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Fig.1 True stress-true strain curves of high purity copper under different thermal compression parameters: (a) 0.01s”,(b)0.1s",(c) 1s',and (d) 105"
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Table 2 Average grain size and the proportion of fine crystal area of high purity copper with different thermal deformation parameters

High InZ (>42) Middle InZ (39<InZ<42) Low InZ (<39)
Deformation condition 500°C, 15" 550°C, 105" 550°C, 1! 600°C,10s"  600°C,0.1s'  650°C, 105"
Grain size/um 151.63 68.33 30.47 29.26 25.34 24.35
Frequency/% 1.1 11.1 55.6 62.7 69.6 71.5
High InZ Middle InZ Low InZ
{100} {110} (111} {100} {110} (111} {110} (111} c,

O ’ ‘Aaxm ) G @ @Maxz i @ @ @Mm{_z i

mwwmu

100 xo
‘ ‘ Max=11.05 k ﬁ Max=1.55
= B =

{100} {110} (111 {100} {110}

AN BED

100 xp

Max=1.54

1‘5

(111} {100} {110} (111}

QQO”’””@@@”’”“@@
$5-N

Max—2 53

Max—l 58 |8 . m ax=1.78
111

6 NI InZ A 14 ey A4 TR PR R 1 e A P
Fig.6 Polar figures and inverse polar figures of high purity copper at different InZ: (a,) InZ=43.69 (500 °C+1 s™"), (a,) InZ=43.34 (550 °C+10s™");
(b)) InZ=41.04 (550 °C+1 s"), (b,) InZ=40.99 (600 °C+10 s™); (c,) InZ=36.38 (600 °C+0.15™"), (c,) InZ=38.89 (650 °C+10s™")

U sm AR 2] T 58I TR E , W R InZ FR InZ T
?ﬂﬂimﬁkﬂﬂ*ﬁénﬂaﬂ:ﬂﬁénaa B 2 A5 2 B ) BE AL
b, F 5t #2=45°1) ODF KK 2 AN [F] InZ {5 i 7=
GV ARSIt

AV FE AR T R R R AR T SR AR, A7 3
AMRAFE 1) ODF 44 43 A7 I 7T LG 2 430 5 5 B 4 InZ {4
I FEART R %o InZ=43.34 1, IS HLUN T AR AE
JR HR P45 i 2R S K HA T CE /N 7 i 20O (1)
1778, JE 1% Cube ND{001} <110>iX — 3 45 2 444 ; 24
InZ=41.04 I, 3t I K8 75 X 38k A2 P45 i TR R T
Cube {100} <100>1% — #1714 (1) 7 45 & 200, 30 B bR 0k
AT I B o TSR CEREPAUWA {011} <211>A 41
F {110} <111>F1 Goss {011} <100>) Fll O £T 4 434 ({0, 45
Cube ND {001} <110>#1 Cube {001} <100> ) filt F- [ 7 A%
2. 4 1nZ=38.89 i , L B 7c H P A A 2R 58 B 1
ﬂ‘,EE?GOSSEXW;ET%%EE‘J,M%ﬁ%%ﬁ’]ﬁfﬁ,éﬂm
RATEAS, ki 2 I\ Goss BUA #4545 & e 1) P BB,
A%ﬂpzlﬂﬁfﬁm%npmma@%,afFﬂA,,\FJEI’J??
TE R LME N F 45 d AL P g5 A B3 TR gy

A5 I 25 A8 TR il B (%) FFF v AR A% e 26 () PR A InZ Al
[T B, AR T 2H 2050 T a4 i A B AR, R AR T 430
(I BR AN 45 R SR (R A, SO B TR B, % FFF
S AR IR S S S R BRI 22, FFF R [A] Y )
FEA— B, AR ) S PRI O, S540 T IR A IR AE 23
3.3 A [EInZ{ETH DRXHLH

33.1 & InZfa(>42)

Ml 4a, il da, 10T LLE BIA — % & SRS I U6 &
Tt CTURE IR A A, FF FLTE B U6 SR P4 350 8 A ™ B I
AREE A, I B 6 S AR S R AR U MR R X LR AE
AT AW R4 N RAE S &7 AN A S
CAE [ SUES el PR TN

