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The work is devoted to the study of physical and chemical processes occurring in the contact zone of titanium and
aluminum at the joint plastic deformation caused by explosion welding. One of the most effective ways to solve
problems of materials science is the development of composite materials. An important advantage of the materials used
in aircraft, is their low density, providing the possibility to receive the result composites with high specific strength.
This study supports the development of composite materials based on Ti—Al, which can be used for the manufacture
of gas turbine blades, and ribbed hollow weldments for the aircraft industry.

Explosion welding is a high-energy process, allowing high quality joining dissimilar metal materials including
various combinations of materials used for the composite metal—intermetallic compound.

Ti—Al system was studied extensively enough, but there remain a number of unclear issues, namely which can form
intermetallic phases with the explosion welding. conditions for the formation of a number of intermetallic phases Ti—Al:
AlsTiy, AlyTis, ALTi, AlTi;, Al;Ti, including in the framework of one formula unit of different types of structures (stable
and metastable, virtual) can be implemented. During the mechano-chemical reactions in the contact zone between
titanium and aluminum are formed during explosion welding nonequilibrium intermetallic phases: ALTi, AlsTis, Tis ;AL

To study the transition zones of the samples structure used a scanning electron microscope JEOL 6390LV.
The phase analysis was performed on the X-ray diffractometer company “Bruker” in the emission of copper.

It is shown that the mass transfer titanium aluminum atomic clusters directional flow at a rate of at least 35 m /s
occurs. Intermetallic phases formed in the contact zone during mechanochemical reactions occurring at the interface
of Ti and Al. Processes of structure formation under explosion welding are explained from the standpoint of an
abnormally rapid directional mass transfer under conditions of stress, creating a lattice curvature.

Keywords: explosion welding, mass transfer, Mechanochemistry, intermetallic phases, the curvature of the crystal
lattice.
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IIpeocmagneno uccne0osanue Gu3UKO-XUMUUECKUX NpoYeccos, NPoUCXo0awux 6 30He KOHMAKma mumana u auo-
MUHUA NPU COBMECTNHOU NIACMUYECKOU Oepopmayuu, 8b136aHHOU ceapkoli 83pbigom. Ooun us naubonee dQ@exmusHvix
nymeil peuieHus 3a0ay MaAmepuaio8eoeHus 3aKuoyaemcs 6 paspadbomre KOMROUYUOHHbIX Mamepuanos. Basichvim
00CMOUHCINBOM MAMEPUATIOS, UCNOIL3YEMbIX 6 IeMAMENbHbIX ANNAPAMAx, AeNAemcs UX Mands RI0MHOCMb, 0becneyu-
8aK0UASL BOZMONCHOCb NOAYHAMb 6 UMO2e KOMNO3UMbL C BLICOKUM YPOGHEM YOenbHoU hpounocmu. JJannoe ucciedo-
8anue cnocobcmeyem paspabomke KOMNOUMHbIX mamepuanos na ocnoge Ti—Al, komopeie mocym 6bims UCNONL306A-
Hbl 0715 U320MOBIEHUs TONAMOK 2A306blX MYPOUH, NYCIMOMENbIX U PEOPUCBIX CBAPHBIX KOHCIMPYKYUUL 0151 ABUAYUOHHOU
NPOMBIWAEHHOCTU.
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Csapra 63pvisom npedcmasisient cOO0U 8blCOKOIHEPLEMUYECKUL MEXHOI02UEeCKULl RPOYecc, NO380IAOWULL C 8bICO-
KUM Kauecmeom COeOUuHsmMb PA3HOPOOHbIE MEMALIUYecKue MAmepuansl, 8 Mmom Yucie pasiuiHsvle KOMOuHayuu mame-
PUATIO8, UCNOTL3YEMBIX OISl KOMIO3UMOE MEMALI—UHMEPMEMALIUO.

