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The formation of transition zones during explosive welding of aluminium
with copper in vacuum and in air is studied. The distribution of element con-
centrations is used to determine the coefficient of mutual mass transfer in
the undetachable Al-Cu joint. It turns out that the mass transfer of copper
into aluminium in the conditions of explosion welding occurs at greater
depths compared to the depth of penetration of aluminium into copper. This
is explained by the fact that the nature of the penetrating atoms does not
have such a strong influence as in conditions of diffusion annealing, and the
determining factor is the lattice period, which in aluminium is larger than in
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copper. Concentration curves are plotted for the Al-Cu interaction zone dur-
ing explosion welding, in which there are no intermetallic phases correspond-
ing to the equilibrium diagram of state. The coefficient of mutual mass
transfer turns out to be several orders of magnitude higher than the hetero-
diffusion coefficient of the same elements under diffusion-annealing condi-
tions. The explosion welding is performed using a coaxial scheme by throw-
ing a copper tube on an aluminium rod.

Key words: aluminium, copper, explosion welding, mass transfer, diffusion,
interaction zone.

BuBueno ¢opMyBaHHS mepexXigHOI 30HU i Yyac 3BapIOBaHHA BUOYXOM aJIfOMi-
Hilo 3 MiAAI0 y BakyyMi Ta Ha oBiTpi. 3a po3moaijioM KOHIIeHTpaIlii eJJeMeHTiB
BU3HAUEHO KoedillieHT B3a€EMHOTO MacOIlepeHeCeHHA Yy HepOo3HiMHOMY
3’enmanui Al-Cu. Buasuiocs, 110 MmaconeperneceHuss Kynpymy B aroMiHii 3a
YMOB 3BaprOBaHHA BHOYXOM Bif0OyBaeThbCcsa HA OiJbIN IHOWHN IIOPiBHAHO 3
TJINOMHOI0 MPOHUKHEeHHA AnfoMiHito y Miab. Ile mosgcHIOETHCA THUM, IO IIPH-
poza MPOHUKAJIbHUX aTOMiB He Ma€ TaKoro CUJILHOTO BILIUBY, AK B YMOBaX
IudysifiHoro BiAmany, a BUSHAYaJIbHUM € IePioJ I'PATHUIL, AKUN Y aJoMiHii0
€ OinpmmuM, aHixk y migi. Kounenrpaniiiai KpuBi moOymoBaHO IJIs1 30HU B3a€-
moxii Al-Cu mix yac 3BaproBaHHA BuOYXOM, B sSKill BigcyTHi imTepmerasieBi
dasu, 1110 BiAmOBiga0Th PiBHOBaXKHIiM Aiarpami crany. KoegiiieuT B3acMHOr0
MacolepeHeceHHsA BUABUBCA Ha KiJIbKa HOPAIKIB BHIITUM, aHiK KoedimieHT
retTepoaudysii Tux JKe eaeMeHTIB B ymMoBax AudysiliHoro Bigmasy. 3BaproBaH-
HS BUOYXOM BUKOHYBAJIX 34 KOAKCIAJIBLHOIO CXEeMOIO IIIJITXOM MeTaHHSA MigHOI
TPYOKHM Ha aJIOMiHIAOBUY CTPUIKEHbD.

Karouosi ciaoBa: anxomimiii, Mings, 3BapoBaHHA BHOYXOM, MacolepeHeCeHHd,
nugysisa, 3oHa B3aeMomii.
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1.INTRODUCTION

Explosive welding [1-3] attracts the attention of researchers and tech-
nologists due to the presence of a number of advantages over other
types of welding. The most important of them is the possibility to ob-
tain reliable joints of a wide range of metals, which may differ in hard-
ness, melting point, the possibility of the formation of solid solutions
and intermetallides, linear expansion and mass-transfer coefficients.
The use of the term ‘diffusion’ in explosion welding is not quite cor-
rect. The term ‘mass transfer’ is more accurate, since the process takes
place under conditions far from equilibrium. Under such conditions,
the phenomenon of accelerated mass transfer in the solid phase [4—-6],
which is realized in shock waves [7—10] and in other types of pulse pro-
cessing, such as shock welding [11, 12], pulse laser processing [13, 14],
martensitic transformations [15-17], elastic compression waves [18,
19], ultrasonic shock processing [20] and other ones [21], is manifested
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during high-speed deformation.

