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Ultrasonic welding (USW) is a promising technique of solid state joining of similar and dissimilar materials, including aluminum
and titanium alloys. Differences in the physical and mechanical properties of the materials to be joined make it difficult to
adjust the welding conditions to form high-quality joints. The development of natural aging in aluminum alloys may cause a
change in the fracture mode and strength of Al/Ti ultrasonically welded joints. In present study, cryorolled and naturally aged
AA2024 alloy sheet and annealed commercially pure titanium sheets were subjected to USW. The pre-treatment provided
similar values of the hardness of the initial sheets. To avoid the adhesion of aluminum to the welding tool during welding,
the AA2024 alloy sheet was sandwiched between the titanium sheets. Microstructure and properties of the welded joints after
natural aging were examined. No cracks, discontinuities, pores were observed near the contact surfaces at magnifications
of the microscope up to 1000 times. No diffusional or intermetallic reaction layers were revealed in the welded joints. The
microstructure and microhardness of titanium sheets did not change after ultrasonic welding. Recovery/recrystallization
development led to a decrease in microhardness of AA2024 alloy sheet. All welded samples fractured along the interface
between the AA2024 alloy sheet and the bottom titanium sheet adjacent to the anvil. The average lap shear failure load of the
welds was 1612 +278 N (shear strength of approximately 57 +10 MPa).
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Coegnnenns cnnasoB Ti/AA2024/Ti, nonydyeHHbIe TOYEYHOM
YIBTPa3BYKOBOM CBapKOM

MyxameTranunaa A. A.", Mypanunosa M. A., Hazapos A. A.

MuctutyT mpobeM cBepxmacTiuaHocTH Metannos PAH, Ya, 450001, Poccust

YinprpasBykoBas cBapka (Y3C) ABsAeTcs NepCHeKTUBHBIM METOJOM COENVHEHVSI OJHOPONHBIX U PasHOPOIHBIX MaTepua-
JIOB, B TOM YIC/Ie Q/lIIOMMHMEBBIX 11 TUTAHOBBIX CIUTABOB. Pasmmuus GpusndecKnx 1 MeXaHMYECKUX CBOVICTB COENMHSIIEMBIX
MaTepyajloB 4acTO YCIOXKHAIOT 3aJady BbIOOpa peXVMOB CBapKM JUIA HOMy4eHNs KaueCTBEHHBIX coefyHeHmil. Paspurue
€CTeCTBEHHOTO CTapeHMA B a/lIOMVHUEBDIX CI/IABaX MOXKET BbI3BaTh MISMEHEHVE MOJIbI Pa3pyLIeHNA ¥ IPOYHOCTY COEVIHEHNIA
Al/Ti, moly4eHHBIX YIbTPa3ByKOBOI CBapKOIL. B HacTOSAIEM CCIefOBaHIY KPUOIIPOKATaHHBII M eCTeCTBEHHO COCTapeHHDII
micT u3 crmaBa AA2024 1 OTOXOKeHHBIE JIVCTBI M3 TeXHMYEeCKN YUCTOro TMTaHa rnopsepramch Y3C. [IpegBaputenpHas
obpaboTka obecrednna GMM3KYI0 TBEPHOCTb MCXOZHBIX NUCTOB. UTOOBI M30eKaTh aire3uy ajlOMUHUA K CBAPOYHOMY
MHCTPYMEHTY BO BpeMs CBapKy, JMUCT U3 ciutaBa AA2024 ObUT 3aKaT MeXJy TUTAHOBBIMU jmcTaMu. VccmemoBaHbI
MUKDPOCTPYKTYPa M CBOJCTBAa CBapHBIX COEIVMHEHUI IOC/Ie eCTeCTBEHHOro crapeHu:A. Ilpm yBenmmdeHMm MMKpOCKOIa
1o 1000 pas TpeuyH, HECIIOMIHOCTEIT, ITOp BOMM3Y KOHTAKTHBIX IIOBEPXHOCTEN He HAaO/MI0Aanoch. B cBapHbIX coeHeHUAX
He oOHapy)xeHO Hu¢Y3MOHHBIX WIN MHTEPMETA/UINAHBIX PEaKLMOHHBIX CI0eB. MMKPOCTPYKTypa U MUKPOTBEPHOCTh
TUTAHOBBIX NVCTOB IIOC/IE YAbTPa3BYKOBOI CBapKM He M3MEHMINChb. Pa3BuTue BO3BpaTa/peKpUCTAIM3ALVN IIPUBEIO
K CHVDKEHUIO MYKPOTBEPHOCTY B ucTe U3 ciutaBa AA2024. Bece cBapeHHbIe 00pasIibl paspylianuch BIOJIb IPaHNUIIbI pasjiena
MeXTY TUCTOM 13 criaBa AA2024 1 HYDKHVMM TUTAHOBBIM /IMCTOM, IIPMMBIKAIOIIMM K HaKoBa/ibHe. CpeHAA paspynaoasn
Harpyska IIpM MCIIBITaHMM Ha cpe3 cocTaBmia 1612+ 278 H (mpouHocTb Ha caBur okoyo 57 +£10 MITa).