Cucmema Ti—Al uccredosana 0ocmamoyro WUPoKo, 0OHAKO OCMAEemcs PO HeACHbIX 80NPOCO8, d UMEHHO, KaKue
unmepmemaniuoHsie (hazvl MO2ym 06PA308aMbCsi NPU CEAPKE G3PLIBOM. Y C06UsL 00PA308aHUSL PAOA UHMEPMEMATIUO-
noix gaz Ti—Al: AlsTi, Al Tis, ALTi, AlTi;, ALTi, cpeou komopuvix 6 pamxax 0OHOU (POPMYTbHOU eOUHUYbL MO2YM
ObIMb Peanu306aHbl pa3iudHble MUNLL CMPYKMyp (cmabuibivle, Memacmabuivbhsle, gupmyaivHvle). B npoyecce mexa-
HOXUMUYECKUX PEaKyull 8 30He KOHMAKmMa mumand u aiioMUHUs NPU CéapKe 63pbleOM QOPMUPYIOMCSL HePABHOBECHbLe
unmepmemannuueckue gasvr: ALTi, AlsTis, Tis ;AL

s uccnedosanusi cmpykmypol nepexoOHbIX 30H NOJYUYEHHbIX 00PA3Y08 UCHOIb308ANU CKAHUPYIOWUL INeKMPOHHbLU
muxpockon JEOL 6390LV. @azosbviil ananus nposoounu Ha peHmeeH08CKoM ougpakmomempe gupmol Bruker 6 uziny-
YeHuu Meou.

THoxaszano, umo macconepeHoc Mumana 6 aOMUHUL NPOUCXOOUMN HANPABTICHHLIMU NOMOKAMU AMOMHbBIX KIACMepo8
co ckopocmuio He menee 35 m/c. B 30ne konmaxma Ti u Al popmupyromes unmepmemaniuueckue gasvl 8 npoyecce
MEXAHOXUMUYECKUX Peakyuil, npomeKkaiowux Ha unmepdgheiice. I[Ipoyeccol cmpykmypooopazosanust npu ceapke 83pbi-
60M OOBACHAIOMCSL C NO3UYULL AHOMATBHO ObICMPO20 HANPABIEHHO20 MACCONEPEeHOCA 6 YCIOGUSX HANPSIICeHull,

€030aI0WUX KPUBUZHY KPUCIALIUYECKOU PeulemKu.

Krniouesvie cnosa: Cc6apKa 63pvl6OM, mMacconeperoc, Mexanoxumus, uHmepMemaﬂﬂudyble qba3bl, KpususHa Kpucmadin-

JUYecKoll peuitemku.

Introduction. In aviation and space there is an urgent
need to provide a strong, light and wear-resistant designs.
One of the most effective ways to solve problems of
materials science is the development of composite
materials. An important advantage of the materials used
in aircraft, their low density, providing the possibility to
receive the result composites with high specific strength.
For example in [1; 2] developed composite materials
based on Ti-Al, Ni-Al, which can be used for the
manufacture of gas turbine blades, and ribbed hollow
weldments for the aircraft industry. It is known that
titanium and aluminum, can react with each other to form
intermetallic compounds such as TiAls, characterized by
high hardness and friability. It is known [2] that the
formation of intermetallic compounds leads to a drastic
reduction of mechanical characteristics of welded
structures. However, in [3], the specific rigidity Ti-TiAls
twice the specific rigidity steel. In [4] a detailed study
of the structure and properties of multilayered composite
Ti—Al, produced by explosion welding. It is shown
that intermetallic compound TiAl; greatly improves the
mechanical properties of the composite. In [5] states that
the operation of the intermetallic alloys based on Ti—Al at
temperatures below 600 °C is ineffective in connection
with the destruction of the fragile material. Heating in the
range from 600 °C to 750 °C contributes to a sharp
increase in ductility intermetallics while maintaining its
strength. This allows their use in the aerospace industry.

