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Abstract: This paper presents the aspects of the formation of multilayer composite material (MCM) consisting of
aluminium-magnesium alloy AIMg6, titanium VT1-0 and austenitic stainless steel 12Cr18NilOTi during explosive
welding. This MCM has promising properties for use in various industries such as shipbuilding and automobile
manufacturing. However, the production of this material presents certain difficulties due to different properties of the
initial materials. In this paper, the effect of residual stresses occurring in MCM after explosive welding on the continuity
of the joint was investigated. Using metallographic studies and electron microscopy, it was found that the high velocity
impact process between different materials comprising MCM formed weld interfaces with straight and wavy profiles.
There was also evidence of dynamic recrystallisation at the 12Cr18Nil0Ti—VT1-0 weld interface and the formation of
vortex zones in wave crests. The microhardness of the layers was also measured. The measurement showed that hardening
occurred in MCM layers with the maximum value in the 12Cr18Nil0Ti steel layer. The evaluation of tear strength
revealed that the formation of cracks occurred at the interface between the VT1-0—AIMg6 weld interface, with an average
strength of 160 MPa. The results of the study may be useful to specialists in materials science, mechanical engineering and
other related fields.
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Annoranusi: PaccmarpuBatorcsi ocoOeHHOCTH (OPMHUPOBAHMS B IPOLECCE CBAapKH B3PHIBOM MHOTOCIOHHOTO
KOMITO3uIIMOHHOTO Matepuaia (MKM), cocrosiiero w3 alfOMHHHEBO-MarHueBoro crmiaBa AMr6, turana BT1-0
U ayCTeHUTHOU KopposuoHHOCTOMKOoN ctanmu 12X18HI10T. Hannenii MKM o6nagaeT HepCIEKTUBHBIMUA CBOMCTBAMHE IS
UCIIOJIb30BaHUsA B  Pa3JIMYHBIX OoTpaciiax IMPOMBIINIIICHHOCTH, TaKuXx Kak CYAOCTPOCHUEC u aBTOMO6I/IJ'H)HaSI
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MpOMBIIIEHHOCTh. OIHAaKO MpoLecC MOJY4YeHHUs TaKOro MaTepuana CONPSHKEH C ONpPENEeHHBIMU TPYIHOCTSIMH,
CBS3aHHBIMH C Pa3IMYMSIMH B CBOHCTBaX HCXOIHBIX MarepuaioB. [IpoBemeHO WccieIOBaHWE BIMSAHUS OCTaTOYHBIX
HaTpsDKCHUH, Bo3HUKatommx B MKM mocie cBapku B3pBIBOM, Ha CIUIOIIHOCTh coenuHeHns. C  MMOMOIIBIO
MeTaJUIOTPaPUUIECKIX MCCIEAOBAHUNA U ANEKTPOHHONH MHUKPOCKONHN OOHApPY>KEHO, YTO B MPOIECCE BBICOKOCKOPOCTHOTO
COoyJlapeHHs MEXIy pazIMYHbIMU MaTepuanamu, Bxomsamumu B coctaB MKM, ¢opMHUpYIOTCsS TpaHHUIbl COCIMHEHUS
C IpSAMBIM H BOJTHOOOpa3HBIM mpoduneM. KpoMe TOro, mOIydeHBI JaHHBIE O AWHAMHYECKOW PEKPHCTALIM3AINKA Ha
rpanune coenunenust 12X18H10T — BT1-0 u oOpa3oBaHMM BHXpEBBIX 30H B IpeOHsX BosH. [IpoBeneHO HM3MepeHHe
MUKPOTBEPJIOCTU CJIOEB, KOTOpPOE MoKa3ajio, 4uro B ciosix MKM mpousonuio ynpoyHeHHe, MakCUMalbHOE 3HAYCHHE
KoToporo 3adukcupoBaHo B cioe u3 cranmu 12X18H10T. McmbiTaHre MPOYHOCTH CIIOCB HA OTPHIB BBIIBHIIO, YTO
paspylieHue npoucxoAamio no rpanuue coeaunenus BT1-0 — AMr6 npu cpeaneir npounoctu 160 Mlla. Pesynbrarsl
WCCIICIOBAHMST MOTYT OBITh TOJE3HBI JUIS CIICIUAUCTOB B OOJIACTH MAaTEPUATOBEACHUS, MAITMHOCTPOCHUS U JPYTUX
CMEXKHBIX 00JIaCTeH.

