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ABSTRACT Mg/Al bimetallic layered composites are in great demand for lightweight and high-performance manufacturing
applications owing to the advantageous combination of the low density of magnesium alloys and the corrosion resistance of aluminum
alloys. The bimetallic solid-phase composite fabrication process, in which the contact surfaces of metal materials are directly combined
in the solid state, offers significant advantages in bimetallic composite technology. This process avoids the detrimental effects of
oxidation, inclusions, and other defects that can impact the performance of composite materials formed through liquid-liquid or
liquid—solid composite processes. Temperature, strain rate, and strain are critical parameters in many joining and forming processes of
Al/Mg alloy hybrid structures/components, but the relationship between these parameters and interfacial bonding strength remains to be

quantified. In this study, hot compression composite experiments were conducted to elucidate the influence of heat deformation
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conditions on the performance of the Mg/Al bimetallic composite interface. The experiments were performed at deformation
temperatures of 300-430 °C, strain rates of 5x107°~1 s, and strains of 20%-40%. A scanning electron microscope with energy
dispersive spectroscopy (SEM—-EDS) and a Vickers hardness tester were used to analyze the microstructure, element distribution, and
hardness distribution of the composite interface. The results showed that the bonding interface was not effectively formed owing to the
presence of micro-gaps at a strain of 0.2 or a temperature of 300 °C. Furthermore, the strain rate mainly affected the shape of the bonding
interface, indicating that strain and temperature were the critical factors influencing metallurgical bonding in the bimetallic compounding
process. As the strain rate decreased and deformation and temperature increased, the element diffusion time increased, and diffusion
ability improved. This resulted in a thicker transition region and the formation of high-hardness intermetallic compounds (IMCs)
composed of Mg;,Al;, and Al;Mg, phases. According to this, an evolution model of the intermetallic compound layer thickness in the
transition region, parameterized by the elemental diffusion activation energy, was established. Through the incorporation of the critical
strain required for the bimetal to achieve metallurgical bonding, a diagram illustrating the evolution of the Mg/Al bimetallic composite
interface under various heat deformation conditions was constructed. Metallurgical bonding was achieved through the complete diffusion
of metal atoms at the interface; however, the hardness and brittleness of the resulting intermetallic compound layer were not conducive to
the quality of the Mg/Al bimetallic interface. Therefore, considering metallurgical bonding and the characteristics of the intermetallic
compound layer is essential. Controlling the extent of elemental diffusion allowed for minimizing the thickness of the intermetallic
compound layer while ensuring effective interfacial metallurgical bonding. The calculation results indicated that deformation conditions
of higher temperature (>400 °C) and higher strain rate (~ 1 s') could inhibit the formation and growth of the intermetallic compound
layer while ensuring metallurgical bonding, thus contributing to a high-quality composite interface. The combination of high strain rates
and high temperatures enabled the formation of a fully bonded interface with a minimal intermetallic compound layer thickness,
maximizing bonding strength. The research findings and developed models can guide the optimization of parameters associated with the
Mg/Al bimetallic joining or forming process via plastic deformation.

KEY WORDS Mg/Al bimetallic; composite interface; element diffusion; microstructure; thickness evolution model
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Table 1 Chemical composition of AZ80 magnesium alloy and 6061 aluminum alloy (mass fraction) %
Materials Mg Al Zn Mn Fe Si Cu Cr Ti
AZ80 alloy Bal 8.9 0.53 0.20 <0.01 <0.01 <0.01

6061 alloy 1.0 Bal <0.20 <0.15

0.41 0.58 0.30 0.30 <0.02
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Fig.1 Schematic of the Mg/Al bimetallic hot compression test

B2 Mg/Al XSGR AEA ARSI S IEAEE . (a) FILR1ERE

(b) 20%; (c) 30%; (d) 40%

Fig.2  Sample morphology of Mg/Al bimetallic hot compression at
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Fig.3 Morphological characteristics of the interface formed at different strain rates with a deformation temperature of 430 °C and a strain of 40%:
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(a) 20%; (b) 30%; (c) 40%



T A A Mg/AT XU Ja [ AR 52 45 BT R i 5 1

2221

AZ80 Mg alloy

Unbonded interface

v

6061 Alalloy 20 pm|

Microcracks

6061 Al alloy 20 pm

AZ80 Mg alloy

AZ80 Mg alloy

Microvoids

. W

B aps -
. _Eors 'u)‘

6061 Al alloy 20 um

B 5 AWENR40%., RN 107 s, NRASEIRE N E A F i IESHEE. (2) 300 °C; (b) 350 °C; (c) 400 C

Fig.5 Morphological characteristics of the interface formed at different deformation temperatures with a strain of 40% and a strain rate of 10" s":

(a) 300 °C; (b) 350 °C; (c) 400 C

FRATEIRE J 300, 350, 400 °C B ()45 & F g
SRR, W] LLE W, 7E 300 C AR TR IR E R, B4R
TV i35 5| 40%, PN SE AR Z [T IHA 29 5 um 1 4%
B, AR A BN LS ARE. BEE IR TR, Mg/Al
ST AL H 2 B A8 R A B SFL R, o O XA
A . Forh ) BT S(c) H R S TEDE S0 BT AR
HELAE 22 ity 4 Ja 30 Ao SR 1b 2 1 24 S0 B 2 2 il Fn T
RY HOE B w), W2 10 Sk T DL oo A R
O3 TR G5 A5 T A AN, BELAS TR 0 DR AR X
PH, 1 R B B S 285 DI N A LT
22 AEAEREZGTEERANTESR

