior, and shape memory effect were studied by EDS,
DSC, XRD and DMA. The results show that the Ni-Mn-Ga-Fe alloy microwire shows the mixed phase
of tetragonal martensite phase and face-centered cubic austenitic phase. The step ordering heat treatment
was used for the microwire. The microwire was treated by step-by-step step ordering heat treatment, the
ordered heat treatment can effectively reduce the internal defects of the microwires, release the internal
stress, refine the internal grains of the microwire, shrink the lattice volume, improve the compactness of
the microwire, and make the martensite twin interface more straight and easier to move, and improve the
elongation of the microwire. The one-way shape memory test of the prepared Ni-Mn-Ga-Fe alloy
microwires is carried out at 258 K, after stretching to 350 MPa and unloading to 0 MPa. The strain
recovery rate is 78. 75% after the microwires are heated to the austenite state. The one-way shape memory
test of the ordered heat-treated Ni-Mn-Ga-Fe alloy microwires is carried out at 289 K, and the strain
recovery rate reaches 100%. The ordered heat-treated ternary Ni-Mn-Ga alloy microwire and Ni-Mn-Ga-
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Fe alloy microwire are stretched under constant stress at 126 MPa and 240 MPa, respectively. The two-
way shape recovery ability of the two microwires can reach almost 100% , but the phase transition width of
the alloy microwire during deformation, namely the elastic strain energy storage is more than that of the
ternary alloy microwire. The addition of Fe makes the mechanical properties of the alloy microwires higher
than that of the traditional ternary shape memory alloy microwire; compared with Ni-Mn-Ga alloy
microwires, the martensitic transformation temperatures of Ni-Mn-Ga-Fe alloy microwires in as-prepared
and heat-treated states increase by 6.0 K and 11. 5 K respectively, and the thermal hysteresis decreases by
6.7 K and 1.5 K respectively. In practical applications, Ni-Mn-Ga-Fe shape memory alloy may be more
widely used due to its small thermal hysteresis, high martensitic transformation temperature and large strain
recovery rate.

Key words: shape memory alloy; Ni-Mn-Ga ferromagnetic alloy microwire; martensitic transition; shape
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Fig.1 SEM images of microwires with ordered heat treatment

(a)Ni-Mn-Ga-Fe microwires; (b)grain size distribution of ternary and quaternary microwires;

(¢)fracture cross section of Ni-Mn-Ga microwires; (d) fracture cross section of Ni-Mn-Ga-Fe microwires;

(e)growth trend of columnar crystals on the flat surface of the microwire
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Table 1 EDS analysis of the two alloy microwires components

Atom fraction%s

Sample . e/a

Ni Mn Ga Fe
Prepared Ni-Mn-Ga microwire 49.92 27.81 22.27 7.6068
Ordered heat-treated Ni-Mn-Ga microwire 51.73 26.97 21.30 7.6999
Prepared Ni-Mn-Ga-Fe microwire 49.92 26.23 19.46 4.39 7.7631
Ordered heat-treated Ni-Mn-Ga-Fe microwire 49.33 24.89 21.13 4.65 7.6812
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100
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Fig. 2 XRD pattern of microwires

(a)Fe contents of the prepared microwires are 4.39% and 0% ; (b)Fe contents of ordered heat-treated microwires are 4.65% and 0%
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Fig.3 DSC curves of alloy microwires

(a)prepared Niyg 9,Mn,; ¢ Gay, »; microwires; (b)ordered heat-treated Nis; 75sMnyg o;Gay) 5 microwires

(c)prepared Niyg,Mnyg 0Gagg 4sFe, 5o microwires ; (d)ordered heat-treated Niyg 53sMn,, 0Ga,, sFe, ¢s microwires
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Fig.4 Tensile curves of microwires and shape recovery process

(a)prepared Niyg o,Mnyg ,.Gag sFe, 5o microwires; (b)ordered heat-treated Niy 5:Mn,, o0Ga,, 5Fe, o5 microwires
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Fig. 5 Two-way thermo-mechanical cycle curves of ordered heat-treated microwire

(a)Fe content is 0% ; (b)Fe content is 4.65%
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() Nig; 75Mnyg ;G a5 microwires; (b)Niyg 55Mny, ¢0Gay, 1sFe, o5 microwires
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Abstract: The carbon cloths made of carbon fiber as 3D integrated cathode for lithium-ion batterie were
studied. The graphitization degree of three types of carbon cloths after heat treatment were qualitatively
analyzed and quantitatively calculated. Using lithium metal as the counter electrode, the graphitized carbon
cloth electrodes show first discharge specific capacities of 83.6, 94.5 mAh-g " and 115. 2 mAh-g ' under
0.1-0.5 V, respectively. After 50 cycles, the specific capacities of carbon cloth electrodes remain 55. 0,
80.0 mAh-g " and 88.0 mAh-g~"'. With LiFePO,-loaded graphitized carbon cloths as cathodes, the initial
discharge specific capacities of electrodes are 73. 2, 109. 5 mAh-g~" and 130. 2 mAh-g~ ', respectively. The
carbon cloth whose graphitization degree is 76. 02% shows stable specific capacity of about 90. 0 mAh-g '
after 50 cycles, and shows better comprehensive performances. This carbon cloth is more suitable for the
integrated flexible cathode of lithium-ion batteries. By establishing the mechanical model of the interaction
between LiFePO, particles and carbon fiber, the relationship between mechanical, electrical and
electrochemical properties of the integrated cathode were discussed. Using carbon cloth as an integrated
cathode for lithium-ion batteries can simplify the conventional production process and innovate its
production process.
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conductivity
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Fig. 1 XRD patterns of CC3,CC and HO carbon cloths
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Fig. 2 Raman spectra of CC3,CC and HO carbon cloths before(a) and after(b) heat treating
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Fig. 3 The first discharge-charge curves(a),(b),CV curves(c) and cycling performance at current rate of 0. 1 C(d) of CC3,CC and HO as electrodes
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Fig.4 SEM image(a) and EDS spectra corresponding to position 1(b) of carbon cloth CC loaded with LFP
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Fig.5 The first discharge-charge curves(a), cycling performance at current rate of 0. 1 C(b) , AC impendance spectra(c),

and CV curves(d) of carbon cloths CC3,CC and HO loaded LFP as electrodes, respectively
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Fig.6 SEM images (1) of indentations for carbon cloth HO(a) ,CC(b),and CC3(c¢) and schematic diagrams of fiber deformation of

carbon cloths under mechanical resistance of LFP particle(2)
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