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@G kEFaLE R AR, JE3 100088)

B OE: UBRKiReReg Oy ER, B 2 gL SR (R K T BURL IR > 795 MPa. A E > 1% 0.02 mm
BT, RABRKSA#METRME . AT BT H U R ERNAMEFBRN T ZEMHSR . HH RS
AEHFIE, FE5MHATZTM 0.06 mm HHBEHATH L. ERKRH: BZF 0.06 mm HTE, 0.02 mm £H7H L HAH 2U5F
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f > O . 0.02 mm AH UM LR B BN o R SR EE RO RE S, R ERIE 99.7%; HLAR 2 FhAH
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PERetebn EHEE AN FIRE R MR T B R, HEARS MRS Re BREE R, MEME A5,
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FEESES: TG146.4712 XEEFRIRAS: A
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XEHS: 1002-185X(2023)04-1426-06

HTHEREESH &S & e K
RS AR AR R B AR R U,
HRZ TR AN, % EME M TEaear, 81,
AL ZRE ML MR S5 o B A i 75
L 28 1R 45 M bR 2 i 1) Tk AR R A £ 3
52, NN s Tt fE R 4. XA 2ok ™
uf H R &A% S5, X B 7R A AR T T8 R M T e
SR AT AT T s N AT AR T B K
M N, B A M ERALR SN, R
ST B, HoA 0 R TR R 28 e 00, [
B, 7 CRUE DN TR I MERE R RT3 T, 284 KTh =,
A N BRI R R B T O A T M R
FUAK JORE FE B SR B ME %, 48552 0.10 mm BL R JE
J B G 1 S H i 48 22 DOV R ot b, B AT AT % 0.10 mm
PLR 4530 /2 0.05 mm LA R R EAHTE S & 5 R A
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JEJE <0.025 mm H T E B T 5 &M T 1 P bz
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7 0.06 mm £H9E, BRI EAFSI, 5 0.02 mm 4
98 1 1) 2% TS AR R 2

I 0.02. 0.06 mm BT FZUIEITIE 5 mm
x10 mm f¥] EBSD ¥E &, LRP4CHT BEE 20004, FHHL
BRBE I %2 R TH Y6 5%, B LA Leica EMTIC 3X #EAT
BrRUIE . R E EBSD k% K 5 M 84
HiH 45 (FEI QUAN FEG 450) A1 HKL-Channel 5 %{
P b 3 R Gtk AT B A A b, IE RS K 0.1 pm,
FHE X 30 pmx 42 )8 .

K 26 V1] 43 50 45 RD 5 110 5 5L 5 170 2 09D
45°RD J7 i) (550177 M pk 45°) L& TD 71 (5
LI 7 [ E 90°) IHUAH 96 b A = R A &
AT EL 3 ANPATRE, RSP AT B D) T Y HE AT B
AL EE . SR WDW20 B fds s 5 RIS L TE =
BRHEAT 3 AT PR RE Ry JEIRGRE R, fE
e 4,5 W15 Rk, AT Ll 3 AN EE
MR g R BCF I Ry Ry A1 Ayso BEGE B
A 1 mm/min, WRFEERIGAREE N 15 mm.

2 #RE5418

2.1 ERELR

Bl 1°40.02.0.06 mm & £ 4H 8 ND-RD ~F [i (1)
4z JE EBSD HUJr) A8 4t B2 (0.02 mm £H § D i 4
Tk R A R ORI R FE R R, P A R A A
U, XA LA I :

(1) £ ND-RD “FTH 4 2 B 5 B 5H 6 1 dfoki 38
29 RD 77 MK A 400K, A0 B R . TR
/N 0.06 mm HIE & RLAF4E )2 58 £ 4E 0.5~1.0
pm, KAZ AT ECAN, R RORLR B IR AR,
WHEEZANERE KT 3 um B R KSR . 0.02
mm FHEH LN E R 5], kL g £F 4R 5L
WORDR, B %L 0.2~0.5 pm, KAEHE K, K
ik L =R B RD 5 M AN .

