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New Process and Mechanism of Squeeze-machining for Preparing Bilateral
Gradient Structure Sheets with Controllable Thickness
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Abstract: To address the issues of high strength but low ductility in ultrafine-grained materials, a
unique squeeze tool and extrusion channel design was developed. This design enabled the one-step fab-
rication of ultrafine-grained sheets with a controllable thickness and a bilateral gradient structure
through the combined effects of squeeze, friction and cutting. The numerical simulation and experi-
mental methods were combined to analyze the forming processes of bilateral gradient structured pure
copper sheets. The mechanism of squeeze-machining machining and the influences of processing pa-
rameters on the formations of the bilateral gradient microstructure were explored. The results show
that, compared to the original pure copper samples, the maximum hardness of the pure copper sheets
prepared using the squeeze-cutting method is increased by approximately threefold. Additionally, the
sheets exhibit an excellent strength-ductility synergy: while some ductility is sacrificed, the yield
strength nearly is of doubles, and the ultimate tensile strength increases by a factor of four.

Key words: squeeze-machining; controllable thickness; bilateral gradient structure; gradient
ultra-fine-grained sheet; mechanical property
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Fig.1 Schematic diagram of squeeze-machining for the

preparation of bilateral gradient structure sheets
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Fig.2 The sheet deformation evolution process in
squeeze-machining
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prepared pure copper sheets with bilateral

gradient structure

* 734 -

B IR KCS A R gk 1 R TR iR
NS 12 mm X 12 mm X 70 mm . 1B K2 4l 4l 19
SRR SE 2 110 pm, SEE R A TR AY

B ERE £, (1.0.1.2.1.4.1.6 mm){E Jy 5 i A%
HOHAN TS HE T ES B - k2
FEoR .

F1 BAESHRNED TESEORBUNLERD
Tab.1 Composition(mass fraction) and microstructure

of pure copper in annealed state %

w (Cu) w(Zn) w (P) w (Pb) w (Sh) w (S)
299.98 | <<0.004 | <<0.004 |<<0.0035|<<0.0025|<<0.0025
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Tab.2 Processing parameters and related parameters
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Fig.4 Squeeze-machining 3D finite element model
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Fig.5 Formation process of bilateral gradient sheet
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different extrusion thicknesses



B TR0 W ] o5 AT 2 I 88 B U2 b JE S5 A A B 0T TS LB — ey BR T XCH &

G B o NI R (NSO 2 R G SRS A N [ S N 18
F T 5t JRE 2 0% 88 A, B AR A 1 /N A5 B Sy
ITE

Sk T B b 3R IR S 0 AE AE H R TRBE J 1) 1
EALAE O, B BT B 1 (B 7 E Ak T
T (14 I A% 25 SR A5 3] 45 A4 0 A% 1) AR f AR L A 8
fis. MBS ml LIE ], A A M E] B, 55 5%
JO7 B Ul /0N A B T TR B T Ok /N L B R L
TR 6 B35 B M5 45 200 4% 35 ) i K (H .
B EREE £0, 09R 1.0,1.2.1.4,1.6 mm B, %
KEE N AR A M 5.26,4.71,4.32 F1 3,83,
HELAE B, I fe /N S5 AK0ORE AR 43 5 Ol 3.56.2.84
2.57 AN 1.84, BYFE A A v [A] IX 48, £5% b, S AN
AR VA R TR B ) 2 R B 0% XU B B A

6r 9-tsn = 1.0 mm

0ty = 1.2 mm

5F 90 tsn = 1.4 mm
to, = 1.6 mm

ERANIAE €

) 0.1 0.8 L2 L6
AMBE BMKIEEE dp/mm
B8 FARAKHEETEMMENEWL

Fig.8 Equivalent strain variation at different

extrusion thicknesses

24 FIWMETX

B9 FT 7R R AN TR B 10 R E 2, T B 2 R0 78
RO . TEBFIRTI A TIR a A K ETT b
I AT B Bt DX 3l PRy b R AR A AL R Y e 25
ROV AR AR DX I X — DX A4 B A5 R R B 5T 1D 3
P A8 I B HE AR 5C T {8 AL AR 5 D04 9 9 B
15 B AR BT DT SCHE X R E T R
BB S b O . B B R ¢ 13K
) AR ASL AR Y 28 S8 A AR DX IR AR B AR A, HL
WASE B AR OR 32 B XCE 55 I T X
et -V I i 285 AS E i 2 BUZ B BE 45 K il b
PSS

3 LBERALMN

3.1 NEHEEHNTHRIRERRE

B 10 R THER o208 1.0.1.2, 1.
4.1.6 mm BHEF R OB 1 4. A B R
AR AR AT S T R B H R 23 5 W A A
MBI RLAR . N R 5% R B T 34945 2R IR JL A
JELRE B 50 A L X U B T B -V T2 ]

_ __En
7.5 10.0 12.5 15.0 17.5 20.0

|
0 25 50

(a)t, =1.0 mm (bt =1.2 mm

(Dt =1.6 mm
B9 FARKHEETHEGEHHERRETESH

Fig.9 Equivalent strain rate distribution of formed

()t,=1.4 mm

sheets at different extrusion thicknesses
FEME . FTEE A RUE 45 SR A 3R B e T 205 AR vh R
PEAT T B R L b 592 B8 B A 2 X A
F1% 205 4 5 B P 7 A 07 T 2 T [ A R T N T
SR U AN 22 R Y AR