% BB gk — 2 A A AR RN AR R AR Y
AR TE 5 B X &4 42 T8 45 4 T2k U IX 4 AE 1 5
i), B2 5 0 ek U DX T R RTAH 4 . B 6(a)
Jiw, LASTE it 40% ., 1 A2 #6107 7 DL K AR T iR
J& 430 °C & AF T 12 AR R B 21T 20 B, 1% 5%
PR B E A B A A RO B SR B UK
YO I X 4 ASAE S (917, %27, 937, “47)
PEATHH, A5 B0 AV 9 T 2K AL R, a2 2
B . H RE 1S 43 AT 45 S mT 0, 3 B A 5k 9 IX 32 2 e
B L VA AR (8) FI Mgy 7 AL, (y) ARZEL AR, 3T 4500 5t 9%
X = 2 AR L B A (o) B Mg, ALy (B) AH 41 %1,
Horp Mgy,AlL, HF Mg, Al MR T4 R RIL &4

WA 52 A R LT 09 OWE 3, o A IX R
AR SRR, B KR RIEHEMEEX, C X
BRI RN P X, D X I R 45 A 4 A Xt
1 P XY SRR AR 2%, & BT 40 I 5 3 X R R K
T X, 33X DR Sk AE N 4 e T R
P BN HEAT BT 45 AT, AL Mg, AR K R A
T AlpMgy, AHU AH R G &2 A i) 8] A 40 0 3
U IR A RS B BT R SR P I AR AN S X
PEAT 3 R I B R B £, ARAT T AN E 6(b) TR 1Y
S THLAS [ DX 8 1 °F- 24 0 B AR AR it 26, AL BL C. D
DU A DX 355 310 % 7 1 31 22 4 G0 B2 (290 68 HV
336 HV, 341 HV. 66 HV. i J& X 1k B F1 C XJ [ 1Y

Tranpition region

b\

AZ80 Mg alloy 6061 Al alloy

400

(b) B(S+y) C(a+p) D(Al alloy)
A(Mg alloy)

w2
(=
(=]

200

Microhardness/HV

—_

(=

S
T

915 ;10 !5 0 5 1I0 15
Distance/um

Bl6 AL 40%. NAEARN 107 s AARTEREL A 430 C HikhE

A PEX. (a) S BROWIE S (b) A6 DX R B2 431

Fig.6 Interface of the transition region (outlined by dashed dark lines)

formed at a strain of 40%, a strain rate of 1072 s', and a deformation
temperature of 430 °C: (a) SEM micrograph; (b) hardness distribution of

different regions

#£2 EDS SICEMT4

Table 2 EDS point analysis results of the interface transition region

At fraction/%
Number Possible phase
Mg Al
1 7427 25.73 Mg+Mg;;Al),
2 50.36 49.64 Mgy;Al,TMg,Al
3 40.22 59.78 Mg,Al;
4 2.77 97.23 Al

HE QA (T & T AL D BRI DCIURE 2, 330 W] 2ot
T8 DX I [T AR, a1 <6 s TR AL ) B AT i 7Y
F1% g Rl 2 AR IE . X 7 HC At Mig/AL A2 45 J T R F 5
A A BE S, RIS 5 o A v P <6 i DT A



2222 -

TRERHEZR, 5 46 8, 55 12 0]

PH, PR RS 3 A AR, RO T
R R4 VY 4 R Ak & 4, 1z i 2= 31
Shy v s 5L R TR RIS ) e S AR A R
S5 A PSS AR EE. NI, 75 Mg/AlL R & 48
il & T2 b, T B A A S i A Y DX R A Y
JELRE R4, DI S B R A7 1 W 4 R 2 A T i

B T % B AR N AR R | AR T i MR R R T
g5 4 PLTDE SURRE, 8 75 B0 & MU HX = AR
T S5 50t 3o W IX o0 3R 43 A AR 28 g 1R . 1B 7
HATE IR FE 430 C | B TE & 40%, AN TR N A8 H8 55
T HRLE JE A R A A R o R o A i 2. i B
AL, FERTA NEAR R BT Ak o0 2 0 AR Ak i B
AH TR, 30 56 A 3k 90 DX B8 o 28 VA B e o, IR 0 5 0
6B 0 2 B RIS, R T 3R MR B E A A i (E AR T
B, AR R 107 s f 107 s, TR
AR TR Y BN A AR, — 2 DXk P 6 A48 I 1
B T — [ A, 3R B Oh 7 W AR Ak il £k v
T2 R A B B RS- 5, &l 7(a) AT (b) H i 1A T
X, X% X 5 EDS &0 ER 00, i H o0 o g
33 3 XY Mg, Al AH T 55 005 3 X1 Mg, Al