KaioueBnle ci1oBa: cBapka B3pbBoM; AMro6; THTaH; MUKPOTBEPIOCTh; TPAHUIIA COCIUHEHHST; CTab.
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1. Introduction

Multilayer  composite  materials (MCM)
consisting of aluminum alloy and steel are widely
used in shipbuilding, automobile and railcar
manufacturing due to their high specific strength and
corrosion resistance [1, 2].

Currently, the most common technologies for
producing steel/aluminum alloy pairs are mechanical
connections (e.g. riveting, clamping, etc.) and
adhesive connections [3]. Mechanical and adhesive
connections are inferior in strength per unit area to
direct metal connections between sheets of steel and
aluminum alloy [4].

One of the technologies that allows obtaining
a metallic connection between aluminum alloys and
steels is explosive welding (EW) [5-7]. This
technology wuses the energy of explosives to
accelerate a metal sheet called a projectile and collide
it with a stationary sheet called a base sheet at high
speed. During the collision, the surfaces of the sheets
are cleaned of any oxides and contaminants, thereby
providing a metallic connection.

However, due to the significant difference in the
properties of aluminum alloys, and in particular
aluminum-magnesium and steel, it is problematic to
obtain a strong connection. First of all, this is due to
the formation of brittle intermetallic phases of the
Fe,Al, type at the boundary of the welded joint [8, 9].
For example, in [10], a bimetallic material of
aluminum alloy Al1100 with low-carbon steel was
obtained. Two types of intermetallic phases AlsFe

and AlsFe, were formed at the boundary of the joint.
To reduce the formation of intermetallic phases at the
interface of the aluminum alloy and steel, an
interlayer is used [4]. Typically, ductile materials,

pure aluminum, titanium, etc., act as an interlayer,
which allow achieving high strength and ductility of
the material [4, 11]. The use of an interlayer
of refractory materials (tantalum, vanadium, titanium,
etc.) helps prevent the formation of intermetallic
compounds  during heating during further
technological processing and operation of the product
[2]. For example, in [11], the authors showed that
a titanium interlayer prevents the formation of brittle
intermetallic phases Fe,Al,. Moreover, intermetallic
phases Ti,Al, are formed, which have a higher initial

temperature and a longer growth time than Fe,Al,.

A review of the work shows that most studies of
EW were carried out for aluminum alloys with a
magnesium content of less than 5 %. Explosion
welding of AIMg6 with stainless steel and titanium
has not been sufficiently studied.

The aim of the work was to study the influence
of the titanium interlayer on the microstructure and
mechanical properties of AIMg6—12Cr18Ni10Ti.

2. Materials and Methods
2.1. Initial materials

The following source materials were used to
obtain MCM: base sheet — aluminum-magnesium
alloy AlMg6 (4x200x300 mm); interlayer —
titanium VT1-0 (1x200x300 mm), rolled sheet —

austenitic corrosion-resistant steel 12Crl18Nil0Ti
(3%200x300 mm).
Table 1 shows physical and mechanical

properties of the source materials, such as density (p),
melting point (7},), yield strength o,, tensile strength
o, Brinell hardness (HB) and relative elongation (9).
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Table 1. Physical and mechanical properties of the source materials