15 mm

B 10 NEHEHWEMBEENERARR
Fig.10 Macroscopic morphology of sheet forming with

bilateral gradient structure

3.2 EHERIE

P11 i s S AN [ 5% 1 J52 B2 A o 1) <6 A 8 ol
AZ, HH P T IRl A, O AT BT P Aok 20 1 %
IO A U IS B O ) SR B S 2R A M R . AR
oL R AR 206 BUZ 86 B 458 F il R O
AAUE] B A 5350 %0 53 R B - EEEAIE SR AR
JZ G UEAE E A )R . AR BRI R b, B
JE-PEAEARIE 22 N 1) ok 4 Ak 32 235 T 8% s T =L
PR IE N AR . S55 1 5 197 Hr e AR
N 8] 5 38 3 2 Hi, B T BB ST A R
FTEF A | EEABAE A 1l 12228 2 28 Wi 5
— Kk, MY SHARMA %07 [ RF 5%, 25 M 5

e 737 -



REALAR T RE 5 36 % 2 4 ] 2025 4F 4 A

B Head a8 =22 [8] G 1 3l DUl oA 98 4 JEE 4 DX 0k
L. FEMCARPE T AR 3l (9 )5 3 7 22l ik BR
JEE B BHL 7 33k LR B U1 3 A8 I 7 A L3k B 4 45 1
J1 BB A ) BBl g oK e iz 5 i G BE 2 8] Y
RN AT R T i T ORI B 5 R D
H NG T8 i e T BB AR AR I
BEiZ R B D 2 ST V1A T AN b R 5
D17 1 g™ EAAL i B AR ORI 5] . AR )R
FHEE SR B0 A e 58 = DR A A0 R e
DX PR 32 B 7 U 85 U1 9 A2 % 1 2R AE AT X e

e

(a)t, =1.0 mm

-

()t =1.4 mm

B 11

TZ AR AR Y 5 R S B 2 2 3 A
oo 5HABBIEJZAH L, A0 )2 XEUR I T &
N )RR AL B DR O I TR A R A AR
32 B 5 3 AR ALY XU BT IR T L 8 2 3
AT AR EE R A L DA )R P R AR T A
JEfem . I 11 by DLTE A8 WA ), L Al
2 B AR S S B O A B AR A R X
S B A K A I il ROST Bt 4k S 5 0T B N
LI =8 I O N U 7 e i S Y -
F I 2 B BUR AR RO BE A2 AL

e, ~

(d)ty,=1.6 mm

TRFHEETHHEBUAR

Fig.11 Microstructure of sheets at different extrusion thicknesses

12 Jir s Sh AN A 55 1 RS BE R OB A B P B
XU B 2 40 v BF TR - R AR R 2 BB )2 i
PN 2 DL A 2 R AR, & 13 TRl
B - PR AR IR 22 VAT & )25 FRR 4 & )2 T o A b
JERERY ], BE & B R B R3O SR R
JERE B B B AR R R S R Al 2
0 JE B D 3 MR A e i AR A A, S A 11~
P 13 FTHT, BF b JRE B 4 A A5 b A R AR 9
ST R BE AT, b R A AR A B =2 W55 . i
FAUEW] 1B R -EE R E 2 5 A A R R R
23 Bl B R RE A G T . MR R 1
mm Fl 1.2 mm B, 76 A MAF7E A B 5 i 248, dn

* 738

Bl 11a FIE 11b Fros, MAESF R E N 1.4 mm
1.6 mm B, WA a4, XE&EHTHH
JEE RE B 8 ORI A B S P B89 BE E H HE
T ] 24807 A . PRI 3 Ao 9 40 B JRE 3 T kg A
B R AR IR )2 AR i )2 5 A 2 R bR
JE b BB T U BE 5 R VT T2 A A R
JE MR BT A A B m O DR R A
3.3 WML

Ry 1 — 20 53 BT KU M BE 8 T R R AIE X 5%
WIEEH 1 mm WM EWENERZHTT
EBSD %1k, [ 14 J8/R T 5 -BEEA K2R A
T b2 U A 2 RE A0 5 2 R R B (TPF)



B TR0 W ] o5 AT 2 I 88 B U2 b JE S5 A A B 0T TS LB — ey BR T XCH &

15007 oy gr - s 2 14196
13501 I BT
= P
1200 0 #4152 1180. 1

1050
949.2

900

JEBE ¢/pm

750 -

300%

150

FrHEE o/ mm
12 AEFEEETHE EETRE.TERE.
TEREMEBENRENEE

Fig.12 Thickness of extrusion-friction deformation layer,

deformation crystal layer, transition crystal layer and

ultrafine crystal layerat different extrusion thicknesses
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Fig.14 IPF image of the internal microstructure of

bilateral gradient structure sheet at r,, =1 mm
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bilateral gradient structure sheet at r,, =1 mm
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Fig.16 Orientation angle distribution and grain size
change of extrusion-friction deformation layer,
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Fig.17 Microhardness distribution in the TD(transverse)

plane along the sheet thickness direction
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tensile results
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