(a) 120

100 |

80 r

60

Atom fraction/%

40}

20

0 T R - :
=15  -10 -5 0 5 10 15
Distance/pm

(c) 120

RN
100 | oo

80 r

60

Atom fraction/%

40}

20

0 L~
=15 -10 -5 0 5 0 15

Distance/um

AL F3AME TR TV X 0 R R B 2R W AR 1, %
A B S R RO L, X B 43 5 R B 2 R
TR B FE R Xt e & B, B AR R (1) N 42
JEEAE WA B, (A RE SRR &G,
023 T U T 10 0 o 3T 4% . 3K -t DA A T 146 B Mig/ALl
O A B Ao U X E AL HLERDS LRI — B IR T,
VA0 35 44K 4 J8 T 25 It A IR [ 3% 34 A B B, T AR
PR [ A, > R D e L s B [ A, 4
JE LA 2L

TERNAERR 1072 7 ~ 1 s Z ], il i X & 7(a) ~
(c) TICE M EFHU BUE A H TR, B
ST DRV BE 43 298 17.35. 993, 6.89 um,
WE 7(d) BR300 2 8 DX 00 R B Bl A 1 72 %
) e 1T 98020 . 6 T () A8 T o A I 2, in 288 1z A
R e IO R A S T R RS [ A, o AR
RN TR ME L 5 BOY R 0 S P X, 5
AN B A R E 428 TRk A W i 2 R0

2 R BRI 3o A% i U X T R YRR 5
Wi, [ 8 MAR T IR B 400 °C . AR K 107 s, K[
AR i A4 2 A IR TC R A 2R, 24 Mg/Al

(b)120

LLmw,

100 |

80 r

60

Atom fraction/%

40}

=15 -10 =5 0 5 10 15
Distance/pm

—~
o
=

V) Transition region

—_
oo [\
T T

N

Transition region thickness/um

Strain rate/s™!

B 7 AR N 430 C. 28Iy 40%, AN[R]A8 2R 52 A R T AL Mg JTEZ B9 8028, () 10257 (b) 10" s (c) 1575 (d) 1P X &4

lod

Fig.7 EDS line scan diagrams of Mg and Al near the composite interface at different strain rates with a deformation temperature of 430 °C and a strain of
40%: (a) 10%s7"; (b) 107" s™'; (c) 1 s7'; (d) thickness values of the transition regions



T A A Mg/AT XU Ja [ AR 52 45 BT R i 5 1

- 2223 -

MR A o R B AR B 1 2 20% B, Qi 8(a) BT,
T RS2 G B AR T8 &l /s, 5 w0 4 s
BB 5E 4x il i A A R 2 0K 2 SE o e Mk LA S B
WM A, I BT R Wk B AR i X, B
I 3 IR B B N T R MR R I BE A, X 5 & 4(a)
FH H B T AR B Y TR A REAE — 2. T 7E BT 8(b)
M (c) H 30% F1 40% 75 Y & (4 % F T, EDS k5
0 ALFD Mg oG 3= 47 B 400 1 30 4 3 0 o O
X, MR 29 13.56 ym., 15.21 pm, 3 H# &
T IX(BE 2 [ AR ) | I IX (Mgy,AlL, A7) L T X
(Mg, Al A7) I TV X (R 55 B 3 AR ) 21 1. He kAT
U, AR TE 1 F A4 o if A 4 A LA i
GHEHAEEEN, MESEX BIE, BIE &
o2k Y DX ) 7= 4 G B S8 RS2 L 5 A0, A TR R A SR
T KM AR Y ] fig 8 o) 8 0 4 s 2 A B ) 41 2k
i ¥ X JE . Tayyebi %5 29 1E B 5% Al/Cu/Mg £ 2
MR BEEL T E A, kR AR AUE Bl T 4
J& AL AW 2T A%, T 3 U X 252 1 TR 1) 5
BN,

P i X e Y DX JRE R L N AH 28 1) 5 i)
WAE R U, B9 A TE & 40%., N AE% 107 s,

(a) 120

100 |

80 r

60 r

40

Atom fraction/%

20¢ Micro-gap

0 m
-15  -10 =5 0 5 10 15

Distance/pm

(c) 120

100 |

80r

60 r

40

Atom fraction/%

20

0 T
-15  -10 =5 0 5 10 15
Distance/um

AR TE BT B4 JE MR A BT T R Y
R FH O A 4R YA R IR R 300 C B, 5
Kl S(a) AHIR A5 10 T W FEEDE XN, T2 &R
AT AU 0 200 4 DX sl 3 ik, A7 76 BH I8 4 B X6 07 1)
TCE 3 A th Ze an 1l 9(a) BR, 4% Bt W60 i) o R 1%
HEREABY B, MARIE R EAT IR 4456 R IE W
T IX . YRR 350 °C I, G & 9(b), F e
T HEICR WX 5T RS E X, 7L EX A
BEIUEM LT 5T R W T B H I EBE,
W IX 58 B Kb o6 28 1k B2 A L 300 °C I B S 4 v B
IR W — 20 T, AR R IR EE S 400 °C
b, ST A XA, I L T R AR B R B B
R BRI AR A, BT T X (Mg ,Al, A8) AT X
(Mg, Al A1), 78 T 55 O T 56 0 3k 3 IX #4026 Bl T
o &g i &2, WE 9(c) B, X ol I X
JEEEGEH T, 45 AN 9(d) iR, 350 °C #1400 °C
U T 2k P IR R 435 R 5.69 pm, 8.43 pum, i P
DX JEE bt A2 5 JL B 1) T v o R . 2 rE R 0
D i JC B P HONL R S B 4 A, T E N T R
PECRE 7 B W AR, kA iR R AR R T
P HOHOE RE, Tk AR A R 25 A T I P X P