7 1 8 A JE ik ok 41 4 rp I P9 S A e 2 HEAT SR,
B — 25 50 IF H R AR I Bh 7 T4 S AL, A 8b, Fl 8¢, K
TG B P AR R ) 22 DA B AR [ 22 ) AR Ak R A
AEAL, SASHE I 10, %) . KAM & i d ok A 3 A 7= A2 B
BENARM, FHESNAEHERNSA S BTN, B
AR 5 AR E ) R B AR B ) AT, 3R BH SRR R AR
r R T oA 5 M AR E S B A 45



. 486+ MA&EMES TR 554
a o C
Oo MaX:8.7 = 90Max=2.9
i» B 1
2
3 1
4
@ O 5
6 2
7
8

90°

7 AE InZ {8 i 2L 1R () ODF ¥ (2,=45°)
Fig.7 ODF diagrams of high purity copper at different InZ: (a) InZ=43.34 (550 °C+10 s"), (b) InZ=41.04 (550 °C+1 s"), (c) InZ=38.89 (650 °C+10 s ")

. Point to origin b3 Point to origin C3
°</ —— - Point to point 1.0 | —-—--Point to point
> .
g 04t 0.8} s
= + >
S SR i
| 0.6
g 2 I
2 02r A 0.4}
2 - 7 s |
i YAV ! \'\ N7 02
vl Y L
0.0 . . . Yy . 0.0 . . .
0 5 10 15 20 25 30 0 2 4 6 8
Distance/um Distance/um

EI8 (i InZAED AR 4644 550 "C+10 s~ RO H S,
Fig.8 Microstructure evolution at 550 °C and 10 s™': (a) IPF-Y map, (b,, ¢,) IPF maps, (b,, ¢,) KAM maps and (b,, c,) the internal orientation

gradient distribution; (b,—b,) and (c,—c,) correspond to the cases of the selected grains in region 1 and region 2 in Fig.8a, respectively

332 ¥ InZ{A(39<InZ<42)

7 B 9a H gt B3 AN DX 3 IR I it 5 6o ) 22 A8 4k g
AT 50 M RN BB ) 22 AR A A B T PRI .
—, X35 2 B B3R P i N R AR R) 22 5 RN s B ) 22
AR FEFAE R, IAE 102 NIESN , Ui B AoRL P AL B 2
FEARAS, B A B 5 7 = HARHIE, 5 1 8 v () i ki AR b AH
[A], s It 5 B AR IE LA A B4 i s L =, XK1
FIIX 55 3 19 A T s 114 28 R ) 2 34 2 30038 T 34 v 1T
e, BRAE X L R I I A e 1 5 AR I, PR
TEAER AL AR 5 B, i KAM & A AF B3 — . 1 %t
T 58 M AR AR 20O AT AR B F I & 5 53 A5 43 R e
1L, NI 1 0 VR KA B b I oA B T KA
FAE AR TE IS FE A 485 T BEAS , 3% 8 B, AR 7R

FLJA R [ 2 B s R A BT A AEEAS SR, T A /N
JEE R FHAE MR T 5 M @ 7 A 45 i kL, TR P
5 FR Ty &t 5 Fa BT 32 A% e e (¥ CDRX 7 35 g — Al
72 i RL A FAFLE H LAGBs B0 8, i 2 X303 1
oA 2 KB ) WP R AL T, e ATTA ot S T
ZEIH I BRSO B i M T e A I T Sl B o K et A
PR RIS . i R 52 e 4 1) -4 ot g PR O B 1) 2245 21 3
LB A FR45 b -

333 {KInZ1a(<39)

FHEE T 9, &1 10 BURE I3 T2l B0 — 20 Tk, for i
FERRBGE A N L 1 R M EE RS A M0t 57 I I S R A% 3
SRR, MU AR RSO i AE 5 BT 22 38 T 4 DR T 7 38 K A
JEE it S ER I kL, 3 B80T /N S R T R DR R P A



T

fe AT AR TR R P AR TEAT Ty e HL s &5 FE 45 LT

. 487 -

2.0

- Point to origin b, Point to origin c; Point to origin ds
) — -~ - Point to point - —-Point to point —~ - Point to point
3 1.6f Znd
o 0.6
Z 20}
g 1.2
B 04F 1.5r
208 ' k '
% . I'/ \ /H‘\ /v/‘\. 1.0F
@ AN P, 02 £ i : N (Y /‘/ \-\ s BN P
5 04r AN N T T “i v s Y 05 /el N T

