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The paper discusses the problem of increasing the performance properties of aluminum alloy D16 for possible
more efficient use in the fields of transport engineering. A property modification tool is a high current relativistic
electron beam. The irradiation occurs in a vacuum. The peculiarities of the layer distribution of characteristic zones
resulting from irradiation are investigated. Metallographic and fractographic analysis is carried out, and

microhardness values are measured.

PACS: 07.05.Tp, 61.80.Fe, 81.70.—q, 87.63.Hg

INTRODUCTION

One of the modern ways of increasing the efficiency
of materials use in the field of transport engineering is
the use of aluminum alloys as facing, protective and
loaded structural elements. This is due to their high
enough ratio of strength to specific gravity, ductility,
corrosion resistance, toughness value. Their most
common use is in aircraft, for which a number of special
alloys have been created [1, 2]. However, the use of
aluminum-based alloys was of interest for the bus
industry and for shipbuilding [3], in the latter case, the
possibility of reducing the weight of structures
compared to the use of steel, resistance to algae grow is
particularly important. In turn, the variety of alloys is
explained by the effort to create the most adapted
material to the conditions of operational loads inherent
in a particular product, which is usually achieved by the
selection of the component composition of the alloy and
its subsequent technological operations as rolling, heat
treatment [4]. Current methods of producing alloys with
improved properties include methods of intensive
plastic deformation [5, 6], which consist of grinding and
forcing the grains due to their extrusion at different
angles through the die and torsion. A special place in
obtaining materials with specified properties takes a
direction that involves the creation of a combined
structure with a defining role to the surface layers of the
material. According to the concept [7], a deformable
solid is a multilevel system in which the surface layer is
a separate subsystem, which is simultaneously in a state
of dynamic connection with the bulk of the material.
Among the tools for modifying the surface layer itself, it
is advisable to consider those that provide the thickness
of the modified singing layer measured with the size of
the zone of formation of new phases in the material,
solid phase transformations. Among the modifiers, the
use of intense electron beams seems to be promising,
since they have a unique effect, which is that the
maximum energy absorption falls on the subsurface
layers located at a depth of about one third of the
maximum immersion of the beam. In [8], we described
the effect of increasing the elongation values before
failure in mode over plastic deformation of an alloy D16
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irradiated with a high-current relativistic electron beam
(HCEB). The disadvantage of this method of treatment
was that the surface of the sample was melted on it
formed craters, it contained clear traces of uneven relief,
which imposed certain restrictions on technological
applications. We found that the effect of enhancement
of plastic properties due to irradiation was achieved due
to such effects as the grinding of grains and the
formation of their predominant orientation. Remelting
the material with an electron beam also led to the
redistribution of alloying elements, which we
established in [9] on the example of an aluminum alloy
in 1933. Thus, the modified layer is really a separate
subsystem, which is able to generate new properties of
the material during its technological processing and
further operation. The most appropriate way of
eliminating the relief seems to us the use of high-
temperature rolling, which to some extent is a partial
implementation of the method described in [10], i. e. it
is of interest to find out the features of two-stage
material processing, which involves irradiation of
HCEB with subsequent rolling.

EXPERIMENTAL MATERIALS
AND METHODS

As a material for research we have selected one of
the most common aluminum alloys D16, which is used
in many fields of transport engineering, its elemental
composition  (Al, 4.8%Cu, 1.5%Mg, 0.8%Mn,
impurities Fe and Si no more 0.5%). The irradiation was
performed on an electron accelerator of the NSC
“Kharkov Institute of Physics and Technology”
TEMP-A with the following electron beam parameters:
electron energy 350 keV, beam current 2 kA, pulse
duration 5 ps, beam diameter 40 mm. The vacuum in
the beam drift chamber was 2-10°mmHg. The
operation of placing and removing the samples from the
irradiation zone was performed through a vacuum
gateway. Rolling after irradiation was carried out at a
temperature of 250 K. The fractures of the samples were
analyzed on a JEOLJSM-840 raster electron
microscope. The microhardness was measured on a
PMT-3 microhardness meter. X-ray structural analysis
was performed on the DRON-4 installation.
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DISCUSSION OF THE RESULTS