(b)120
100
80 [

60 r

Atom fraction/%

0 1 T 1 : ;

Distance/pum

V) Transition region

oo}
T

~

| Interface not

bonded

O a /|

20% 30% 40%
Strain

?
%
/
%
%

B8 AIBIEEE R 400 °C. BAERN 1072 s, ARSI R0 & S HHHE Al R Mg JCE P BIHIZE.(2) 20%; (b) 30%; (c) 40%; (d) 3T X A HHIRBE
Fig.8 EDS line scan diagrams of Mg and Al near the composite interface at different strains with a deformation temperature of 400 “C and a strain rate of
107257 (a) 20%; (b) 30%; (c) 40%; (d) thickness values of the transition regions



2224 -

TRERHEZR, 5 46 8, 55 12 0]

(a) 120

100 |

80 r

60

40}

Atom fraction/%

20
Micro-gap

=15  -10 -5 0 5 10 15
Distance/pm

(c) 120

1L,

100 |

80 r

60

Atom fraction/%

40 1

20

0 n . T :
-15  -10 -5 0 5 10 15
Distance/pm

(b)120

100 |

80

60 r

Atom fraction/%

40}

20

-15
Distance/um

—~
o
=

V] Transition region
L1 MgAl

—_
(=)}

Transition region thickness/um
oo
\

—_
NS}
T

~

| Interface not
bonded

300
Temperature/ C

B9 IR 40% ., RISy | s, RIRIZS I AR A SR FHE AL AT Mg ST R BIZR. (a) 300 °C; (b) 350 °C; (c) 400 °C; (d) 1 JEIX 4541

R

Fig.9 EDS line scan diagrams of Mg and Al near the composite interface at different deformation temperatures with a strain of 40% and a strain rate of
157" (a) 300 °C; (b) 350 °C; (c) 400 °C; (d) thickness values of the transition regions

PR, AR TR EE | AR I a0 AR SR S AR T A1
XF Mg/Al A4z J& 524 ST W DX AR B e B A G
T2 B AR R L AR TR R B 0 R AR R i R T
1, W4 (] T 2 Y HOnT Rl K PHLRE ) 1,
i B IXR R BE S RGN )k TR T Mg4AlL,
A AlsMg, 40 42 8 RIL &9 2. Hoh AR e
MR R U e B R &4 A ktES
0 B PR 2, N AR R AR T o ) R A e R A
A )Xo e 8 DX JEE R i b k44 E .

WEFENE, RRGAN N L& M0 s
Ja& T R B AE LT O 4R e AT 2 A BOR  (HH
1SRRI % 4 T [R] 46 B 1 R e AH 25 BRI
HERmEE, gmEGRmsama>" 24
RN R EGAZEMN IR EER, K oRY
PO T A 18 T L A

3 EAFRERHUENKE

S AL U ER B T O R ST 2 A RS
15 T 56 R R A BV A, e R e TR AL S
JER BB E T A A R AE S PERE, I, Xt
i P DX 4 J 18] Ak & ) J2= 5 B B T A AT T, A

B 38 2o A A% 1 O 4 52 ST B AR 40
W58 AT AR 0220 20 RS i ) i 45 2R o 9 IX
& J B AL 5 0 1 R R S T I i) 22 1] ) 5 2R IR
IIRY/ES-35Ke N NT N ST R aSE
d=kt" (D

e @ S X G Jm AL G YRR, um; k24 JZ (6]
PRI, pmes™s n Y HEEEG « WOTR LY
FRRF ], 5. 25 BB B 40 5 A i R e, 9O R
8] R BOR A At 5 A2 R A, R AL A 0N .

d=k(g/e) 2
Aol e HELE A 1Y SR TE i e 02 2800 A2
K,s LT EGERET, SURY R, ¥BEE
AE -5 1L =2 8] 3 2 B[ 42 2 5 1 (Arrhenius) K&, J=
]9 TR Bk AT Tk N

kzkoexp(—l%) (3

e ko Y BOR B umes™'; Q2 E YOG
BE, J'mol™'; R 218 A M H %0(8.314 T'mol "K™") ;
T NPT 2R, K

gi b, RS ST SRR X 4 R [ A S



T A A Mg/AT XU Ja [ AR 52 45 BT R i 5 1

- 2225 -

%E‘EJ—EE@;%/\%

d:koexp( 2\ /ey )

&)
X2 2(2) A1 (3) A 2R % B I 200 o) 2%
ZNVSE

Ind = Ink + nIn(g/£) (5)
SR
lnk—k0+ RT (6)

AR AR (5), In(e/e) (B Int) 5 Ind iy 5 & W
F 10(a) A1 (b) BT 7, $04 26 A BE R LR I HBILHE 5L
n WA, XFF Mg,Aly 4 n 2k 0.167, T XF T Mg,,Al,
FH n A 0.302. W AR HCHE £ - S {E K 20 0.235,
5 yu & IR 4 R AL A ) 2 TR AR 1
FEH(0.263) 88 —FL.