(2) 0.02 mm FHEHLF, S5O8 TR 1598
W5 BN, Ul BT &K H A SN B AR
B (ZWE 1la 2 ESMHEMALD. 0.06 mm
HEH, RME (BERMZS 1/6 BEEN). ERMIZE
(FERML 1/3 JEEAY Fdo 21 B AR5 1E
HEAH: RMEZE. P OIS 0.02 mm 844

£1 0.02mmiBEMKLERS

Tablel Chemical composition of 0.02 mm molybdenum foil

Impurity element content/pg-g”’
Fe Ni Al Si Ca Mg C O N W
>99.9 20 <5 11 17 17 6 5 60 10 87

Mo, w/%

ELEARABL, & 5o A B B A, SRR L T R
H, B4R, PBORDIREE R TRTE W
B R B, ALZLZ ONREET RD 7 Az AR AR
XYL 0.06 mm £HIE N AT RE FEAAAE — 8 & 7,
RMEE HOMMBREE R, @A,
H 238 K5 385 A A7 4R 1 TR A8 i R R A T 45
T T AR /IS (0 25 i ok s 0 36 1D 2 AR T R BE AR X
fiX, &RLHT ND J5 AR EN, doRigib A ] s,
B F A i A7 REAH X MG, A 2550 B R IR K I
R AR B R ) [B] 5T R0 4

(3) 2 FhEEMHE ND-RD “FEAHAN, 40 5°
A RS R T B 15O A E . XERN
ZRJJRJCIRET 2 FEHTE R LA T BRI o 4G
AL, AT AR R L N A AA . X A A
LT o LA 4E P SE A s A EE TS R B /N
£ b FURIE AR SRR AP AE, IR AR R B 5e A 45
i 100K A B i LR A8 o 8 L 34 B BE AL A IR

N T RS 2 S RSB R AT o kT e
AT, Giit EBSD TR A B4 kL Py AT — Hdi
25 AR AT AR RE s RN R 22, TR T A ST I

ND

%1 0.02 mm H{A ND-RD “F i # 4 )5 & AHA 21 % 0.02.
0.06 mm [ ND-RD ~F*[fii ) 42 & EBSD H [ 4R 4
i 3

Fig.1  Full-thickness metallographic microstructure (a) of
0.02 mm molybdenum foil ND-RD plane; contrast map
of full-thickness EBSD orientation images of 0.02 mm (b)
and 0.06 mm (c) molybdenum foils on ND-RD planes
(the black line is the 15° grain boundary, the red line
is the 5° grain boundary, and the dotted line is the
surface position of the

sample before sample

preparation)
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Fr H ) 220 A0 B LT 220 B KN E R 0 5 90 AT 2
R (WER 2. — i, Bz 0>10°~15°8 9 KA
FER T, 6<10°~15° /N B d Tt o B B R P9 308 T
(RIS AR T i 2, LR 7] 2258 %y 9<2°0%17),

5B 2a 53 2 40 Hr Al A

CD PEEHIERE S0 88 A, /N A BE B BT o Tl
Bl v, ¥ it 60%, 0.06 mm £H § H 2 ik 5] 75%;
KA BE S A A o X — A, A AH O W A
SRR R -, HUZE KR E TR
A P B A G 2 4PN R R AR O 2 S SR N A
FHKARAFLAR B, A SRR S IR KOS FR A T E B
o PG SR BE, R R B e A WA RS .

(2) #2F 0.06 mm %, 0.02 mm £H 7+ K
S PO, /N AR R O AR, O T
Fri 2R T X R A N AR 3N, AR
120 FEAAF i AL A B R R 2, T B0 S 3 L
I ZESE N, KA SRR 2 . I B RRE AR K
BTN, AR EE K, fEAFREE &1 0.02 mm FH{H A
SRR AT BIARR 7855, TR AR IS TV I %5 Fh R B 15
BT o T B, L X RO RS FRR A8 T AT
i gt HHES U B & 1 /N R T 2 S T BOK A B
B At I FE A 0.06 mm 4H 75 B B kAT, il 1/
F1 1 i U S 2 0 5 T A 4 R
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a 0.32
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10.24 =
Jo20 2
Joie
Joa2 £
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0.02 mm
0.06 mm
5101520253035404550 5560
Misorientation/(°)
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Fig.2 Grain boundary misorientation and distribution of

molybdenum foils with two thicknesses: (a) grain boundary

with 8 € (0°, 60°); (b) low angle grain boundary (6<15°)