The use of HCEB for the modification of aluminum
alloy and the expectation of this type of processing of
new technologically promising results is based on the
mechanism of influence of the electron beam on the
material. This effect is characterized by its complexity,
which consists in the fact that the surface layer is melted
down to the transition to the gas-plasma state and
ablative emission of the substance occurs with partial
subsequent condensation [11]. The deeper layers of the
material undergo remelting, the subsequent ones fall
into the thermal impact zone. The heating rates of
cooling are 108 K/s. Such temperature gradients give
rise to zones of expansion of compression in the depth
of the target, which in some cases is manifested in a
change in the value of the defect density [9] at depths
much greater than the depth of penetration of the beam.
This treatment mode also promotes the dispersion of
saturation phases, which should improve the corrosion
resistance. This assertion is based on the fact that,
according to [3], the addition of alloying impurities such
as Zr and Cr did not lead to an increase in corrosion
resistance until heat treatment was applied. In addition
to corrosion resistance for aluminum alloys, their ability
to damp the impact loads is especially characteristic of
the shipbuilding industry, since the features of
maneuvering when entering ports under different
conditions may be associated with impact loads. As we
noted in [12], the complex mechanism acting on HCEB
materials makes it possible to consider it as a means of
obtaining shock-protective surfaces, since the modified
layer has increased values of microhardness and thus a
porous layer is formed between it and the main material
due to shock-wave stresses oy (r,t), which arising as a
result of the thermoelastic effect [13]

oy (r,t) =T €(r), 1)

where g(r,t) is the density of absorbed radiation energy
at the target; r — the coordinate; t — time; T" is the
Griineisen parameter of the substance. An additional
component of stress formation is the recoil impulse
generated by ablative emission [14]:

o=(r-1)o 2

where y =1, 2 — the ratio of the specific values of the
heat capacity of the solid and plasma; @ — volumetric
density of radiation energy, J/cm®.

This set of mechanical effects is imposed on the
conditions of simultaneous movement of the melting
front and subsequent crystallization, resulting in a
certain anisotropy in the orientation of the grains. We
have suggested in [15] that such anisotropy will
facilitate the conversion of kinetic energy into its own
internal deformation energy along a tangent direction to
the surface. Such a deformation mechanism may
develop due to the aforementioned increase in plasticity
of the beam-modified layer and a higher value of
microhardness. As can be seen from Fig. 1 the beam-
modified surface (top) is substantially different from the
base irradiated layer. But the surface, which was not
machined after irradiation, has a fractured structure
(see Fig. 1,a), which is unacceptable from a
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technological point of view. After mechanical rolling
(see Fig. 1,b), we observe the healing of pores and
cracks due to rolling and sealing at elevated
temperature.

Fig. 1. Image of D16 alloys: after irradiation without
rolling (a); rolling after irradiation (b).
Increase x800

In both cases, the values of the microhardness were
measured in the areas known as the base region, the
transition or interface region, the melting region and the
condensed area [9]. The condensed area is the area from
which ablation of the molten substance occurred,
followed by back condensation. The melting region is
characterized by crystallization occurring under acoustic
vibrations. The values of microhardness are shown in
Table. As we can see, modifying the action of the beam
can cause a significant increase in microhardness, which
is explained by the fragmentation of the grain structure,
the accumulation in the middle of dislocation grains.
More clearly it can be seen on the nature of the material
breaking. For the interface region (indicated by a green
arrow in Fig. 2), the smallest value of microhardness is
evident, which is explained by the fact that it is transient
and contains pores, while being able to act as the
damper that distributes the field of shock mechanical
stresses. The base region (indicated by a yellow arrow
in Fig. 2) has a characteristic microhardness value with
a slight increase in its value after rolling due to
hardening. It is characterized by the viscous nature of
the hack. The area of melting has significantly higher
values of microhardness, its grains are perpendicular to
the surface, and the fracture character is fragile and
occurs outside the grain boundaries. The region of
precondensation showed the highest indicators of
microhardness (see Fig. 2 red arrow). It is characterized
by a fragile break in the body of the grains.

The value of microhardness in region of the alloy

sample
Region Bas Int Remelt | Recond
MicHard MPa 110 4 | 9311 | 16737 | 1810.1
Before Rolling
MicHard MPa
After Rolling 12249 | 1102.3 | 1701.4 | 1968.9

In our opinion, some increase of microhardness
values after mechanical rolling should be due to the
phenomenon of hardening, whose traces are well traced
on the fractogram.
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Fig. 2. Fractograms of the fracture of the sample after
radiation mechanical treatment

The effects of increasing microhardness are
probably also due to the redistribution of alloying
elements and the formation of new phases. In the
untreated sample, only aluminum lines were detected by
X-ray diffraction analysis (Fig. 3,a). Whereas on the
modified surface two lines are identified which
correspond to the copper compounds of Fig. 3,b. There
is also a slight increase in the aluminum lattice
parameter, which may indicate the formation of a solid
replacement solution. The main difference between the
modified surface is the narrowing of the half-widths of
the lines, which can be explained by the improvement of
the structure due to the thermal effect of the energy
release of internal stresses, which is formed due to
irradiation [16] and the action of pulses of high
pressure.

