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Abstract: Ti/steel clad plates are considered ideal candidate materials for applications such as marine engineering and low-
temperature pressure vessels operating at —70 °C. However, their large-scale production and application are severely restricted
by the manufacturing process and the quality of interfacial bonding. To investigate the influence mechanism of vacuum pressure
on interfacial morphology and mechanical properties, TC4/09MnNiDR Ti/steel clad plates were fabricated using explosive
welding under ambient pressures of 20 kPa, 60 kPa, and 100 kPa. A specially designed vacuum chamber was employed to
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precisely control the environmental pressure during the explosive process. After welding, all specimens were subjected to a
uniform stress-relief annealing treatment at 550 °C for 2 h under a vacuum atmosphere to eliminate residual stresses and improve
the reliability of subsequent characterization. The interfacial microstructure and chemical characteristics were systematically
analyzed using multiple characterization techniques. Scanning electron microscopy (SEM) was used to observe interfacial
morphology, including wave formation and defect distribution. Energy dispersive spectroscopy (EDS) was applied to examine
elemental distribution across the bonding interface. Electron backscatter diffraction (EBSD) was employed to evaluate grain
structure, grain boundary characteristics, recrystallization fraction, and texture evolution near the interface. Electron probe
microanalysis (EPMA) was conducted to quantitatively determine the chemical composition of the interfacial melting zone and
vortex regions, with both mapping and point analyses performed to identify the constituent phases. Mechanical properties at
=70 °C were evaluated through tensile tests, Charpy impact tests, and three-point bending tests, ft‘ll arried out in accordance

with relevant national standards, with the results reported as mean values + standard deviation ow that the vacuum

environment significantly improves interfacial quality. With increasing vacuum degree, the interf e becomes finer, more

continuous, and more uniform, while the thickness of the molten layer decreases, a resence of defects and brittle
intermetallic compounds is reduced. Electron backscatter diffraction (EBSD) analysis reveal, refinement and an increased

recrystallization fraction at the interface under vacuum conditions, demonstrating that the\interfacial microstructure can be

effectively controlled by adjusting the ambient pressure. Electron probe micro A) further reveals that the vortex

regions are mainly composed of Fe and Ti elements, while the weld sea ibits a stable chemical composition with

Ti:Fe atomic ratios close to 1:1 or 2:1, indicating that the dominant intefmet:

TiFe,. Benefiting from the optimized interfacial structure, the clad plat
tensile strengths under 20 kPa, 60 kPa, and 100 kPa are 880

l-ﬁ%hases formed at the interface are TiFe and
i?/t excellent mechanical properties at —70 °C. The
, and 867 MPa, respectively. The impact absorbed

energies are 17.5J, 10.2J, and 6.4 J, and the flexural strengths‘a 9 MPa, 1350 MPa, and 1167 MPa, respectively. This
study demonstrates that vacuum explosive welding is a re eclinique for producing high-performance low-temperature metal
composites, with 60 kPa identified as the optimal processi RAOW.

Keywords: Vacuum explosive welding, cryogenic application; Microstructure; Mechanical properties; Titanium/steel composite
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Table 1 Chemical composition of base and fly plates

Jo 5253 U (wi%)
Mk . . . .
Fe Ti Al A% Mn C Si Ni Remain
Ti6Al4V 0.3 Remain\_ \5,5%6.75 3.5~4.5 - 0.08 - - 0.4
09MnNiDR  Remain 4 0.02 - 12~1.6 0.12 0.15~0.5 0.3~0.8

Detonation products

<— Explosive

<«—Flyer plate(TC4)

e <— Stand off distance

<« Base
plate(09MnNiDR
Steel)

(a) spherical vacuum explosion vessel (b) schematic of the explosive welding of TC4 to A11060
B 1R e B R R
Fig.1 Diagram of the explosive welding set-up
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WORAEFI I GERE . B B P aliE 0 BB AEE T B BOE B A ih O IX R,
PAGRUEAR RS R . R SOl G5 AL SO . RS, SRATIR A T B
(SEM. EBSD) 7p#fr F* i SRR AL F I B i) di AR 2441k, A RE R EOLIE (EDS) 2#rocsR
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PHRUEDOFIE G RR B, R TR X 28 (EPMA) Fa#f il E 18 42 AL TR A6 5 5 &
AL H ) 09MnNiDR AN B TR E N-70 °C, BIULATA A s A 7E et B2 N HEAT, #P R
MSHANEE 2 PR FEfEEMBOER 2mm/min FIE SRR, Sl phdioRE, HRT ik 2
Fios. R SEM MUEHRLINT FUES,  LABEFEH R B . i B ARSI AR N R i EBSD F5 7€ Jit
B, AT BT T — LN R AR, RIFE I T 550°C ORI 2 /N, FRRE
Al TEVIBIRIE, WA S S AR SRE WoRIEANR, A&l 7 e i Bt 1, [
FEREUHA 5T e B RURIE s 538 AR PRSI SR 52 5
%% 2 TC4 #1 09MnNiDR 473223
Table 2 Physical parameters of TC4 and 09MnNiDR
PR HE(glom®) AR/ 10:3 PUHLBEE/ %ﬁm®7/%$$mwm%w
(m-s™) (MPa) > //\\
TC4 451 6100 360 859 1%0/ &w 7.955
09MnNiDR 7.85 5900 276 440