0.0 1 1 1 1 0.0 1 1 1 1 1 1 1 0’0 1 1 1 1

0 5 10 15 20 25 0 5 10 15 20 25 30 35 40 0 3 6 9 12 15

Distance/um

Distance/um

Distance/um

K9 (h InZAED AT A4 550 C+1 s FIIASUE L
Fig.9 Microstructure evolution at 550 °C and 1 s™': (a) IPF-Y map, (b,~d,) IPF maps, (b,~d,) KAM maps and (b,—d,) the internal orientation

gradient distribution; (b —b,), (¢,—¢,) and (d,—d,) correspond to the cases of the selected grains in region 1, 2, 3 in Fig.9a, respectively

LT B R 2R R B B 85.7% , IR IR A
1.21x10% I H. 42715 f1 FE iy SR B T 0K A1 B2 s 538 &)
3. M 10b, A1 10, H AT B 270N A BE s S0 B X 3k
FEAEALES IR DA BT B ) 22 (13 1, 78 R A8 T
MRBHT K A1 JEE i 5 A 100 /0 AR B iy S 308 0o W WS 07
BRI A e T e, O I Z2 08 18 N A R R A B i 7
PG5 a7 O bR T e IR S B A T 4 B

Bl 10a X350 3 T DX 5 4 (030 & iR 8 LT 7] 52
FE4ii, 28TV deobs [m) 7K F 07 i . AST47 1) HAGBs #
FEAiAF AR AR Bl , N EZ T Bk 99 Il HAGBs 43, [
(0“7 it R 5 4 () . iy » LT iy 54 36 BT 5 {ll HAGBs,
WIE 11af1 116 FroR. ik — AT, boRn it py Ol i 5
[Fa) PSP S A8 0 it 5 P Ak B A e e, BV B HA GBS
VAL TE WL AR T, T OB AR FE I 11a, ] DUF
FURE IR S5 AL V. i SR 5 %5 B v, 24 AR AR SR K,
Bk I F1 FEE i SR AT AT i A A T e B ) 386 R AR SRy oK A
mB At o MAE B 11b, H ] LUE /N 2 b ) L a) 22
10°~15°, IR & A/ A1 & 2 1) KA s S A AR T v
[EIRAS  FRCA A B i 5t (middle angle grain boundaries ,
MAGB) , % W] /N 1 JE fh 5 1) i S 1) ZE 0 I i 72 . 3
TSI W A% 07 2O LRI 8 25 15 45 i (GDRXO H #1 2Y
FHIE.

334 FHAFLELIE

B 3.3.1~3.33 Al i, m g e AR h R AR T
DDRX.CDRX F1 GDRX 3 #f DRX Ll . H DRX ALl 1]
AR EE 12 . K 12a 4 DDRX ALHE LR &, B
F KA i 2 BEASAL (1032 B0, DR i 5 B30 1 67 4
FE T X G A I N RE S o X R AR R R
FE SR AL S S A e A P X B sl , RAE S 5 . 1
S s 2R D /I e S VA 7 N T A G DU PO T~
(dynamic recovery , DRV & ¥ Ji i A 4 i Al LAGBs, 7
LAGBs 1™ i 1) i F 2 (8] T B B4 B J5 0 & A
b7 Wl WA 7 4 5 328 9 % A 9 HAGBs, 95 IR i F T8 VR £2
DDRX /L, EIEERFES] . DDRX ML ER S A
B 52 1) SRR T AZ AN A K

B 12b A 12¢ 7~ T CDRX LRI . 11 12b i
7N T CDRX A RLAE R UG i P T e 24 S B )
P EE B A i, A 2 LA R R AR TR AE 5
DRV 7E J5 4 & A BT T AL £ 40 il F LAGBs. 4R Ji5 7E
BE— 25 AR R R, A WROSORT 7 AR A B 1T R A e e
¥ LAGBs #% 45 y HAGBs , 7 31 i) CDRX #it ki o 7E
m e R I R A B IE R R AE 5 DDRX TEAZ AL
ARABL, AELIX /N AR P o S AE 5 2 KA T I i o ot S
R R B 5 DR I WL T A (1) b AN 2 Bt 8 iR 43