RAEAR(6), Ink 5 1T 19X Z & 10(c) F
(d) 7R, HA B R RN 43 51 2 25 —O/R F Ink, 1)
B, UL, 2 R 5OB S 68 O AP #H L ko 43 3
4 3.651x10* J'mol ™' (Mg,Al; #H) . 3.812x10* J-mol’
(Mg, ,Aly, #1), PA K 1.035%10° pm-s™' (Mg,Al; ) .
0.586x10° um-s ' (Mg, ,Al, A1) . H1 3158 45 5 v %0,
Mg 78 Al &R 7 85007 7 v iR 09 3006 B = T Al

2.0

(@) w430
2400 C
15k 8350 C
E —4
= s
S10f - E o
= o
k| o
e
0.5} ./i
0 1
1 2 3 4
In(#/s)
0.8
(©)
0.6 -\
T 04t \
£
=
= 02}
=
0 L
702 1 1
0.0014 0.0015 0.0016
VK

£ Mg ZAK b, Mg,Aly A e Mg,AlL, B %5 5 T %
M Mg 76 ALZEAR T 3 8UH 20K T ALTE Mg B4k
o, UL Mg, Al M H Mg ,AlL, BB B R A9 A KR
J&, ARG 4538t 7E HoAth Mg/AL X4 @ 7 HiE 42
B2k 043 TS TR A5 2 ELIE.

PRI, 3k U X 4 [R] 4 & ) T 2 Vi b A R ]
TN

3.651x 10*
dmg, ALy = 1.035><1O3exp(—R—;)(8/é)O.167 D
3.812x10*
drig,; Al = 0.586 % 103exp(—T)(8 /0302

(8

BT IX 4 ) Ak B ) 5 T AR AR R 0 50 (7)
A(8), THAAFE] 10787 IZEFT Mg,Al; Fl Mgy,Aly,
AF B JE 85 i 15 52 R0 A8 T a5 10 78 Al I AR g ST 2 45
XF AN 11 fros . 45 R R B, BEE IR T m B0
52 A B )Y ZE K 5 I X Mg, Al #H Al Mg, ,Al, A
JEREHERAT BT HGN, £F -G T 2 ) B AR T 2 K
BRI, UER T Y BT TSR iy TS A B

A H B 5T 45 R 20, 24 ALF Mg iR B
AN, ) 0h 2 kL A T AR AR TR 1 R T 1Y

2.0
®) 2 430 ¢

= 400 C
1.5F w350 C

o

In(d/pm)

//'

/'

3 4 5
In(t/s)

4
[

1

d
-0.2 -( )

| =
"\

~0.4t

—0.6

In[k/(um-s™)]

-0.8

-1.01

0.0015 0.0016

TLI/K*I

0.0014

B 10 I IX (a) Mg,Al; AN (b) Mg7Al, A1) Int 5 Ind BI5CFR; (c) Mg,Aly AHFT (d) Mgy ;AL AHEY Ink 5 1/T B56 5%
Fig.10 Relationship between Inf and Ind of (a) Mg,Al; and (b) Mg;;Al;,; relationship between 1/T and Ink of (c) Mg,Al; and (d) Mg;;Al;, in transition

regions



- 2226 - TRERRAE, 5 46 4, 2 12 4]
6 4 -
Mg, Al;-Predicted (a) Mg,Al;-Predicted (b)
g = Mg,Al,-Experimental g = Mg,Al;-Experimental
S 5¢f a3 ‘ 2 |--- Mg,Al,-Predicted
2 - - - -Mg,;Al,-Predicted ] = Mg, ,Al,,-Experimental
g 4 " Mg,,Al,,-Experimental % 3t
2 £
g3 ) g
&n &n
= Sl
£ 27 g
Z Z P
S 1r s .
= = ,
1+ ¥
320 340 360 380 400 420 440 0 20 40 60 80
Temperature/ °C Time/s
B 113X Mg,Aly AT Mg, ;AL , AHEEEERE (a) S A IRBEA (b) 524 A a] A4 5230 I k(- S5 AR Bt (% He
Fig.11  Comparison between measured and predicted thickness values of Mg,Al; and Mg;;Al,, in transition regions under different compression

conditions: (a) temperatures and (b) holding times

RS I o B 5 78 TP (93 O, — J7 1T SR AR D] 5 T
PLAR T T 28¢5 55— T v, 5% R 14 PN 0 < Jel s 2 i IR
e S B 1 23 R AL . A AT <6 T 3R T FE 3 i 2
HiJ, Mg/Al XU i S RITCIE S BGA B45 G . R4 Cooper
S A T 45 B Y, XU Jm BT U6 R A
BB O E— DR R, W TR e meEa
G RAUL, Pl SR iR o 3RO

298
nal = (SOOOOxreqxcoweqXT)'{ 9

298
r]Mg:(30000><req><cosgoeq><T)-{ (10)