An important circumstance is also the fact that explosion welding
can combine obtaining a joint with simultaneous strengthening of the
base metal and the joint zone.

Consequently, for the selection of welding, modes should be based on
the concepts of the interaction of metals in the solid phase, because the
presence of a liquid phase can lead to the formation of brittle interme-
tallides. This approach allows us to establish the role of the main fac-
tors affecting the course of solid-phase reactions, namely, the defects
in the crystal structure and the mutual mass transfer of the compo-
nents to be joined.

The process of joint formation during explosion welding of copper
with aluminium, including coaxial joints, is greatly influenced by the
heated shock-compressed gas filling the gap between the surfaces due
to the low melting point of aluminium and the formation of a low-
melting (Twat = 548°C) Al:Cu + x eutectic [22]. To eliminate the influ-
ence of shock-compressed air during explosion welding, vacuuming of
the welding gap is used.

Therefore, the purpose of this work is to study the peculiarities of
mutual penetration of copper and aluminium and the influence of mass
transfer on the formation of an unbreakable Al-Cu coaxial joint dur-
ing explosion welding, including vacuumization of the welding gap.

Let us consider the equilibrium diagram of the states of this pair
[23]. As follows from the above diagram, the solubility with the for-
mation of a solid solution of Cu in aluminium and aluminium in Cu is
very different. At room temperature, Cu dissolves into Al in an
amount of 0.2% wt. (0.1 at.%) and the maximum solubility is of
5.65% wt. (2.48 at.%) at eutectic temperature. At the same time, the
face-centred cubic lattice (f.c.c.) parameter of aluminium decreases
from 0.4049 nm to 0.4038-0.4041 nm.

At room temperature, Al is dissolved in copper in an amount of
7.1% wt. (3.2 at.%). At the same time, the f.c.c. lattice parameter of
Cuincreases from 0.36151 nm to 0.36633 nm.

A comparison of the above data indicates that the solubility of Al in
Cu with the preservation of a solid solution is about 35 times higher as
compared to the solubility of Cu in Al. Analysis of diffusion data
showed that this affects the diffusion rate of aluminium and copper
atoms[24, 25].

Comparison of diffusion coefficients of copper in aluminium and
aluminium in copper in works [26, 27] showed that, when the reduced
temperature is equal (Tanncal/ Tmeit.), Where Tannear is the diffusion anneal-
ing temperature, T is the melting temperature of the metal, in
which diffusion takes place, the diffusion coefficients are equal.

Diffusion (mass transfer) processes in metals and alloys under con-
ditions of explosion processing are currently insufficiently studied.
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This information is necessary for the development of explosion weld-
ing modes for new combinations of materials. In particular, we can cite
the works [5, 6, 9, 11], in which the authors considered these issues. In
Ref. [30], they studied the processes of diffusion interaction in the
boundary layer of the Cu—S235 (analogue of steel 3) bimetal. It was
found that the mutual penetration of copper and iron is directly de-
pendent on the pressure in the contact zone. Thus, at pressure P=4
GPa, the effect of copper penetration into S235 and back within the
sensitivity of the method is not detected, and at P =21 GPa, the depth
of the interaction zone is of about 7 microns.

The estimated value of the coefficient of mutual diffusion (mass
transfer) in the system Cu—S235 is of the order 10°2-103cm?/s. This
value is much higher than the values of the diffusion coefficients of
copper in iron and iron in copper under steady-state conditions. Thus, at
normal pressure, Drescu=1.32-10"cm?/s and Dcysre=2.7-1071% cm?/s
[29]. Possible mechanisms of such excess at explosion welding of Cu—
S235 compared to diffusion under steady state conditions are considered
in Refs. [5, 31].