*2 2MEEHEENX. NABERIRFASHME
Table 2 High and low angle and sub-grain boundary
distribution frequency of molybdenum foils

with two thicknesses

Thickness of molybdenum foil/mm 0.02  0.06
Deformation/% 99.9 998

High angle grain boundary 0.36  0.25
Low angle grain boundary 0.64 0.75
Subgrain boundary 0.12 0.34

(3) 0.02 mm %H 9 K f FE & 7t B m) 22 55 b 2 A
F (15°, 30°) X [a], 10 0.06 mm 4H ¥4 K f B &
B[ Z2 M 4E 43 A5 T (40°, 60°) [X 1A, XM KA
A LB 2 %, 0.06 mm BH §F ) S B )
ZEAr AT AR I TR LIRS .

Bl 2b S 795 £H S FE B 0<15°/0N £ B & 5 10 0 A A
FK, NEFALLEH, 0.06 mm 8% K/ &7
G ATALAE 0<7°3E N 5 AL F 5 0.02 mm FH I 1E 6>7°
BEEERWE (7°, 40°) W 5. HE K6 &%
IR Kl R P AE SRR A R R AR R A A R R
FEANTA] o B 52 75 FE A XK ¥ 0.06 mm 4H §F 20 21 3= 2
A FH EL 28 45 () 47 #E B e R R R A 2 il
T BT & G+ BB B, A 453 B /0N A FE 1) & 5 B I 22 %
%5 1 (5] 52 B AR X 7 0.02 mm 4H § 41 48 B Ab
TSR B A N R RE &R T A R A 0SB0 K AR R
KR TE B B, 5 B0 & R b ek 2, T
FRE T 2K A B b S %

2.2 RS

0.02.0.06 mm 4§ ND-RD ~F*1fi ff) 4 J& EBSD «
Le+y LA AR C15e A Wk 3 fias. mILL
A, 0.02 mm HBEFHLAMAS HAEIMN a ZH
M HR T, K a R4 (<110>//RD) &k
AR E AR 2, AN y R
(<111>//ND) fmhi. X—mfER 3 1 o k+y i
K LA (15088 54 204 ot ml DUAS 2 ELE, 0.02 mm
B o R R L 99.7%, 1Ty 28 41K SR
5 AR 2.66%. 0.06 mm 40§ o JURDIR 555 B R
I8 5y e 230 &R IO T K B AF AR I 241 IR AR 6
o BLM SR, y RLAM BRI KFLHENT o
LR kL, H 2 24U 10 & 22 1 B AR T 0.02 mm
BHE . PRV LE AR K M IR R, AT e 2 () &5 o 5
ORI, TE AR A7 RER 1) 0.02 mm H 9 B4 T
SRR B R, XA R E R
BRI {111 <uvw> & B 22 8 2 10 40 7% 3 R & 1)
{hkL}<110> &R 7 o1

HARB A LR o bl (L 4. B 5D, 2
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CIDTE 2 Fh JE B2 4H 96 1 e B0 b [R] B 0 5% 21 1)
MR, ARTFPRRE Ry JEREE R, N
F{KHEF ¥4 RD>TD>45°RD, A [F] 77 [ 1E A 2 A4,
M BMEHEF 08 45°RD>RD>TD; {H& 0.02 mm
HEAF G M % EZEE R, Fikgl A
IPA B K% H HE 47 58 & H 8.

Bl 3 0.02. 0.06 mm 4 ND-RD “V[i 4 )& EBSD a Z+y {1123<111>
WA AR B (15085 5D {001}<100>
—
Fig.3 Full-thickness orientation images (15° grain boundary) of {0013<110>
I
a-line and y-line texture of ND-RD plane in 0.02 mm (a) {112}<110>
—
and 0.06 mm (b) molybdenum foils {11y <112>
|
{111}<110>
#3 2HMEEEF %5y HRMLH (15°8F) -l
b ———— —— | )
Table3 Ratio of a-line and p-line grains of molybdenum
foils with two thicknesses (15° grain boundary) Bl 4 0.02. 0.06 mm #H{f ND-RD “F1ii 4z J& EBSD #7541
Thickness of 0.02 0.06 45 T R A% P 15O D
molybdenum foil/mm ) )
o-fiber ratio/% 997 93 .4 Fig.4 Full-thickness orientation images (15° grain boundary)
y-fiber ratio/% 2.66 9.87 of typical texture components of ND-RD plane in 0.02