Material Thickness, mm P, kg-m_3 T, °C oy, MPa o4, MPa HB 3, %
AlMg6 4 2640 630 160 350-355 81 17.9-20.7
Titanium 1 4500 1670 - 395-400 163 67-71
12Cr18Ni10Ti 3 7900 1450 205 530 106 52-56
Detonation
Steel plate

Shock-Compressed Gas

Fig. 1. Experimental scheme of the explosive welding experiment

The microstructure of AIMg6 consists of the
a-phase with a grain size of ~50 pm and the B-phase
of Mg,Alj located mainly along the grain boundaries
of the a-phase. AIMg6 contains insoluble inclusions
of the type (Fe,Mn). The microstructure of
12Cr18Nil0Ti consists of austenite with a small
amount of ferrite. The size of the austenite grains is
3040 um throughout the thickness of the material.
The microstructure of titanium mainly consists of the
o-phase, which has a fine-grained structure with
a grain size of 7 to 20 pm [12].

2.2. Production of multilayer composite materials

The experimental scheme for obtaining MCM is
shown in Fig. 1. A mixture of ammonium nitrate and
diesel fuel was used as explosive.

The parameters of EW were calculated using
formulas (1) and (2) [13]:

32
/1+—r -1
Vy=12D4 2.
32
/1+—r +1
27

)

Table 2. Explosive welding parameters of AIMg6 +
+ Titanium + 12Cr18Nil0Ti

D,ms " Vo/Vi, ms ' r Yo/v1, ©
2600 686/508 1,16 13,8/10,7
(Vo
y = 2arcsin| — |, 2)

2D

where V) is the velocity of the plate being thrown; D
is the detonation velocity of the explosive; r is a
dimensionless parameter equal to the ratio of the
mass of the explosive charge to the mass of the plate
being thrown, v is the impact angle.

The design parameters of EW are presented in
Table 2.

2.3. Quality control methods for welded joints

Ultrasonic testing (UT) was performed using
a UD2 BP flaw detector with a DF5012 sensor to
assess the continuity of the welded joint. Ultrasonic
testing was performed in 3 stages: after EW, 14 days
after EW and after heat treatment (HT). HT was
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performed in an SNOL 8.2/1100 electric muffle
furnace at a temperature of 450 °C and held for
1 hour while cooling with the furnace.

Samples for metallographic testing were cut
using a DK7725 electrical discharge machine from
areas with satisfactory weld continuity in accordance
with the ultrasonic testing maps. The samples were
ground on abrasive paper with a grain size of 120 to
2500, then polished on felt with diamond paste with
a grain size of 1-2 pm on a LAP-1000 automatic
grinding and polishing machine. Final polishing was
performed on an AEP 2.2 electrochemical polishing
machine.

Metallographic ~ testing of sections was
performed on a METAL LV-34 optical microscope.
The images were obtained using an MC-5.3 camera.
Microhardness was measured using the Vickers
method on a PMT-3M microhardness tester under
a load of 50 g using the MMC-Hardness software
package. [Energy dispersive microanalysis of
structural components was performed on a Zeiss
ULTRA plus electron microscope with an INCA
350 XT Oxford Instruments attachment for X-ray
microanalysis. The tear strength of the samples was
studied on an Instron 1195 universal testing machine.
Samples for metallographic studies and tear strength
studies were selected according to the corresponding
schemes presented in [12].

3. Results and Discussion

After the UT, maps were compiled (Fig. 2),
where the continuity zones are shown as green areas.
The continuity of the joint after the UT was 35 % of
the total plate area (Fig. 2a).

After the EW, residual stresses arise in the
material. They arise as a result of local deformations
of the metal due to uneven heating during EW.
Residual stresses are mainly concentrated at the weld
interface [14]. If the level of residual stresses exceeds
the strength of the joint, this can lead to delamination
of the material. To determine the effect of residual
stresses on the continuity of the joint, UT was carried
out immediately after the UT and 14 days after the UT
experiments. In the second case, the continuity of the
joint was about 30 % of the total plate area (Fig. 2b).
The presence of residual stresses in the material led to
a decrease in the continuity of the joint.