However, under the conditions of explosion welding, as noted above,
this issue is practically not studied. Among other things, it concerns
the Al-Cu bimetallic pair. This metal pair is of practical interest for
the fabrication of bimetallic conductors (copper sheath on an alumini-
um base with low density).

To avoid confusion, the following terminology will be adopted in
this paper. The processes of atom transfer due to concentration gradi-
ents under conditions close to equilibrium will be called as ‘diffusion
processes’. The term ‘mass transfer’ will be used to describe the pro-
cesses occurring in nonstationary conditions and accompanied by plas-
tic deformation. Calculations of the corresponding coefficients for
these processes occurring at the atomic level will be performed by simi-
lar methods, taking into account the process time.

2. EXPERIMENTAL AND THEORETICAL DETAILS
2.1. Description of Materials

In this work, aluminium (1230) and copper (11000) were used as weld-
able materials. The choice of these materials is primarily due to their
use as basic or cladding elements of composite materials for electrical
applications.

Explosion welding was carried out according to the coaxial scheme
by throwing a copper tube of 28 mm diameter with a wall thickness of 1
mm onto an aluminium rod of 24 mm diameter. The length of the weld-
ed blanks was 1000 mm. Explosive welding of the tubes was performed
at an impact velocity of 320 m/s, with and without vacuumization of
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TABLE 1. Chemical composition of aluminium 1230.

Impurities (no more), %
Ti | Mg [Cu| Mn | Zn | si Fe
99.3 0.15 0.05 0.05 0.025 0.1 0.3 0.3

Al (not less), %

TABLE 2. Chemical composition of copper 11000.

Cu Impurities (no more), %
(notless),%| Bi | Sb | As| Fe | Ni [Pb |Sn| S | O | Zn
99.90  0.001 0.002 0.0020.005 0.0020.0050.0020.004 0.05 0.004

the welding gap.
The chemical composition of aluminium and M1 copper is presented
in Tables 1, 2.

2.2. Preparation of Specimens for the Study

After fabrication of the bimetallic rod by explosion welding, cylindri-
cal specimens (up to 17 mm in length) were cut from it for microstruc-
ture study. These specimens were then cut in half in the longitudinal
direction so that the cutting line passed through the centre of the spec-
imen, taking into account the thickness of the cutting tool.

After cutting and polishing, the obtained specimens were washed in
ethyl alcohol using an ultrasonic cleaning machine. The study was car-
ried out on non-polished specimens.

2.3. Obtaining Concentration Curves

The main studies of the structure and chemical composition of the
compound zone were carried out on the Auger microprobe JAMP-
9500F of the ‘JEOL’ company (Japan).

The Auger-microprobe JAMP-9500F combines the properties of a
high-precision Auger-analyser with energy resolution (AE/E =0.05%),
and a good scanning electron microscope with secondary electron reso-
lution, which is not worse than 3 nm on a 24-millimeter working sec-
tion.

Concentration curves of the transition zone of a copper—aluminium
joint obtained by explosion welding in air and in vacuum were plotted
as aresult of the research.

The penetration depths were determined by the corresponding con-
centration curves, and the interface between the two materials was
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taken as the origin of the co-ordinates.

2.4. Method of Layer-by-Layer Analysis

This method is used, when using radioactive isotopes [5], as well as
when using other methods, by means of which the concentration of the
diffusing element at a certain depth of the diffusion zone is deter-
mined. Thus, according to the measured values of the activity of la-
belled atoms or their concentration, the concentration curve of the el-
ement distribution in the diffusion zone is constructed, which is the
basic curve for determining the values of mass-transfer coefficients.

The concentration distribution curves of diffusing elements in the
sample serve as an experimental basis in this case. The essence of this
method is described in Refs. [4, 31].

The calculation formula for determining the value of the mass-
transfer (diffusion) coefficient has the following form:

(1)
or, on the other hand, when passing to the decimal logarithm),
0.1086
D, =- ; (2)
ttga

T is processing time, tga is angle of inclination of the tangent to the
concentration curve.