KnroueBbie cmoBa: YAbTpa3ByKOBas CBapKa, TEXHNYIECKN YUCTBIN TUTAH, AJIIOMUHUEBBIN CITIaB.
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1. Introduction

Welding of dissimilar materials is gaining more and more
importance, as it allows one to obtain structures with a
required balance of properties reducing the cost of their
production. For example, aluminum alloys are inexpensive
and have a low density, while titanium and its alloys exhibit
high strength properties and corrosion resistance, and
the combination of these materials is widely used in the
aviation and automotive industries [1]. Differences in the
properties of titanium and aluminum (in the melting point,
heat conductivity, coefficient of linear expansion, mutual
solubility, etc.) make it difficult to obtain high-quality weld
joints. During fusion welding, hard and brittle intermetallic
compounds (IMCs) of the Al-Ti system are readily formed
at the interface [2-4]. In this regard, solid state welding
techniques are developed such as diffusion bonding and
various types of friction welding. However, their application
does not exclude the formation of IMCs in the welds of
aluminum and titanium alloys [5,6]. According to [7],
the thickness of the TiAl, intermetallic layer significantly
affects the mechanical properties of Al/Ti joints obtained by
friction welding, and the IMC layer thickness cannot exceed
the critical value of 5 pm.

One of promising techniques of solid state joining of
similar and dissimilar materials, including aluminum and
titanium alloys, is ultrasonic welding (USW) [8]. Energy
consumption for USW is several times less than for friction
stir welding and resistance spot welding [9]. Good quality
joints can be obtained in a couple of seconds without any
preliminary cleaning of the surfaces to be welded by USW.
The strength of USW-processed joints is comparable to that
of joints obtained by other welding methods [10]. As a rule,
the temperature in the welding zone is far below the melting
temperature of the metals to be joined [8]. For example, the
temperature reached 365°C during USW of the AA6061
aluminum alloy with commercially pure titanium (CP Ti)
[11]. Zhang et al. measured the temperature during welding
of Ti6Al4V alloy with AA2139-T8 [12] and A6111 aluminum
alloys [13]. They demonstrated that the temperature did not
exceed 540°C. These authors did not reveal any intermetallic
phases, which were observed in the Al/Ti joints after welding
by other methods [2-6]. Zhou [11] and Balle [14] also did not
find IMCs after USW, and this was associated with the very
low welding energy, short time and high activation energy for
diffusion in Al-Ti. However, TiAl, was found in an extremely
narrow region after USW of Al5754-O and Ti-6Al-4V sheets
with a pure Al interlayer [10]. Authors of the cited paper
suggested that during welding the temperature was higher
than the melting point of Al, but the temperature was not
measured in the study.