Subsequent maintenance and UT showed that
the continuity of the joint did not change. Thus, it can
be concluded that within 14 days, complete relaxation
of residual stresses occurs in the weld joint boundary
area.

> By

@ ®)

Fig. 2. Ultrasonic testing maps of joint continuity:
a —immediately after EW; b — 14 days after EW

Further studies of the microstructure were
carried out on samples after the HT. It is known that
during the HT process, new phases can form
at the boundary of the connection of dissimilar
materials, which can affect the properties of the
connection [15-17].

Figure 3 shows the boundary of the
12Cr18Ni10Ti — Titanium — AIMg6 joint, which has
a rectilinear profile between AIMg6 and titanium, and
a wave-like profile between titanium and
12Cr18Nil0Ti. The wavelength at the boundary of
the 12Cr18Nil0Ti — titanium joint is about 150 pum,
and the height is about 25 pm.

Figure 4 shows the microstructure of the
12Cr18Ni10Ti-Titanium joint boundary [18, 19].
During the EW process, vortex zones were formed
(area 1), around which dynamic recrystallization

~ 12Cr18NilOTi

AlMg6

200 pm

Fig. 3. Weld interface
of 12Cr18Nil0Ti — Titanium — AIMg6
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“Titanium

Fig. 4. Microstructure of 12Cr18Nil10Ti — Titanium weld interface

zones were found (area 2). It is known that a large
amount of heat is released in the vortex zones, which
promotes the formation of dynamic recrystallization
zones in titanium. This process is typical for materials
with low thermal conductivity [18, 19].

Localized shear bands (LSB) were also found
(area 3). LSBs were formed in titanium at the joint

mechanisms that occur in some materials at high
deformation rates, for example, during EW. This term
describes a sharp increase in temperature and the
transfer of heat to a narrow region [20].

Figure 5 shows the microstructure and EDS
analysis results of the weld interface. The results
show that the titanium interlayer limits mutual

boundary, at an angle of approximately 45°. diffusion between 12Cr18Nil0Ti and AIMg6
It is known that LSBs are one of the failure (Fig. 5a). The vortex zone consists of areas of brittle
~ 12Crl18Nil0Ti T Element content, at. %
o Mg | Al [si] 1 [ o [ Fe|Ni
2 | 04 | 33 | 08| 05 | 184 | 653 | 93
0.1 23 1.5 0.4 183 | 64.6 | 9.8
- - 23 - 97.5 0.1 0.1 -
- 0.2 2 - 973 - 0.2 0.3
4.1 6.7 88.7 | 03 - - 0.2 -
2 6.7 91.2 - - - 0.1 -
(@
Element content, at. %

Al Ti Cr Fe Ni

32 0.3 18.8 67.4 10.3

34 0.3 18.9 67.7 9.7

1.9 97.7 0.1 0.2 0.1

2.6 97.2 0.2 - -

24 96.8 0.1 0.5 0.2

300/ im
()

Fig. 5. SEM-images and results of EDS analysis of MCM 12Cr18Ni10Ti — Titanium — AIMg6:
a — microstructure MCM; b — vortex zone of weld interface 12Cr18Nil0Ti — Titanium
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intermetallic phases and a mechanical mixture of
titanium with elements of corrosion-resistant steel
12Cr18Nil0Ti (Fig. 5b, No. 5). Such a structure is
usually observed in pairs of materials with close
density values, such as AI/Al [21], steel/steel [22].
Figure 6 shows the microstructure of the
interface between 12Cr18Nil0Ti and titanium.
During EW, a melted zones of about 3 um thickness
was formed at the interface. According to the Fe—Ti
phase diagram and the results of EDS analysis (Fig.
6, point 2), it was established that the molten layer
consists of the brittle intermetallic phase TiFe [23].