2.5. Boltzmann—Matano Analysis

This method is used to calculate the coefficient of mutual diffusion,
which depends on concentration [32]. The concentration curve in the
co-ordinates ¢ = f(x) corresponds to a certain mass-transfer (diffusion)
time. Hence, t = const. Then,

D, . :———jxdc. (3)

The influence of concentration on the diffusion coefficient must be
taken into account, when the metals to be welded have a whole set of
intermetallic compounds. Such metals include Al-Cu pair, Fe—Ti, Al-
stainless steel, and many others, which also find application in various
fields of science and technology.

It should also be noted that, in explosion welding, the problem of ex-
perimental and theoretical assessment of the temperature in the joint
zone is difficult.
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This factor should be taken into account, when developing the weld-
ing mode, since it has a significant impact on the formation of phases
(including the formation of intermetallides) and the structural state of
the welded joint material, as well as on the diffusion characteristics of
the components of this joint. The temperature factor is especially im-
portant in the case of the explosion welding of metals with very differ-
ent melting points.

3. RESULTS AND DISCUSSION

3.1. Explosion Welding of Copper with Aluminium with Vacuuming
of the Welding Gap

The distribution curves of copper in aluminium and aluminium in cop-
per after explosion welding are shown in Fig. 1.

In the above graphs, we can see that the depth of aluminium pene-
tration into copper (0.7 um) is smaller than the size of the copper—
aluminium interaction zone (approximately 1.8 um).

It should be noted that, according to the equilibrium diagram, the
solubility of the elements in the Cu—Al system is different. According
to Ref. [23], at room temperature, copper dissolves in aluminium in
the amount of 0.1 at.% . Under these conditions, the amount of alu-
minium in copper reaches 18 at.%, i.e., much more.

In addition, the shape of the concentration curves (Fig. 1) and the
microstructure photograph (Fig. 2) indicate that there are no interme-
tallics in the area of interaction between copper and aluminium, which
are formed in this system in a wide range of concentrations under equi-

at. %

90- N
i Cu
80-

70+
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0

Fig. 1. Concentration curves of copper in aluminium and aluminium in copper
after vacuum explosion welding.
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4 um

Fig. 2. Microstructure of the contact zone after vacuum explosion welding of
copper with aluminium (x150, back (secondary) electrons).

librium conditions. In this case, a solid solution of aluminium in cop-
per is formed and vice versa. This can be explained by the short time of
the pulse action and rapid cooling due to effective heat removal from
the zone of elevated temperatures. In other words, the duration of the
elevated temperature is shorter than the latent period of intermetallic
formation. It should be noted that the copper distribution curves in
aluminium were determined both in areas with and without interme-
tallics. In our publication, we present the curves in the areas without
intermetallics, while the area next to it, which is not visible in the pho-
to, has intermetallics.

In Figure 2, the dots show the places where the concentration of el-
ements was determined.

From the graphs shown in Fig. 1, it is possible to determine the coef-
ficients of mutual diffusion in the Cu—Al system by the Matano—
Boltzmann method [32]. Mutual diffusion—mutual penetration of at-
oms or molecules at contact of two environs (solid, liquid, gaseous).
Mutual diffusion coefficient Di; is related to partial self-diffusion co-
efficients D; and D: (ni, ne are concentrations of corresponding ele-
ments):

D, - D,n, + Din, . )
n, +n,

In this case, the value of the Cu—Al mutual mass-transfer coefficient
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was equal to Dyt =1.0-102cm?/s. At the same time, during the sta-
tionary annealing of this pair (523 K) [29], Dmut. is of 1.2-107'2 cm?/s.
Their ratio is 8.3-10°. Thus, an increase in the coefficient of mutual
mass transfer by almost 10 orders of magnitude is observed during ex-
plosion welding of copper with aluminium that indicates the realisa-
tion of the phenomenon of anomalous mass transfer.

To determine the values of the partial mass-transfer coefficients of
copper into aluminium and aluminium into copper, the corresponding
branches shown in Fig. 1 were used. The mass-transfer coefficient was
calculated according to the Gruzin method using the data from Fig. 1[4].