. 488 -

W] B RS TR

555 %

Point to origin b 4 Point to origin C
') —-—-= Point to point 3 —-—--Point to point 3
5
2 3t 3t
<
<
=
g2 2t
3
=
2
=
E ‘ 1}

ALY e 3 S
E s ~ o // N .- % \.,/\.\\ e S e
0 Pl . 0 . e L
0 5 10 15 20 25 70 5 10 15 20 25 30
Distance/pum Distance/pum

K10 (R InZ{EDASTE 26 AF 4 650 "C+10 s I FIZH S AL
Fig.10 Microstructure evolution at 650 °C and 10 s™: (a) IPF-Y map, (b,—c,) IPF maps, (b,—c,) KAM maps and (b,—c,) the internal orientation

gradient distribution; (b —b,) and (¢ —c,) correspond to the cases of the selected grains in region 1 and region 2 in Fig.10a, respectively

21x10%

SAx10% 436107 B6x10°  13x10°  17x10° 260100 3x10°

350107 pm

sax10+ 43107

B6x10° 13107 17x10°  29x10°  26x10° 30

BT B 10a P X353 AIX 454 [ IPF T GND 5]
Fig.11 IPF maps (a,, b,) and GND maps (a,, b,) of region 3 (a) and region 4 (b) in Fig.10a (in the geometrically necessary dislocation diagram,

the green lines are LAGBs with misorientation between 2° and 10°, the red lines are MAGBs with misorientation between 10° and 15°,

and the black lines are HAGBs with misorientation beyond 15°)

KL T2 MR B S

Kl 12¢ SR 7 % —Fh CDRX fbi TR o A S E B
WL PR RO IS DRV FIPE R B, KA 2 U0 Rk
HH LAGBs 2 B FRIE &R, 3% 350 73 R AN B T J5E 4
TR SEAH BT B AR o TERFSE T R R, T
LR AT & P9 7= A TR 17T R AR T ), LAGBs HXUJn) 2234
i K A8 N HAGBs [ DRX dib ki[RI , CDRX ML 1| Bk

A DAVE df FE R A T DLAE & N % 2B 1 DDRX AL B
Tt 5 WL, RAgIR S SRR,

R 12d IR T 5 —F DRX 5 :\—GDRX., #JE
SRR, AN 7K HAGBs (49 18] 5 K RIS, 76 7 A
HAGBs 2 [ &£ DRV /£ i LAGBs [RER W Sk o AR
RREL AT IO, oRL 4k B0 R 4, >4 75 (Ul HAGBs ][] £F )3k
/B 1~2 AN T R T R I, B AT 23 A LR 98, R AR e



#
o
=
=4

AL ZESE e A AR TR R P AR AT Ty S LBl &5 45 LT

. 489 .

a By, ¢ SGR [DRX: Bulging TSR fD?XErELTs -
m <+ GBM | L“Necklace” I
[ i S S | PR —
bl | [ SGR | EDRX’SGR*'GBMl l Dislocations
I atia, ‘I - ‘I «=ss Dislocations cells
y—ot | N T [ m= LAGBs
AU lesMtT [DRX grafns — HAGBs

A [T x. SGR| [DRXSGR™ 7|
L4 e f
I I i | I vt I

SGR: sub-grain rotation
GBM: grain boundary migration

L__ SR, L ____, L_ DRxwns,
dl ™ "GBM __I r———aﬁl E;D_RX_:S@TGBT/q r——Dﬁgam—sl
| =) -
| || || | |
L _— 3 = 4 L_—__4 Lhnchef

12 w2 AR T I R P 3D A 45 S L s =
Fig.12 Diagrams of dynamic recrystallization of high purity copper during hot deformation: (a) DDRX, (b, c) CDRX, and (d) GDRX

57, TV TS GDRX k. 3 L 3 25 [ 2 1
LR A BT R

4 25 i

1) T 5 728 Tk P 0 PRI R A T 2, sy Al R A A R )
1B AR T BT B R R S R BRI . SR TR
650 ‘C N, B AR 175 G 386 58 1) A 48 7E SR VE R R TEA R
NI R, (R A 45 SRR . 2 AR
0.01 s i, ASFL I () GE K, A7 45 78 I T RS 3, s A5
S RAEE A o R AT 1) T hE 2 B AR
IR B, BT RE AN AR AN 0 BAIS, Bh A AL
FRIHE B R %