USW conditions leading to a satisfactory strength of
joints are adjusted experimentally, taking into account the
capabilities of the welding system used. For example, joints
with comparable strengths were obtained at a compressive
pressure of 0.55 MPa and welding energy of 2 k] in [13] and at
a compressive pressure of 15 MPa and welding energy 4 kJ in
[11], (the frequency and time of welding were approximately
the same). As with other welding techniques, it is difficult to
adjust the USW conditions for welding dissimilar materials

due to differences in their physical and mechanical properties
(thermal conductivity, heat capacity, strength, wear resistance,
etc.). Moreover, shear strength and microhardness of USW
joints of aluminum and titanium alloys may change as a result
of natural aging of aluminum alloys [12,13,15]. Probably, for
these reasons, the data on the properties and structure of
USW joints of aluminum and titanium alloys often do not
coincide and are not reproduced.

The present paper supplements the available information
on the structure and properties of joints of titanium and
aluminum by studying the USW of commercially pure (CP)
Ti and AA2024 alloy. In contrast to the cited studies, the
materials to be joined had a similar strength before USW due
to a preliminary thermal and deformation treatment.

2. Materials and Methods

Annealed sheet of CP Ti (impurities in wt.% less than:
0.32Al, 0.1Fe, 0.1Si, 0.05C, 0.035N, 0.01H, 0.10) and
cryorolled sheet [16,17] of AA2024 aluminum alloy
(Al-4.4Cu-1.4Mg-0.7 Mn, wt.%) subjected to natural aging
were taken as starting materials. The thickness of both sheets
was 0.5 mm. Equiaxed o grains with an average size of
7.4+ 0.4 um were observed in the cross section of the starting
CP Ti sheet. The initial structure of the cryorolled sheet of
AA2024 alloy consisted of about 15 um thick fibers elongated
in the rolling direction with stringers of excess (insoluble)
phases [17]. The fine structure of the fibers consists of
misoriented cells/subgrains having sizes of 150-400 nm
and a high dislocation density [17,18]. During natural aging,
metastable phases precipitated from the supersaturated
aluminum-based solid solution. The described structural
conditions provided similar strength characteristics of the
welded sheets of CP Ti and AA2024 alloy. For example, the
microhardness of both materials was about 1900 MPa [19],
and the yield strength was about 300 MPa.

Cards with dimensions of 20x40 mm and 13x15 mm
were cut from CP Ti and AA2024 alloy sheets, respectively,
parallel to the rolling direction. The surfaces to be joined were
grinded sequentially using P40 and P220 abrasive papers, then
washed with isopropyl alcohol and dried. Cards of AA2024
alloy were placed between CP Ti sheets as shown in Fig. 1a
to prevent the adhesion of aluminum to the surface of the
anvil and welding tip during USW. USW was carried out on
an experimental setup with a vibration frequency of 20 kHz
and displacement amplitude of 18 um. USW was performed
for 3 s under clamping force of 3.5 kN (the pressure applied
was about 178 MPa, which was approximately 0.6 of the room
temperature yield strength of the materials to be joined). The
welding tip had the shape of a circle with a diameter of 5 mm.
Lateral teeth were made on its surface for its better binding
to the surface of the top sheet. A typical view of the welded
specimens is shown in Fig. 1b.

The microstructure was investigated in the cross sections
of the joints in a plane parallel to the direction of vibrations
(Fig. 1b) by scanning electron microscopy on TESCAN
MIRA 3 LMH FEG microscope in the backscattered electron
(BSE) mode. For structural studies samples were ground
and mechanically polished on a colloidal suspension with a
grain size of 0.05 um. Quantitative structural analysis was
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Fig. 1. (Color online) Schematic diagram of the arrangement of sheets and ultrasonic spot welding process (a), and a view of a welded
specimen (b); the dashed line indicates the section in which the structure of joint was examined.

performed in accordance with the requirements of ASTM
E112-10. The diameter of a grain was accepted as the grain
size. The average grain size was estimated by lineal intercept
procedure. The average grain diameter d was calculated as
d =4l /mt, where [ is the average intercept length. The statistical
error of the average grain size measurement was calculated at
a confidence level of 90%. Chemical analysis was performed
using a Tescan VEGA 3SBH scanning electron microscope
equipped with Oxford energy dispersive X-ray spectroscopy
(EDS) system and the AZTech software.