/ R=35mm

\ ) Impact test dimension
) 12mm '/0 240mm

(c) Bending test dimension
K2 R

Fig.2 Schematic diagram of the size of the samples
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7' 09MnNiDR steel
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Fig.3 Comparison of the macroscopic morphology ci )_before and after tensile tests
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Fig.4 Tensile stress-strain curves

09MnNiDR

______

P& 5 09MnNiDR 4R {8 7 11 &
Fig.5 Fracture morphology of 099MnNiDR steel after cryogenic tensile test
7E-70°C T 4 09MnNiDR A4 72 WLHi A b D an & 3 B, 56 B 5 )8 B T4 2690 il R 28.18% 5
52.94%, HAFLHiTEE N 548 Mpa, 100 kPa. 60 kPa. 20 kPa ¥4 FHifisaE & 4 B, 20514 867
MPa, 911 Mpa. 880 MPa, % 09MnNiDR E}#173 32T+ 58.22%. 66.24%55 60.58%. 4fi 099MnNiDR
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Weld interface

09MnNiDR 09MnNiDR 09MnNiDR

100pm 10pm 10pm

Kl 6 100kPa " il £ ] TC4/09MnNiDR 4¥4 fif i 1 T35
Fig.6 Cryogenic tensile fracture morphology of TC4/09MnNiDR steel composite fabricated at 100 kPa

09MnNiDR

TC4 5 s T€4
100pum 60KPa - 10pm T0pm

09MnNiDR (d). 09MoNiDR ' ~(¢) 09MInNiDR

Weld interface
TC4
100pm 60KPa

Kl 7 60kPa T il % ) TC4/09MnNiDR 447 {7 11 [&]
Fig.7 Cryogenic tensile fracture morphology of TC4/09MnNiDR steel composite fabricated at 60 kPa
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Fig.8 Cryogenic tensile fracture morphology of TC4/09MnNiDR steel co
3.1.2 A AMRERIKE Y FESHT

-70°CF B by il i gl B ansk 3 fom. Jor, 1#A1 406E 3 /000 kPa 64 Rl €, & X5
TET VRGBT S PR 260 3RS UL AR, HR B T93 57 60 kPa Al 20
kPa. aiilliksE KRR, EEHEER b Dbl 3 ?%ibuo 60 kPa 5 20 kPa £&1F N ilFE
[Py ThiE 100 kPa i He iR 20 7l 42 15y 58.95% 41 1 LERENAEZN T AT Py A -Re e & UNIE(S
Brhdwte. FERERZ, HTEHdle ARJE AN Z BT INAS () s 301 = I ke
EREARMETIVER DTk, HE DL B R4y B H A it . ARIE 0 H T IR R ST
HACEARRIR M PR R E .

ERERIRZ, REGR&TZME, SOAL TR R 4 D) K T8 DAL T8 1#
W ZIREKM, i eI (TC4) AFEZR AN, HWRT hE SRR SOIRE, #F—
S5 TC4/09MnNIDR 415 2 45 By (R Tt 46 1 T 43— 09MnNiDR 48 LA 52 S bR (95 .

Xof s I R 20 i (BN W N T BRI IRMAEH . #E (100 kPa) AL E
IR FIRIE, WS 260 B R A Wt , BRSO AR b F 45 G i AR R 2 . T
ERTHET (60 kPa 5,20 KPa) il & AR AR HIL A IR 5, ROy REAES:, “FH. [,

osite fabricated at 20 kPa

g 2

SRS A 2L, WO AN LA BB R et 1 R
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Table 3  Results of cryogenic impact tests

F il R Th ) Result MBI (mm?) RS mm) R (mm)
1# 6.4457 Fractured 80 10 10
2# 10.2455 Fractured 80 10 10
3# 17.5236 Fractured 80 10 10

4# 3.6473 Fractured 80 10 10
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Fig.11 Deflection—bending stress intensity diagram from three-point bending tests
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W: R R 1 SR R T, (R ) B T . R, T
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8%, ﬂizié;ﬂﬂ%%ﬂ‘@i&?n.yé Vo [RINTE L HE RN, X MO G 4 FoN A Ak = R
BRI T VR DR L,

12 100kPa I TC4/09MnNiDR 445 £ H Ft 1 44 &
Fig.12 Metallographic images of the TC4/09MnNiDR steel composite interfaces at 100 kPa
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Fig.14 Point scanning results under different vacuum degrees
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(c) at 20kPa, line scanning locations across the\wave crest and molten zone
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Fig.15 Line scanning resultswind€r different vacuum degrees
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Fig.16 EPMA elemental mapping of the moltenyisladd and weld zone in the 20 kPa and 100 kPa specimens
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Fig.21 Recrystallization statistics of the welded interface after annealing at different vacuum levels
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