2) FH A T it AN B A S AR Tl 26, %t 8 InZ Bk /)N
FEE MR . IR, 650 CIX—AF I N,
K IR TV 20 S8 42 40 /0 () P45 e 2L 23 B AR, P 38 fomE
RN 2] 24.35 pm, 41 & THAR A7 BE T R 2R 71.5%, W46
(R BEAR T SR 7E 7 435 i B T 738 B 1) B fin AT PR 7
gE SN, BRI YN NE 5T

3 AR InZ A8 M s BUEHE N, 0 AR T8 2% A4 R 130
A 45 5 L #) L DDRX. CDRX. CDRX+GDRX #£ 45 ,
InZ>42 (11550 °C,10 s DI &4 DDRX. CDRX{EH InZ
fH(39<InZ<42) B} (5 F'F . ML InZ(nZ<39) i J7j i [X
1% £ GDRX B CDRX.

SE K

[1] He Jinjiang({ 43 Y1), Chen Ming(%: BH), Zhu Xiaoguang( 4k %
Jt) et al. Precious Metals(514:J&)[J], 2013, 34(S1): 79

[2] Gao Yan( = ‘&), Wang Xinping( E Jik *F), He Jinjiang({7] 4> ¥T.)
et al. Semiconductor Technology(*-SHA) 1], 2011, 36(11): 826

[3] Liu Linhai( %] #k i), Tan Dingsheng( ik & 4). Shanghai

References

Nonferrous Metals(_ 47 t.4:J&)[J], 2004, 2: 60
[4]Jin Lei(4 #), Yang Jiagiang(#) & 5%), Yang Fangzu(#) [j 1)
et al. Journal of Electrochemistry(FEAL52)[J], 2020, 26(4): 521
[5] Li Chunyv(Zs % if), Le Qizhi( 5k Ji 4R), Bao Lei( F %) ef al.
Journal of Shenyang University of Technology(Ik FH TV K 2% 2
R)[I], 2021, 43(5): 509
[6] Al-Samman T, Gottstein G. Materials Science & Engineering
A[J], 2008, 490(1): 411
[7] Hallberg H, Svendsen B, Kayser T et al. Computational Materials
Sciencel[]], 2014, 84: 327
[8] Li Chunyu, Le Qichi, Hu Ke et al. Materials Research Express[J],
2020, 6(12): 17
[9] Guo Jinming( 58 4 #), Tian Yunfei( H z &), Wei Jianfeng( 5
%) et al. Equipment Manufacturing Technology (B 4% li&F: AR)[1],
2015, 9: 167
[10] Jin Lei(4: 5). Metal Working, Metal Forming(4: )& hn T, 0
T)H[J],2012,9: 44
[11] Molodova X, Gottstein G, Winning M et al. Materials Science &
Engineering A[J], 2007, 460—461: 204
[12] Shen Zhengi( H1 2 #F), Yu Fangxin(£2 J5 #1), Xie Huigen( i
#R) et al. Rare Metal Materials and Engineering(¥i 5 4= J& 1 %}
5[], 2023, 52(2): 586
[13] Liu Feng, Ma Jimiao, Peng Lijun et al. Materials[J], 2020,
13(9): 2042
[14] Zhou Meng, Li Yunzhang, Tang Shunlong et al. Coatings[J],
2023, 13(3): 660
[15] Fu Hongwang, Li Jiaxin, Yun Xinbing. Materials Science &
Engineering A[J], 2021, 824(824): 141962
[16] Zhang Han, Sang Chen, Miao Chengpeng et al. Rare Metal
Materials and Engineering[J], 2024, 53(9): 2661
[17] Liu Shuhui, Pan Qinglin, Li Hang et al. Journal of Materials
Sciencel[l], 2019, 54(5): 4366
[18] Zhou M, Lin Y C, Deng J et al. Materials & Design[J], 2014,



. 490 -

W] B RS TR

5 55%:

59: 141

[19] Sargent G A, Conrad H. Scripta Metallurgica[J], 1970, 4(2): 129

[20] Conrad H. Materials Science & Engineering A[J], 1970, 6(4): 265

[21] Trojanova Z, Drozd Z, Lukac P et al. Metals[J], 2021, 11(3): 473

[22] Wang Menghan( F % 9&), Meng Lie(#: %), Wei Kang(f& %)
et al. Rare Metal Materials and Engineering(%i 5 4 J&#1 Kl 5 L.
FE)[J], 2017, 46(12): 6