As can be seen in Fig. 3, the graphs represent a straight line, which
suggests that this transfer process is realised in the volume, which re-
sembles the classical diffusion transport. As can be seen in Fig. 3, the
atoms penetration of aluminium into copper in comparison with copper
into aluminium occurs at greater depths, despite the fact that the solu-
bility, according to the diagram of states, is greater for aluminium in
copper [23]. The calculated mass-transfer coefficients are
7.4-10* cm?/s and 4.3-1073 cm?/s, which is practically equal to or even
higher than the coefficients of atomic diffusion in the liquid metal
[33]. Under equilibrium conditions, the values of the heterodiffusion
coefficients at the deposition temperature of 973 K are 1.6-10!! cm?/s
and 6.7-10° cm?/s at 903 K [29]. The excess of the mass-transfer coef-
ficients of aluminium atoms into copper in comparison with the heter-
odiffusion coefficient is approximately 8 orders of magnitude, and of
copper atoms into aluminium is 6 orders.

1.7

1.6+

s
S
1

lg(C/x)

1.34

1.2+

0.2 0.4 0.6 0.8 1.0 1.2

Fig. 3. 1g(C/x) = f(x?) dependence: transport Al to Cu (1) and Cu to Al (2) at
explosion welding in vacuum.
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The obtained result can be explained by the fact that the nature of the
penetrating atoms does not have such a strong influence at the values of
the mass-transfer and diffusion coefficients, as in conditions of diffu-
sion annealing, and the determining factor is the lattice period, which is
larger in aluminium. Under conditions of mass transfer, a major role is
played by mobile dislocations, which can entrap the penetrating copper
atoms. This leads to the fact that the deformation and mass-transfer
processes are easier in less strong aluminium. As can be seen, the in-
creased solubility of Al in Cu according to the equilibrium state diagram
[23] has no effect on the mass-transfer coefficients during blasting.

3.2. Explosive Welding of Copper with Aluminium in Air

The welding parameters in air are identical to those used for welding in
vacuum except for the temperature in the contact zone, which was
higher in air due to heating by shock-compressed gas.

Concentration-distribution curves of Al in Cu and Cu in Al obtained
in the study of the welded joint of the Al1-Cu-metal system are present-
edin Fig. 4.

From the comparison of the presented curves, it follows that the siz-
es of the zones of penetration of the mentioned elements into each oth-
er are significantly different. Thus, the size of the Al — Cu zone is of
about 0.7 um, and for the Cu — Al zone, it is of 2.6 um.

From comparison of the shape of concentration curves (Fig. 4) and
microstructure (Fig. 5), it follows that there are no intermetallides in
the zones of copper—aluminium interaction (as well as in the case of

at. % S
902 W*\ ——

50

Fig. 4. Concentration distribution curves of copper in aluminium and alumin-
ium in copper after explosion welding in air.
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Fig. 5. Microstructure of Cu—Al contact zone after explosion welding in air
(x150, back (secondary) electrons).

welding in vacuum).

Figure 5 shows the contact zone of the welded element Cu—Al.

The coefficient of mutual mass transfer in the Cu—Al system is
Dy =1.0-102cm?/s during air blast welding. Consequently, in the
case of explosion welding in air of copper and aluminium, there is ob-
served (as well as in the case of welding in vacuum) an increase in the co-
efficient of mutual mass transfer by more than 9 orders of magnitude.

For the determination of the values of the mass-transfer coefficients
of copper to aluminium and aluminium to copper at welding by explo-
sion in air, the corresponding concentration curves (to the right and
left from the zero axis x [um], Fig. 4) were used. Figure 6 presents con-
centration curves of distributions of copper in aluminium and alumin-
ium in copper, which are rearranged in 1g(C/x) = f(x?) co-ordinates.

For the explosion welding of Cu—Al in air, the volumetric character
of the mass-transfer process is observed, as well as for the welding of
this pair in vacuum.

Calculation of the mass-transfer coefficients in this case gives the
values (D) A'=7.2.10%cm?/s and (D) =1.03-103cm?/s. These
values of Dy, slightly exceed the values of diffusion coefficients in Cu—
Al vapour in the liquid state [33].