Microhardness measurements were performed via an
ITV-1-AM testing instrument with a load on the indenter
of 10 g and a dwell time of 10 s. The average value of the
microhardness per a point (in each point) was calculated from
the results of at least 5 measurements. The standard deviation
was taken as the error of the measurement. The welded
samples were left for a week at room temperature to allow the
natural aging to occur and then subjected to lap tensile shear
tests using an Instron 5982 machine with a crosshead speed
of 1 mm/min at room temperature. The shear strength of the
joints was estimated by dividing the maximum load by the
area of the welded tip (19.6 mm?). The results were averaged
over three tests and the standard deviation was taken as the
value of the measurement error.

3. Results and discussion
3.1. Macrostructure and microstructure

Fig. 2 shows the macrostructure in cross-section of the
joint obtained by the USW. One can see defect-free welds
no cracks, discontinuities, pores, etc. are observed at a
microscope magnification up to 1000 times (see below
Fig. 3). Under the footprint created by the welding tip, the
thickness of the AA2024 alloy sheet uniformly decreased by
approximately 22%, while titanium sheets were plastically
deformed mainly in the areas of the “penetration” of the
teeth of the welding tip and the anvil.

Presented in Figs.3a—-c are the microstructures in
the central region of the joint and Figs. 3d,e show the
microstructures of the sheets outside the zone of interaction
with the welding tip, at a distance of 2.5 mm from the
perimeter of the weld spot. From a comparison of these
figures one can see that the microstructures of the both CP Ti
and AA2024 alloy sheets in the central and peripheral regions
are identical. It should be noted that the microstructure of
the CP Ti does not differ from the initial one, whereas the

Fig. 2. The macrostructure image in the cross-section of an
ultrasonically welded Ti-AA2024-Ti sample.

microstructure of the AA2024 alloy sheet changed. Relatively
equiaxed grains/subgrains with a distinct contrast in the BSE
images and an average size of 12.4+2.1 pm are revealed in
the cross section of the AA2024 alloy sheet (Fig. 3), which
were not observed in the initial sheet [17,18]. Evidently, the
heating during USW caused the development of recovery
and/or recrystallization in the aluminum alloy. The authors of
[19] observed a similar microstructure after the annealing of
cryorolled AA2024 sheets at 450°C. Under these conditions,
the formation of a grain structure is accompanied with a
decomposition of the supersaturated solid solution with
a precipitation of dispersed particles of the strengthening
phases, which are distinguishable only by transmission
electron microscopy techniques [19]. It should be noted that
heating up to 500°C of pre-annealed titanium does not cause
any noticeable structural changes in it [20].

The observed changes in the microstructure are in a
satisfactory agreement with the results of microhardness
measurements (Fig. 4).

Microhardness of CP Ti before and after USW was
1876 +51 MPa. Recovery and/or recrystallization in AA2024
alloy led to a decrease in microhardness from 1860+72 to
1498 +40 MPa, which did not differ significantly over the
whole thickness of the sheet (Fig.4a). In contrast to the
results of [12,13,15], we did not find significant differences
in the microhardness of the AA2024 sheet inside and outside
the weld spot (Fig. 4b). We assume that the temperature
distribution in the AA2024 sheet sandwiched between the
CP Tisheets was quite uniform, that is, the CP Ti sheets played
the role of a “heat insulator”, since the thermal conductivity of
titanium is 13 and 4 times less than the thermal conductivity
of aluminum and steel (anvil and tip material) respectively.

3.2. EDS analysis

To detect and estimate the width of a layer with a changed
chemical composition near the contact surfaces of the sheets
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a C

Fig. 3. BSE images of the microstructure in the central region of the welded joint (a), top weld (b), bottom weld (c); and the microstructure
of the sheets at a distance of 2.5 mm from the perimeter of the welded spot: CP Ti (d), AA2024 alloy (e).
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Fig. 4. (Color online) Microhardness of CP Ti and AA2024 alloy sheets after USW in vertical (a) and horizontal (b) directions.

to be joined, an energy-dispersive analysis was carried out
along the lines intersecting the contact planes. Fig. 5 shows
typical profiles of Ti and Al distribution in different zones of
the welded joints. In all cases, the transition zone between
the sheets has a width of about 4 pm, which is comparable to
the size of the region of interaction of the electron probe with
metals. For this reason, it is impossible to determine reliably
the width of the zone with changed chemical composition, as
well as the presence or absence of particles of intermetallic
phases (TiAl,, TiAl and Ti,Al) if theirs sizes are less than
4 um. EDS results for the top and bottom welds, as well as

for the center and periphery of the joint, were similar. The
obtained result is consistent with the data of [12,13,15], in
which IMCs were not detected not only by EDS analysis, but
also by transmission electron microscopy.