In recent years, explosive welding has proved to be an
effective method of creating a multi-layered composite
materials. explosion welding is a high-energy process,
allowing high quality joining dissimilar metal materials
including various combinations of materials used for the
composite metal — intermetallic laminated (MIL) [4].
Pressure developed during the explosion welding,
providing excellent contact between the surfaces of the
welded metal. The cumulative flow generated during the
welding process, cleans the plate from the oxide films and
impurities that could reduce the rate of solid-phase
processes [6]. Subsequent annealing is proposed as an
alternative method of creating a multi-layer metal —
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intermetallic laminated (MIL) [4]. Annealing may be
conducted at temperatures above and below the melting
point of aluminum, local melting can occur due to the
exothermic nature of the reaction between Al and Ti [7].

Currently, solid-state processes that may occur during
the plastic deformation actively studied [3—-9]. Mechanical
impact can initiate mechanochemical reactions occurring
at high speeds during the passage of plastic deformation
waves [10]. The possibility of formation of intermetallic
compounds due to the energy expended on the plastic
deformation of the metal heat affected zone [11].

The ultra-high pressure and shear strain can increase
the mass transfer rate by 15 orders of magnitude compared
to the conventional diffusion [12; 13]. The usual
mechanisms of a new phase with the emergence and
growth of embryos in plastic deformation wave can not
work because of the short duration of the process. For the
formation of new phases in the static experiments, the
time required several seconds or more. In the waves of
plastic deformation of these processes will be completed
within the order of 10°~10"" ¢ [14]. In practice, particle
sizes of the new phase can reach several tenths of
a millimeter and more [14]. The study of the processes
occurring in the metal contact zone with intense dynamic
loads, is of considerable interest for the production
of composite materials with new properties.

Ti—Al system was studied extensively enough, but
there remain a number of unclear issues, namely which
can form intermetallic phases with the explosion welding.
In [15] identified a number of conditions for the
formation of intermetallic phases Ti—Al: AlsTi,, Aly;Tis,
Al,Ti, AlTi;, Al3Ti, including in the framework of one
formula unit of different types of structures (stable and
metastable, virtual) can be implemented.

Objective. To investigate the products of solid state
reactions, occurring in the contact zone of titanium and
aluminum at the joint plastic deformation caused by
explosion welding.

Methods of experiment. Samples of the composite
obtained by explosion welding multilayer stack wafers
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commercially pure titanium VT1-0 (IMI125) and AS
(ENAW-1050A) thick aluminum 0.5 and 1 mm,
respectively. Package 11 of alternating titanium and
aluminum plates 12 are welded one explosion of the
explosive charge ammonite 6GV as described in [16]. The
thickness of the explosive was 45 mm, is made up of
plates dimensions 80x80 mm. Detonation velocity
estimated at 3600 m / s collision angles were set by 240
(upper plate) to 6,20 (for the lower plate). We studied the
structure of the transition zone in the cross-sectional plane
(perpendicular to the layers of aluminum and titanium)
and aluminum contact area structure and titanium after
mechanical separation of the layers of the composite.

To study the transition zones of the samples structure
used a scanning electron microscope JEOL 6390LV. The
phase analysis was performed on the X-ray diffractometer
company “Bruker” in the emission of copper.

Experimental results. Fig. 1 shows image of the
contact area in the transverse cut plane aluminum and
titanium obtained by X-ray microanalysis. We see what
happened titanium penetration into aluminum, and the
process is not a continuous front of the diffusion zone,
was the formation of discrete particles at a considerable
depth of the contact zone.

TiKa1
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Aluminium also penetrates into the titanium, but in
much smaller quantity than titanium in aluminum. Study
of energy dispersive spectra (fig. 1), and X-ray diffraction
spectra revealed that the aluminum to titanium from 10 to
70 microns in depth, formed intermetallic compound.
Assuming that the distance that penetrates the titanium in
aluminum is about 70 micrometers (fig. 1, @), and the
reaction time is about 2 microseconds, then a simple
calculation shows that the rate of mass transfer of
titanium in aluminum is not less than 35 m / from.
According to [17; 18], the coefficient of mutual diffusion
of titanium and aluminum at a temperature of 1,123 K is
about 10-16 m”/ s, from the viewpoint of diffusion rate is
8.10 m / s. Therefore, in this experiment, the mass transfer
titanium in aluminum (significantly at temperatures below
1000 K), at least eight orders of magnitude higher than
the rate of diffusion. Similar results were obtained with
other materials in the paper [19].