T reg AUFOMUBE B w55 5 1935 7 AR, pm, A LA i
FERE 32 I 5 5 e S HELRE 48 B R v AR £, (°) 5 ¢
RS BT AR R R AR AR I ) e 4 R A AR i SC
ik Mg/Al B4 8 525 T SZHUME =20 pm, pe~
0.2°, {=0.6. 445 JE i B SR 400 °C B, X%F T AL Al
Mg Ml 4 J& % HE 16 4 45 5 W e A2 T 5 nag F1 g
351k 27% F16%, BP0 2 18] i B K AEL, BRI %
T AT AN T 27%. 3X 5 S g0 45 2R —
2, RIS AR TE Ry 20%, S 10 00 45 I8 R BE 7T 40 15
fil L SEBUA AR G, WA AR TE 1S K3 30% F1 40%,
Mg/Al W4 J8 S TR 4545

4 MgAINEEESHRERETN

R AN [ 0 A8 R A I 5 R B A% R XL
J& 5 G ST OWUE B AN TT R B HOCRRAE, X S T 45
BRORBEAT VY, 7T 2 5 R B, 23 51 PN 5
PRI 0 2 . 5 AT A B A B A AL | S i
FREFAVPERELEYZ. BESRELEY
JZ . PSR AR R 2. AR A AR 5C SCRRR 52 36 25 5 7y
B, B BRE S S A A SV AR I 12: Mg/
AL R4 J 38 1 BB AR T LA 2 B 3R I ) 5

fit, FEAE R BT AT P R A A S S
TAT 5 e PR S Tk B 0 R T HORG BB, 0 T
¥, KA BE R JC 2R AU AR ELT T80, DRI LB S ]
VR A T B e 131 98 A Sy 3 R o3 B 3o 9 X B AR
A7 (0 28 T 15 2 P, 050 e R 2 AR B 1 I 1] i
L ER R L, S I DN W TR, 8] A
ol <53 Jos 4 Mk 9 45 45 A SRR RE 1 < IR AL S R

E‘ ;{, Al { Transitio
% I Mg 4 region |
en YAl S
£ e |
] IMCs- Mg I
=]
I
= Oxides !
Mgy N |
|
H |
I H 1
'Breakage of 'Fresh metals Diffusion of IMCs
oxide layers  contact elements formation
Bonding process
B 12 WU w2 A i RS A s AR TR R
Fig.12  Schematic illustrating the evolution of the bonding interface

during bimetallic composite processes

BT Xu S AR, XU Jm PR 40 52 Bl G 45
A IR BE -

sz/lexp(R—QT)s (1D

A, A R TPIRZS W B, O, IR &5 A 1
WHRE, Al DUE B AR B &4 T IR BB it
AL, S i R RE RS R AR I i R ] R A B T
PO X Jwif A A
i, T RS YRR diye, B
PIRGAE Y S B A, 2 (4) g fe R
R

dIMcs=k06Xp(—I%)(g) (12)



T A A Mg/AT XU Ja [ AR 52 45 BT R i 5 1

- 2227 -

LR AU, &R B A Y )2 EIR AR TR R
JE | RARTE A R AR BN AN S TR R K.
TR, S LS Ao e iR A B oA &
SERIG A A G, SRS 2L L 4 TR AL A W )2
A R i 1 AN ) Mg/AL WL 4 @ A T 45 A T, T
D EEGH R es a6 56 MmaeEnis iz
PO TR R B SE ot AP T R RO R B, AR SE
SR 4 45 G W TR I, AT RE D 42 8 IR 1E 5 )
SRR

T Wb A B 3 4 T B T 45 A R A B AR T
AR AR A, LA S (7) F1(8) THA Y 2o U IX 4 )&
4L G W) BRI divies(dwg, an 1 dyig, a1, ZF1) , EA
L2 A (9) T (10) 35 1) 45 A e R =
n(nay F g ZEEERF) RTa b5, 22 Mg/Al W4
J& 52 6 5L T RE AT Bl PR T 2% AR TR B O
AR TE 6 O AN 13 iR, JBR R AR B
i 50% AT, Lhg g A& PR B dives A1
SN B BUHE Br B A S T RRAE 8 AR TR e [
AT, 7 U R R, AR AR N B R 46 ) ]
b5 W JE B B K. 3k 5 S e vl R A — B, 1
W 4 )i (B 16 A 0 W T8 A it B 2 3 ) 22 i il
TR, A i R R R R A R e (R B T A R
[ 165 9 J2 I BRI . T S T 25 6 1Y i A8
ot AN 32 AR RS2 e, R R T ek s, R
B S B AR TE R BNG A A5 A B bR TEAE AT DA

-
BA.

n/%

0
—-0.25
—-0.50
—-0.75
—1.00
-1.25
—-1.50
-1.75
—2.00
—2.25
—2.50
—2.75

-3.00
330 350 370 390 410 430

Temperature/ °C

B 13 Mg/Al 34 JE 5 A SRR REAITE S A1 &
Fig.13 Evolution of Mg/Al bimetallic composite interfacial

lg/(strain rate/s™")

characteristics under heat deformation conditions

WA 13 KA IR R, AL A 4 ) T 1k & )
JRIRRE fe /I, LT 25 it fec b AR, 5 R )
S5 AR AR BE (<350 “C) FImg AR R (~ 157,
BT FL I A5 A Bk SR R TR (9) A (10),
REEE A I AT i g T AR R B 5