3.3. Mechanical Properties

A typical view of the sample after mechanical lap shear tests
is shown in Fig. 6. The average value of the failure load was
1612+278 N. For comparison with the literature data, a more
convenient characteristic of the shear strength of the joint
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Fig. 5. (Color online) Distributions of Ti and Al along lines
perpendicular to the top and bottom welds planes in the central and
peripheral regions of the sample.

Fig. 6. (Color online) A typical view of the sample after lap tensile
shear test.

is the failure load per unit area of the welding tip. The shear
strength values of dissimilar Al/Ti ultrasonically welded
joints published in a number of articles are listed in Table 1.
It can be seen that the shear strength of the joints
obtained in this work is close to shear strength presented in
several references [11-14]. The authors of [10,15] achieved
much higher strength, but in these studies, a foil or pure
Al powder was placed between the sheets of titanium and
aluminum alloys. It should be noted that the lap shear test
results obtained in this work characterize the strength of
the “weak” bottom weld, since the failure of all samples
occurred between the AA2024 alloy sheet and the bottom
CP Ti sheet adjacent to the anvil. Obviously, the joint between
the top CP Ti sheet and the AA2024 alloy is stronger. Two
reasons to explain this difference can be assumed. First, the
efficiency of the transmission of vibrations from the welding
tip to the bottom contact surface decreases due to the loss of
mechanical energy in the top weld joint owing to the internal
friction and the resulting heat generation [21]. Second,
after welding always there is a specific deformation of the
top two sheets, as one can see in Fig. 2. This deformation
results in a sharper stress concentrator along the perimeter
of the bottom weld as compared to the one of the upper weld
during testing. Both reasons might result in a lower strength
of the lower weld joint. Probably, the strength of this lower
joint can be increased by: 1) reducing the thickness of the
AA2024 sheet, which will reduce the loss of mechanical
energy during welding; 2) changing the shape of the welding
tip and reducing the clamping force, which will change the
distribution of stresses along the perimeter of this joint.

Table 1. Shear strength of dissimilar Al/Ti ultrasonic welds.

Failure load
Welded alloys (N)Y/A (lrln:n?), MPa Ref.
AA2024/CP Ti 57+10 This study
AA2139-T8/TiAl6V4 67.5 [12]
AA6061/CP Ti 513 [11]
AAG6111/TiAl6V4 57.4 [13]
AA7075/TiAl6V4 56.2 [14]
Al6061/pure Al powder/ Ti6Al4V 106 [15]
Al5754-O/pure Al/Ti6AI4V 206 [10]

4. Conclusion remarks

Ultrasonic welding was used to obtain joints of CP Ti and
AA2024 alloy sheets. Before welding, these sheets exhibited
similar values of hardness that was achieved by preliminary
deformation and heat treatment. To avoid the adhesion of
aluminum to the welding tool during welding, the AA2024
alloy sheet was sandwiched between the CP Ti sheets.
This arrangement of the sheets ensured a more uniform
temperature distribution in the joined sheets, as follows
from microstructural observations and microhardness
measurements.

Cracks, discontinuities, pores in welds were not observed
at magnifications of the microscope up to 1000 times. No
intermetallic phases were found near both contact surfaces.

Failure of all samples occurred along the bottom interface
between of AA2024 alloy sheet and CP Ti sheet. The average
lap shear failure load was 1612+278 N that corresponded to
lap shear strength of 57+10 MPa. This value is close to the
strength of Al/Ti joints given in [11-14].
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