Figure 7 shows the Titanium — AlMg6 bond
boundary. During the EW process, a melted zone up
to 20 um thick was formed (Fig. 7a). The results of
the EDS analysis showed that the melt consists of
titanium particles surrounded by the AIMg6 alloy
(Fig. 7b).

The study of the MCM microhardness showed
that near the boundary of the 12Cr18NilOTi —
Ttitanium joint an increase in microhardness occurs,
which is associated with the formation of a hardening
zone with a width of about 200 um (Fig. 8).

e e S

zc o Element content, at. %
' No.
Al Si Ti Cr Fe Ni
1 2.6 1.4 0.9 18 67.5 9.6
2 2.9 0.9 40.6 11.4 37.9 6.3
3 22 0.4 97.1 0.1 0.1 0.1
Fig. 6. SEM-images and results of EDS analysis of weld interface 12Cr18Nil0Ti — Titanium
TR Element content, at. %
No.
(0] Mg Al Ti
: 1 13.6 0.2 2 84.2
2 14 6 75.3 4.7
3 32 6.4 90.4 -
(@)
D D Titanium No Element content, at. %
. ) O Mg Al Ti Fe
1 8.1 - 1.9 89.8 0.2
2 13.9 0.2 2 83.9 -
3 22 6.1 91.6 0.1 -
4 2.6 5.8 91.5 0.1 -
5 1.1 4 90 1.4 3.5
6 3.1 52 88 0.2 3.5
7 3.8 6.6 85.9 3.5 0.2
8 10 6.4 80.7 2.9 -
9 3.7 3.5 50.2 42.6 —
10 14.5 3.9 47.9 33.7 -
11 8 2.6 21.8 67.5 0.1
(b)

Fig. 7. SEM-images and results of EDS analysis of weld interface Titanium — AIMg6:
a — microstructure weld interface; b — microstructure of melted zone
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Fig. 8. Microhardness of 12Cr18Nil10Ti — Titanium — AIMg6
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Fig. 9. Tear strength distribution along the MCM length

Figure 9 shows a graph of the strength
distribution along the MCM length. It is evident from
the graph that the strength wvalue is unevenly
distributed along the MCM length. As the distance
from the initiation point increases, the strength of the
joint increases to 230 MPa, and from a distance of
200 mm it decreases to 172 MPa, which is apparently
due to the spread of explosives and the influence of
unloading waves. At the same time, the average tear
strength was 160 MPa. The destruction of the
samples occurred along the titanium-AIMg6 joint
boundary.

4. Conclusion

In the course of the work, a multilayer composite
material consisting of 12Cr18Nil0Ti, titanium and
AlMg6 layers was obtained using the EW method.

As a result of the study, it was found that the
continuity zone of the welded joint is located in the
central part of the multilayer composite material and
occupies 35 % of the total area of the material.
It is shown that after EW, the continuity of the joint is
affected by residual stresses, which over time lead to
a decrease in the area of the continuity of the joint.
The study of the microstructure of the multilayer
composite material showed that the boundary of the
joint between AlMg6 and titanium has a rectilinear
profile, and between titanium and 12Cr18Nil0Ti —
wavy with a length of 150 um and a height of 25 um.
At the boundary of the 12Cr18Nil0Ti — titanium
joint, areas of dynamic recrystallization and vortex
zones with plastically deformed layers around them
are observed at the tops of the waves. It was found
that melted areas were formed at the AIMg6-titanium
joint boundary, which were titanium particles
surrounded by AIMg6 alloy.

It was revealed that in the 12Cr18NilOTi steel
layer near the joint boundary, hardening occurred to
a depth of ~200 um. The average tear strength of the
multilayer composite material was 160 MPa.

Thus, this study allows us to better understand
the fundamental features of the EW process of the
12Cr18Nil0Ti — Titanium — AIMg6 multilayer
composite material.
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