Consequently, in addition to microhardness values,
the resulting effects of such treatment make it possible
to expect, for example, increased tribological
characteristics, since the thermal action of other
concentrated energy flows [17] allows to improve the
wear resistance of friction elements. In the mode of such
material processing, more intensive redistribution of
copper and aluminum compounds can be expected,
since the material is in a non-equilibrium metastable
state for some time when the solubility of these
elements increases [18]. Bringing the observed effects
to technological implementation requires a number of
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technical solutions. Because the irradiation occurs in a
vacuum, it is necessary to create a vacuum gateway to
feed material into the treatment area. Another problem
is that the generation of pulses of electron radiation is
accompanied by the output of the brake radiation.
Radiation-resistant  detectors based on mercury
compounds can be used to control it [19, 20]. Metal-
polymeric materials can be used to protect measuring
devices and electronics [21, 22].
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Fig. 3. Results of X-ray diffraction analysis of samples:
initial sample (a); modified sample (b)

CONCLUSION

An approach to modifying the surface properties of
an aluminum alloy by treating a HCEE with subsequent
mechanical rolling at elevated temperature is proposed
in the work, which eliminates the lack of surface
roughness due to irradiation. This is one of the
deterrents against the use of these beams for applied
purposes, since obtaining a modified layer in metals at a
depth of 100...300 pm seems very promising. With
respect to aluminum alloys, mechanical rolling has the
important function of compacting the material and
rolling up pores and cracks, which allows to obtain a
technologically suitable surface with improved
performance properties.
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MOIAUPUKANNA ATIOMUHAEBOI'O CIITABA
PAJIMATMOHHOU 1 MEXAHUYECKOU OBPABOTKAMHM

C.E. /loneu, B.B. /lumeunenko, B.®. Knenukos, 10.®. Jlonun, A.I. Ilonomapés, C.E. Cenusanos,
P.U. Cmapoeoitmos, B.T. Yeapos

PaccmaTpuBaroTcss BONIPOCHL TOBBIICHHUS SKCIUTYaTallHOHHBIX CBOMCTB alIOMHHHEBOTo cruaBa /(16 mms
BO3MOXKHOTO Ooiee 3(h(heKTHBHOTO MPHMEHEHUs] B OTPACISIX TPAHCIIOPTHOTO MAIIMHOCTPOEHHA. MHCTpymMeHTOM
MOJU(UKAINN CBOMCTB SIBISIETCS CUIBHOTOYHBIA PEISATUBUCTCKUN IEKTPOHHBINA MydoK. OOIydeHHe MPOUCXOANT B
BaKyyMe. BBIACHIIOTCS 0COOEHHOCTH MOCIOWHOTO paclpeAeiIeH s XapaKTePHbIX 30H, BOSHUKAIONINX B PE3yNbTaTe
obiydenus. OcymecTBISIIOTCS MeTautorpaduueckuii 1 GppakTorpadUuecKuidl aHann3bl, MPOBOAMTCS H3MEPECHUE
3HaYeHUI MUKPOTBEPIOCTH.

MOIUPIKALIA AJIJIOMIHIEBOT'O CILIABY
PAJIAHIMHOIO TA MEXAHIYHOIO OBPOBKAMMU

C.€. Jloneuyw, B.B. /lumeunenko, B.®. Knenikos, 10.®. Jlonin, A.I. I[lonomapwos, C.€. Cenisanos,
P.I. Cmapoeoiimos, B.T. Yeapos

PosrnsmaroThCsl MHUTaHHS MiIBUINCHHS EKCIUTyaTalliiHUX BJIACTUBOCTEH amomiHieBoro cmiaBy JI16 mis
MOXIIMBOTO OUIBII €(EKTUBHOIO 3aCTOCYBaHHS B Tajy3sX TPAHCIOPTHOTO MalIMHOOymyBaHHs. [HCTpymeHTOM
Moau(ikanii BIACTUBOCTEH € CHUIBHOCTPYMOBHUIl pENSTUBICTCHKUI €JIEKTPOHHMIT Imy4ok. ONpoMiHIOBaHHS
BiZIOYBa€ThCS y BakyyMi. 3’SICOBYIOThCS OCOOJMBOCTI ITOIIAPOBOTO PO3IMOJALTY XapaKTEPHHUX 30H, sIKi BUHHKAIOThH
BHACIIZIOK ONPOMIiHEHHs. 3MIHCHIOIOTBCS MeTanorpadiuamii Ta ¢pakrorpadigyHmii aHANI3M, MPOBOIUTHCS
BHUMIPIOBaHHS 3HAUYEHb MiKPOTBEPIOCTI.
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