AT hE, Ul WY R AR Y IR B DX ) 45 5 T
KAZIE A R 52 IR & 4565 o3 MR XA F) T 57
HI 3 S IR AR TR B A, SO A G R AT

BRI, 5 3CHik [4, 14-15] % T Mg/Al B4 @ &
A B I PP AL — B, B IR (3400 °C) VRS R LY
AR~ 18R AR 6 AR IE Mg/Al
WA B GROR. SR, B IR £ (5430 C) &
T Mg/Al X4 & 525 ST A A T B0 3 i SO A
9 b 35 125291,

SRR E, 1Ym0 2 AR L B 2
AR S R4 AR Y B S ERIEIR &4 A
B, 100 o B e 4 Ja ) Ak 5 4 B TR A R R, DTG 52
B Mg/Al X4 & BT R A 25 4 RO

5 #ig

ARSCH R T AR AR Y B L R AR RN AR i
T Mg/Al W4 & AR 46 52 A 5256, ot H
BE BB T ASCRN 4 [T A B A AR AT T 52 G S A fHOU
TEA . JCFR FNRE BE (1) 53 A L, 45 & 52 & LI ARAE
B P AR T 2% A A R, X 4 R 45 5 L B A
RICR RS2 e PR R AT A, A5t A 4518

(1) Mg/Al W4 J8 2 A RORZ IR 2B IE & A
N AR 3 2 Tl AR B S5 A B s L, 3k /N AR T B (20% )
s AR AR B (300 C) R, 454 i i T L 4%
WA AT RS, TN R HUX 2 G T R AR R
YRR, U6 BTG i 52 A 12 v AR JE i LR 2 T
FER GBS G5O

(2) Mg/Al A4 J& 38 1 = IR 0E ST R 1L, B
B LB B TS A R B AR DL B Mg ,AL, AH A
AlMg, #H 4 J& () A5 W) )2 4018 0 2o 8 X, v i) 4
J& [ A5 W) 2 0 R B 3 i T B E B, XA
STH S 5 5 BN R B AR ARG | AR Y
PFIZS T R B T e, ST R B [ K T HkRE
Bt aob U DX EE R TN, B R T v 4 R (Rl Ak
GWE.

B HLBEERET T LRSI E
VALY, JE80 8 TR 445 A G AR Y i, A
B ST b 22 ] Mg/AL W4 @ &2 A 5 T REAE B AR AR
B 4 A A, D57 & B0 /= T (400 °C) AR
FASR(~ 1s) MABTEE O X S7ERIER 4
S5 G IRV sF, 400 ) RS i A 9 T A RN R, AT A BT
R G 52 5 ST ) S

2 % x #

[1]  Zhang T, Xu H, Li Z J, et al. Development and present situation of



- 2228 -

TRERHEZR, 5 46 8, 55 12 0]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

laminated metal composites. Chin J Eng, 2021, 43(1): 67

(kI Vi, 2R, 45 2RI = SRR A S R S BUIR.
TRERREAER, 2021, 43(1): 67)

Oberhausen G, Cooper D R. Modeling the strength of aluminum
extrusion transverse welds using the film theory of solid-state
welding. J Mater Process Technol, 2024, 324: 118254

Li G Y, Jiang W M, Guan F, et al. Preparation, interfacial
regulation and strengthening of Mg/Al bimetal fabricated by
compound casting: A review. J Magnes Alloys, 2023, 11(9): 3059
Liu T T, Song B, Huang G S, et al. Preparation, structure and
properties of Mg/Al laminated metal composites fabricated by roll-
bonding, a review. J Magnes Alloys, 2022, 10(8): 2062

Qin Q, Deng J C, Zang Y, et al. Factors influencing the combined
performance of hot-rolled bimetallic composite plates prepared via
hot compression. Chin J Eng, 2018, 40(4): 469

(Z 1, XA, ST, 5. K 316L/Q345R &AL A HERE.
TRERLEAER, 2018, 40(4): 469)

Li X H, Sun W X, Li X P, et al. Research status and preparation
methods of Mg—Al alloy layered metal composites. Mater Res
Appl, 2023, 17(4): 636

(BN, VA, ZEI0edl, 45, BEER G & 2 IR SR FE BUIR
SR, MRS R, 2023, 17(4): 636)

Li Z X, Rezaei S, Wang T, et al. Recent advances and trends in roll
bonding process and bonding model: A review. Chin J Aeronaut,
2023,36(4): 36

Negendank M, Mueller S, Reimers W. Coextrusion of Mg-Al
macro composites. J Mater Process Tech, 2012, 212(9): 1954
Wang Y P, Liu Y H, Pay S D, et al. A study of solid-state bonding-
by-hot-deforming mechanism in Inconel 718. J Mater Process
Technol, 2021, 295: 117191

Zhao Y, Lu Z P, Yan K, et al. Microstructural characterizations
and mechanical properties in underwater friction stir welding of
aluminum and magnesium dissimilar alloys. Mater Des (1980—
2015), 2015, 65: 675

Zhang T T, Wang W X, Zhang W, et al. Microstructure evolution
and mechanical properties of an AA6061/AZ31B alloy plate
fabricated by explosive welding. J Alloys Compd, 2018, 735: 1759
Bi X L, Hu Y J, Li R F, et al. A novel method for preparing
Al/Mg/Al laminated composite material, processing maps and
interface diffusion analysis. J Alloys Compd, 2022, 900: 163417
XuY, Ke L M, Mao Y Q, et al. An innovative joint interface
design for reducing intermetallic compounds and improving joint
strength of thick plate friction stir welded Al/Mg joints. J Magnes
Alloys, 2023, 11(9): 3151