Comparing the mass-transfer coefficients at explosion welding in
air with the case of stationary annealing at temperatures of about
900 K (see data in the section on explosion welding in vacuum), we ob-
tain that the increase in the mass-transfer coefficient of copper to al-
uminium is about 6 orders of magnitude, and for aluminium to copper,
it is about 8 orders of magnitude.
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Fig. 6. 1g(C/x) = f(x?) dependence: transport Al to Cu (1) and Cu to Al (2) at
explosion welding on air.

In the case of explosion welding in air, the depth of mass transfer of
copper to aluminium is greater, which can be explained by the higher
temperature compared to vacuum welding. As can be seen from Table
3, the mutual mass-transfer coefficient does not depend on the atmos-
phere used at welding. Since the heating temperature during explosion
welding is higher on air, and Du.:. are equalled for both atmospheres, it
can be concluded that heating due to the presence of air can be neglect-
ed, and the main contribution to mass transfer is made by the move-
ment of atoms under the action of the driving force.

As mentioned above, the experimental results on mass transfer in
copper—aluminium explosion welding indicate its high speed and vol-
umetric nature. Usually, atomic migration can be associated with vari-
ous diffusion mechanisms: vacancy, dislocation, internodal, etc. Con-
sideration of these mechanisms has shown that migration through va-
cancies or along dislocation tubes cannot provide the available penetra-

TABLE 3. Values of the diffusion and mass-transfer coefficients.

Dinyt., cm?/s (Cu—Al) | Dyetero, cm?/s Dy, cm?/s

Explosion
welding in
vacuum
and air

Diffusion
annealing
(523 K)

Cu— Al

(903 K)

Al — Cu
(973 K)

Explosion
welding in
vacuum
(Cu— Al

Explosion
welding in
vacuum
(Al - Cu)

Explosion
welding in
air
(Cu— Al

Explosion
welding in
air
(Al - Cu)

1.0-102

1.2.107'2 6.7-10° 1.6-101!

4.3-1073

7.4-10™*

7.2.10°®

1.03-1073
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tion rates and depths. As for the internodal mechanism, despite the
erroneous statement of the author of Ref. [34] about the high energies
required for the creation and movement of its own (or substituted) in-
ternodal atom, this assumption of the internodal mechanism has the
right to exist since the creation of this defect occurs at the expense of
the energy of impulse deformation, and for its movement, the required
energies are by 1-2 orders of magnitude lower than for the movement
of the vacancy.

4. CONCLUSIONS

The main conclusions are as follow.

1. The coefficient of mutual mass transfer in an unbreakable Cu—Al
joint obtained by explosion welding has been determined. The coeffi-
cients of mass transfer at vibe welding exceed their values at diffusion
welding by = 7-10 orders of magnitude and by =11-12 at isothermal
falls.

2. Despite the higher solubility of aluminium in copper, according to
the equilibrium diagram of state, it turned out that the mass transfer of
copper to aluminium in the conditions of explosion welding occurs at
greater depths compared to the depth of penetration of aluminium into
copper. This is explained by the fact that the nature of the penetrating
atoms does not have such a strong influence on the conditions of thermal
annealing, and the determining factor is the lattice period, which is larg-
er in aluminium than in copper. In addition, under conditions of mass
transfer, mobile dislocations play an important role, which can entrain
penetrating atoms. This leads to the fact that, in less durable aluminium,
deformation processes occur much more easily, and this leads to the fact
that deformation processes are much easier in less strong aluminium.

3.In the explosive welding of copper with aluminium, the mutual
mass-transfer coefficient does not depend on the atmosphere. Since the
heating temperature of the surface layer of the metals being joined is
higher when air is used, this indicates that heating due to the presence
of air can be neglected, and the main contribution to mass transfer is
made by the movement of atoms under the action of the driving force.
It should be taken into account that the temperature in the joining
zone is a determining factor that causes the formation of brittle inter-
metallic phases and fusible eutectic.

This contribution was created under the partial support of project
No. 0122U002366.
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