By method scanning electron microscopy and energy
dispersive analysis was investigated the area contact
aluminum and titanium after mechanical separation of the
layers of the composite. Image of the surface of the
titanium band gap in the X-ray of titanium and aluminum
are shown in fig. 2, a and b, respectively.

Ti
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Fig. 1. Study contact zone Ti—Al: a — the image obtained in the scanning electron microscope mode
in microanalysis X-ray of titanium; b — Energy-spectrum square area shown in fig. 1, a
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Fig. 2. Image Ti surface area in contact with the Al in the resulting SEM microanalysis mode in:
a — X-ray of titanium; b — X-ray of aluminum
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Fig. 3. X-ray diffraction spectra of the titanium surface (on the top) and aluminum (bottom) phase and reflexes:
Al,Ti (diamonds), AlsTi; (squares), Tiz3Al (circles)

On the surface of titanium fig. 2, a you can see the
dark specks — aluminum, and fig. 2, b light specks
correspond to aluminum. Since the location of these
inclusions in fig. 2, a and fig. 2, b substantially coincide,
a coincidence indicates good adhesion of aluminum
to titanium in the resulting samples. The concentration of
aluminum in the inclusions on the surface of the titanium
layer can be up to 20 at. %.

X-ray diffraction spectra from the surface of the
titanium and aluminum layers after their separation are
shown in fig. 3. On the surface of the titanium layer
revealed the presence of intermetallic compounds and
ALTi Tiz3Al On the surface of the aluminum layer
revealed the presence of intermetallic compounds and
AL Ti AlsTis.

The phase AlLTi existing in a very narrow
concentration range presents at diagram of phase
equilibria AI-Ti [20]. This phase is formed by explosion
welding. Based on the state diagram, you can expect
to see Tiz3Al phase having a wide field of existence,
however, is not found in our experiment this phase. Phase
AlsTi; and Ti;;Al absent in the diagram of phase
equilibria, but are present in the samples welded by
explosion. Thus due to explosion welding we discovered
the occurrence of non-equilibrium phases.

The discussion of the results. Mass transfer during
explosion welding can be caused by gradients of stress,
which are significantly higher than the yield strength
of the material. Any excess of the yield stress gives rise to
a wave of plastic deformation [12]. The waves of plastic
deformation, according V. E. Panin theory, can create
significant non-diffusion fluxes of mass propagating over
long distances with the speed of sound in the material. An
example of such speed of mass transfer is given in [21].

If explosion welding, significant curvature of
crystalline lattice is appearing in the local contact zone of
welded blanks [22; 23]. In the context of the local
curvature of the crystalline lattice, in areas of increased
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interatomic distances special structural states are exist,
which increase the degrees of freedom in a deformable
solid. In [24] such states were called interatomic
bifurcation structural states (IBSS). Due to occurrence
in deformed metal IBSS possible to implement the
directional mass transfer proceeding at a speed of
switching of interatomic bonds, which in some cases can
reach sound velocity in the metal [25]. The redistribution
of atoms at the interface of the two materials may
accelerate the formation of new phases, noted in [16].

Conclusion:

1. In the process of mechanochemical reaction at the
contact zone of titanium and aluminum at explosion
welding nonequilibrium intermetallic phases are formed:
AL Ti, AlsTis, Tiz3Al

2. During explosion welding mass transfer occurs by
penetration flows of titanium atoms over distances of up
to 70 microns from the interface at a rate of at least 35 m/s.

3. Processes of structure formation under explosion
welding can be explained from the position of the crystal
lattice curvature which appears in the conditions of stress
gradient and leads to abnormally rapid directional mass
transfer.
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