Xu X, Ma X W, Yu S B, et al. Bonding mechanism and
mechanical properties of 2196 Al-Cu-Li alloy joined by hot

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

compression deformation. Mater Charact, 2020, 167: 110486

Yu J Q, Zhou W B, Zhao G Q. Influence of strain, temperature,
and strain rate on interfacial structure and strength of
AZ31BMg/6063Al formed by plastic deformation bonding. J
Manuf Process, 2021, 65: 299

Wang P J, Chen Z J, Hu C, et al. Effects of annealing on the
interfacial structures and mechanical properties of hot roll bonded
Al/Mg clad sheets. Mater Sci Eng A, 2020, 792: 139673

Zhu C C, Xu S W, Gao W L, et al. Microstructure characteristics
and mechanical properties of Al/Mg joints manufactured by
magnetic pulse welding. J Magnes Alloys, 2023, 11(7): 2366

Liu W S, Long L P, Ma Y Z, et al. Microstructure evolution and
mechanical properties of Mg/Al diffusion bonded joints. J Alloys
Compd, 2015, 643: 34

Polyakova P V, Pukhacheva J A, Shcherbinin S A, et al
Fabrication of magnesium—aluminum composites under high-
pressure torsion: Atomistic simulation. Appl Sci, 2021, 11(15) :
6801

Tayyebi M, Adhami M, Karimi A, et al. Effects of strain
accumulation and annealing on interfacial microstructure and grain
structure (Mg and Al3Mg, layers) of Al/Cu/Mg multilayered
composite fabricated by ARB process. J Mater Res Technol, 2021,
14: 392

Li Z, Zhao J W, Jia F H, et al. Interfacial characteristics and
mechanical properties of duplex stainless steel bimetal composite
by heat treatment. Mater Sci Eng 4, 2020, 787: 139513

Shen Y L, Feng G, Gao H J, et al. Research on rolling process of
Mg/Al laminated composite strips. J Plast Eng, 2023, 30(8): 92
(RHRAE, ¥, TREEA, 45, BE/8R 2 AW L U T 20 9E.
FAPE AR, 2023, 30(8): 92)

Zhang W, Hu H J, Gan S L, et al. Microstructural characterization
and mechanical behavior of Mg-AZ31B/Al 6063 bimetallic sheets
produced by combining continuous shear deformation with direct
extrusion. Mater Today Commun, 2023, 37: 107164

Cooper D R, Allwood J M. The influence of deformation
conditions in solid-state aluminium welding processes on the
resulting weld strength. J Mater Process Technol, 2014, 214(11):
2576

Dietrich D, Nickel D, Krause M, et al. Formation of intermetallic
phases in diffusion-welded joints of aluminium and magnesium
alloys. J Mater Sci, 2011, 46(2): 357

Guo Y Y, Quan G F, Ren L B, et al. Effect of Zn interlayer
thickness on the microstructure and mechanical properties of two-
step diffusion bonded joint of ZK¢Mg and 5083Al. Vacuum,
2019, 161: 353


https://doi.org/10.1016/j.jmatprotec.2023.118254
https://doi.org/10.1016/j.jma.2023.09.001
https://doi.org/10.1016/j.jma.2022.08.001
https://doi.org/10.1016/j.cja.2022.07.004
https://doi.org/10.1016/j.jmatprotec.2012.04.023
https://doi.org/10.1016/j.jmatprotec.2021.117191
https://doi.org/10.1016/j.jmatprotec.2021.117191
https://doi.org/10.1016/j.jallcom.2017.11.285
https://doi.org/10.1016/j.jallcom.2021.163417
https://doi.org/10.1016/j.jma.2022.01.007
https://doi.org/10.1016/j.jma.2022.01.007
https://doi.org/10.1016/j.matchar.2020.110486
https://doi.org/10.1016/j.jmapro.2021.03.026
https://doi.org/10.1016/j.jmapro.2021.03.026
https://doi.org/10.1016/j.msea.2020.139673
https://doi.org/10.1016/j.jma.2021.09.004
https://doi.org/10.1016/j.jallcom.2015.04.116
https://doi.org/10.1016/j.jallcom.2015.04.116
https://doi.org/10.3390/app11156801
https://doi.org/10.1016/j.jmrt.2021.06.032
https://doi.org/10.1016/j.msea.2020.139513
https://doi.org/10.3969/j.issn.1007-2012.2023.08.010
https://doi.org/10.3969/j.issn.1007-2012.2023.08.010
https://doi.org/10.1016/j.mtcomm.2023.107164
https://doi.org/10.1016/j.jmatprotec.2014.04.018
https://doi.org/10.1007/s10853-010-4841-5
https://doi.org/10.1016/j.vacuum.2018.12.036

	1 Mg/Al双金属热压缩复合实验
	1.1 实验材料
	1.2 实验方法

	2 实验结果与分析
	2.1 不同变形条件下复合界面的形貌特征
	2.2 不同变形条件下结合界面的元素分布

	3 复合界面微观演化模型
	4 Mg/Al双金属复合界面质量预测
	5 结论
	参考文献