mm (a) and 0.06 mm (b) molybdenum foils

i AH 8 ) LR B 108 o e ZAR IR {001} <110> 5

SRR, AT 0.06 mm 9 GG RS b o

85.6%, 0.02 mm ) E R B A b 59.4%, AR « 20l 002 mm

L5 5L (1 {112} <110> GV 4155 5 EL 35 20.9%, ST % _ 6o} oo

T 0.06 mm M 2.1%, HEEET 0.06 mm HE i

110,02 mm WA, T 4% HUE PR 15 2R T gl

) FL T AR 2 SCEL, BEAR TR EIE N, {112}1<110> 2l

AREREEMA . A4, 0.02 mm BHEF y LA 5 10}

{111}<110>+ {111}<112> /5 L33 /% T 0.06 mm £H A, %01}<110>{112}<110>{111}<110>m>

R E % 1 0.02 mm £H A p Ze 230 () B 2 55 %5 Texture Component

2.3 hFMHsE K5 0.02. 0.06 mm % A fh $t T1 ZUK 20 5 EL 451
Fr% 0.02 mm £ 5 [F T2 F Fr4 0.06 mm 4 Fig.5 Ratio of typical texture components of 0.02 and 0.06

S 1) 55 3 i o M B L 2 4 9 o LG B T LR B mm molybdenum foil samples

% 4 0.02/0.06 mm %835 ¥ & B9 =08 i 81 BE

Table4 Room-temperature tensile properties of 0.02/0.06 mm molybdenum foils

Thickness of

molybdenum foil/mm  Direction Rn/MPa  R,/MPa Ars/% Ry/Ru(%)  IPA1/% IPA2/%  IPA3/%
RD 832 759 4.8 91.2

0.02 TD 798 725 2.4 90.9 1.7 10.7 77.8
45°-RD 671 630 16.2 93.9
RD 728 727 7.2 99.9

0.06 TD 687 681 4.9 99.4 5.7 9.4 48.3

45°-RD 686 636 11.7 92.7
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IPA (in-plane anisotropy) AJ PA Sk R AL MR T 7
M SRR, HitERIEAN:

IPA:[ZXmax_Xmid_Xmin] (1)
2X

max

X, XRENEERES T RW/R/Arse S HTE TA
F S50 IPA {H 14Tk 4, Hrp IPA1. IPA2. IPA3
Gy I PSR E Ry JEARBEIE R, MIEHER A5 )
Fr S ERRE, LA H, BT 0.06 mm fHE, &
T 85 K1 0.02 mm 4H S 50 JE 6 5 1) 5% 1) o 1k R
FE3 A AR FE BE R Bt L b o BE % i) e 1 R
(10 385 s o oy B . X U B S R B I 1 8 T &= R T 0.02
mm 58 5K = A S R 7R 2 AR I
FEA, AR ER R f 438 000 B SUR R B, i 75 TR R BE AL
B ) (1 Py 5 ) ) D 22 o 36 A Dl SR ABL T R 1 % 1
Sk, T i R L (% S PR AR A ) 4
R SR P it b B ) 49 000 R B U S ) e, A b
S BUE SRR R R R B 2.2 4y
Frik, 0.02 mm FHIE M o 22U db R &7 L 99.7%, B
BT 0.06 mm £H. [, 0.02 mm fHIEMRE. €
5% M S R S R ILH T ARFREBE R TF
(2) AR % RS T, 0.02 mm HA
RD. TD 75 M I FL 58 % R, EARGERE R, B2 T
0.06 mm 4H {645 W 42 =, 45°-RD J7 [7158 & 1L 5
RD. TD WIAHJ, L7 /NIE TS MEMHE 45
AR 5 R Rtk R/Rn AHAL, BJ RD. TD J7 [
WP AE R R 5 B I B R PR AK, {2 45°-RD i A
ARG, Bz, MEREEZRE. BREHL, H
TR TN HEE S BPIRRE R JE IR
FE R, MEEAHR A5, JEMEL R/Ry DRI T 2
PR E S A 3 . an SR mT LOKE 4 b 7 2% 4 e ] B
WA 2 3, PLRSRSE R, JEIRSRE R, AR
—2K, R A5, JEIREL R/R, NWITE—, A
2 RD. TD J7 [ b5 B $2 v vy 90 1% F B 3080 0.02
mm £H X 2 AT R A T i LA, 45°-RD J5
[ 568 S8 T R T 0 1 A v B X AN O R A T TR AR
o EXFAE D7 A EVERE A F AR A, HEE A
K 5 806 R B8 55 17 S I R, TS BE VA IR
BMALR ML, FHNiX 3 N7 FEJET RD-TD
ST A, L O R R R R ST 8 AR Ak B 35 T
P HAE, BRI — I E B0 — AN U R
RN BUHEFHRER, EHFEEH DR