[23] Mishra S, Yadava M, Kulkarni K N et al. Mechanics of
Materials[J], 2018, 125: 80

[24] Zhang Fei( 7% K), Shen Jian(JL 1), Yan Xiaodong( = 5 %R)
et al. Acta Metallurgica Sinica(%:J&5R)[J], 2014, 50(6): 691

[25] Shen Jian(Ik 1#). The Chinese Journal of Nonferrous Metals(H
5 .4 )8 S 4R)[J], 2001, 11(4): 593

[26] Rao K P, Prasad Y V R K. Journal of Mechanical Working
Technology[J], 1986, 13(1): 83

[27] Zhu Lixian(2& i ill), He Junjie(f] 2 7%), Zhang Renyin(7K4=4R)
et al. Rare Metal Materials and Engineering(Fi 5 4 J@#1 Bl 5 L
FH)[J], 2023, 52(11): 3931

[28] Huang K, Logé R E. Materials & Design[J], 2016, 111: 548

[29] Sitdikov O, Kaibyshev R. Materials Transactions[J], 2001,

42(9): 1928

[30] Wan Xiaoyong( /3 /)N 8), Jiang Xuan(YL. %T), Wang Xinping( =+
JIK-F) et al. Nonferrous Metals Engineering(15 24 J& LFE)[J],
2011, 63(2): 6

[31] Miszezyk M M, Paul H, Driver J H et al. Acta Materialia[J],
2017, 129: 378

[32]Sun J Z, Li M Q, Li H. Journal of Alloys and Compounds|[J],
2017, 692: 403

[33] Liu Shuhui, Pan Qinglin, Li Mengjia et al. Materials &
Design[J], 2019, 184: 108181

[34] Qu Jinglong, Xie Xingfei, Bi Zhongnan et al. Journal of Alloys
and Compounds[J], 2019, 785: 918

[35] Chamanfa A, Alamoudi M T, Nanninga N E et al. Materials
Science & Engineering A[J], 2019, 743: 684

[36] Wang M J, Sun C Y, Fu M W et al. Journal of Alloys and
Compounds[J], 2020, 820: 153325

[37]Li Jiachen, Wu Xiaodong, Cao Lingfei et al. Materials
Characterization[J], 2021, 173: 110976

[38] Zeng X, Fan X G, Li H W et al. Materials Science &
Engineering A[J], 2019, 760: 328

Deformation Behavior and Related Dynamic Recrystallization Mechanism of High Purity
Copper During Hot Deformation
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Abstract: The microstructure of high-purity copper targets has a significant impact on the quality of sputtered films. This study investigated the
evolution of the microstructure and dynamic recrystallization mechanism of copper targets from the perspective of hot working. The hot
deformation behavior of high-purity copper at temperatures ranging from 500 °C to 650 °C and strain rates from 0.01 s to 10 s was studied
through isothermal compression experiments. The results show that the evolution of the microstructure and the recrystallization mechanism are
closely related to the Zener-Hollomon parameter Z. As the temperature increases and the strain rate decreases, the InZ decreases, and the average
grain size decreases, both the microstructure homogenization and dynamic recrystallization enhance, and the texture transitions from a strong
deformation texture of Cube ND{001}<110> to Cube{001}<100> and Goss{011}<100>. The dynamic recrystallization mechanism changes at
different InZ values. Local recrystallization occurs at high InZ values, which is a discontinuous dynamic recrystallization (DDRX) mode. At
middle InZ value, the degree of recrystallization increases, the orientation difference increases uniformly and the lattice rotates gradually. At low
InZ values, continuous dynamic recrystallization (CDRX) of progressive rotation of lattice and geometric dynamic recrystallization (GDRX) of
grain “pinching” occur. At low InZ value of 650 °C, 10 s™', homogeneous fine microstructure and weak texture strength are obtained. The research
can provide theoretical guidance for the optimization of hot working technology of high purity metal sputtering targets.

Key words: high purity copper; hot deformation; InZ; microstructural evolution; dynamic recrystallization mechanism
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