3 & it

1) 82+ 0.06 mm 4H %, 0.02 mm % % & 4.
SRR AELE T &R B o gl K 4R 4R sl kIR, 5o

we N BRI E R KAEHALEER, /D
FHRE B I o B SRR, O L A S 2 S O ]
H i PR AT RE A2 A R — 3R K EE TR 0.02 mm £ §5 1 [9]
R G FRE EAE  B
250.02 mm 1 {5 LR AL B A N a 24
RS R o RGO LA 99.7%; EAR 2 Fif
FHIE 1 2 230 7 B {001} <110> 8055, (HAR JE & 5
KK 0.02 mm fI{001}<110>1X 5t 59.4%, &AL T
0.06 mm £H i 1) 85.6%: M [F] 4 a L 23R4 1 {112} <110>
ULy 5 HiE $) 20.9%, W1 & T 0.06 mm tH{H .
3) JIsEERE T I, 2 M S L G A [F T 1A
BRIE Ry JEARSEFE R, M 2K HEF 48 RD>TD>
45°RD, AN[FAJT [ SE A R Ays M\ SRR 7 208
45°RD>RD>TD; {H72 0.02 mm fH % A [ 77 17 19 1
FVERE B E OV W, DLRAE A% 1 S VR AR
IPA fE 7£ 3 WU/ 2= 1k REHR AR L #8A AS R F2 2 Y 32 71
I, BEE SRR, HEARTT K2t s
BAUHRIE Ry JEIRGRE R, FUEM % A5, 3R
W Ry/Ry SR BIAE LR, 3% RD. TD /i
I 0 A AL, 45°-RD J5 [ MR AE P AL .
5% 3k References
[1] Xu Kedian(# ¢ 55). Material Science and Engineering of
Molybdenum( #H W] #4 kL £ %2 5§ T # )[M]. Beijing:
Metallurgical Industry Press, 2014: 700
[2] Liu G, Zhang G J, Jiang F et al. Nature Materials[J], 2013,
12(4): 344
[31 Fu X Y, Zhou Z L, Li Y et al. International Journal of
Refractory Metals and Hard Materials[J], 2020, 93: 105 341
[4] Li X Y, Zhang L, Wang G H et al. International Journal of
Refractory Metals and Hard Materials[J], 2020, 93: 105 294
[S] Xing H R, Hu P, Zhou Y H et al. Materials
Characterization[J], 2020, 165: 110 357
[6] Zhou Zenglin(J& # k), Li Yan(Z= #i), Xie Yuanfeng(iff 7t
¥) et al. Rare Metal Materials and Engineering(%i
& BB S T[], 2019, 48(8): 2502
[71 Wu Yaqin( % I 3 ). Chinese Patent( ' H % F|),
201110090556.0[P], 2011
[8] Fu Xiaoying(f} & %), Zhou Zenglin(J& 1 #k), Li Yan(ZE
i) et al. Chinese Journal of Rare Metals(%if & J8)[J1],
2022, 46(2): 137
[9] Li Yan( Z& #f ). Chinese Patent( ¥ L ),
201811465938.5[P], 2018
[10] Wu Yaqin( %= I 3£ ). Chinese Patent( ' H & F),
201310476742.7[P], 2013



41 2 #1%.0.02 mm J5

FHTEM B RS S0 R v e

° 1431 -

[11] Standard Specification for Molybdenum and Molybdenum
Alloy Plate, Sheet, Strip, Foil, and Ribbon, ASTM
B386/B0386M-19E1[S]. Beijing: Standards Press of China,
2019

[12] Jia Dongming(® %< ¥]), Huang Lirong(¥ Wi >¢). China
Molybdenum Industry(¥F [E £5)V)[1], 2017, 41(6): 44

[13] Yu Hailiang(¥i#f§ B ). Chinese Patent(h [H & F|),
201710448842.7[P], 2017

[14] Liu Xiande(X| % %), Kui Zubin(BE#Hxk). China Light &
Lighting(H [E K& B 1 83)[J], 2017(1): 42

[15] Yang Yufeng(# F*#), Tang Yuanchun()# JC#). Rare
Metals Letters(Fi 41 4 J& R 1) [J], 2004, 23(4): 5

[16] Leichtfried G, Thurner G, Weirather R. International
Journal of Refractory Metals & Hard Materials[J], 1998,
16(1): 13

[17] Yu Yongning(#R 7K T*). Principle of Metallograph, Third
edition(& B2 RHE, 3k, LMHIM]. Beijing: Metallurgical

Industry Press, 2020: 414

[18] Babinsky K, Weidow J, Knabl W et al. Materials
Characterization[J], 2014, 87: 95

[19] Primig S, Clemens H, Knabl W et al. International Journal
of Refractory Metals & Hard Materials[J], 2015, 48: 179

[20] Zhang N, Mao W M. International Journal of Refractory
Metals & Hard Materials[J], 2019, 80: 210

[21] Bonk S, Reiser J, Hoffmann J et al. International Journal
of Refractory Metals and Hard Materials[J], 2016, 60: 92

[22] Yu Yongning(£ 7K 7*). Principle of Metallograph, Third
Edition( & J& % 5\ B, % 3 hx, T #)[M]. Beijing:
Metallurgical Industry Press, 2020: 103

[23] Nikolic V, Wurster S, Firneis D et al. Nuclear Materials
and Energy[J], 2016, 9: 181

[24] Reiser J, Bonnekoh C, Karcher T et al. International
Journal of Refractory Metals & Hard Materials[J], 2020,
86: 105 084

Microstructure, Texture and Properties of 0.02 mm Molybdenum Foil

Li Yan', Chen Wenshuai'***, Zhou Zenglin"“, He Xueliang', Hui Zhilin'
(1. GRIMAT Engineering Institute Co., Ltd, Beijing 101407, China)
(2. State Key Laboratory of Advanced Materials for Smart Sensing, GRINM Group Co., Ltd, Beijing 100088, China)
(3. General Research Institute for Nonferrous Metals, Beijing 100088, China)

Abstract: Using powder metallurgy sintered billet as raw material, 0.02 mm molybdenum foil with tensile strength exceeding 795
MPa and elongation exceeding 1% was prepared by multi-pass rolling and intermediate annealing. The microstructure, texture and
mechanical properties of the foil were analyzed by means of field emission scanning electron microscopy, electron backscatter
diffraction and room temperature tensile test, and were compared with the 0.06 mm one under the same process. The results show
that the microstructure characterization of 0.02 mm foil is granular or slender fibrous grain shape, more uniform and finer, and the
aspect ratio is larger than 0.06 mm foil. The distribution frequency of low-angle grain boundaries is lower, especially the
difference of sub-grain boundaries is more obvious. The texture composition in 0.02 mm molybdenum foil is more concentrated in
a-line texture, and its grains account for 99.7%. Although the main texture of two molybdenum foils is {001} <110>, the proportion
of {001}<110> component of 0.02 mm foil with larger deformation is much lower than that of 0.06 mm one, while the proportion
of {112}<110> is significantly higher. The disparity in mechanical properties of 0.02 mm foil in different directions is more
prominent, and the IPA value, which is used to characterize the degree of anisotropy, has been improved to different degrees on
three mechanical properties. As the foil is thinned, two different trends which show in tensile strength, yield strength, elongation
and yield ratio of molybdenum foil in different directions reveal work hardening in the RD and TD directions, and deformation
toughening in the 45°-RD direction.

Key words: 0.02 mm molybdenum foil; microstructure; texture; mechanical properties; vacuum electronics
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