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The purpose of the present study was to find out and show that rapid solidification of the surface layer of
AA1933 aluminum alloy melted by irradiation with a high-current pulsed electron beam leads to the development of
deformation processes in this layer. This results from thermo-elastic internal stresses arising during irradiation of the
alloy with a pulsed electron beam. The value of residual internal stresses in the irradiation-remelted layer is 43 MPa.
Since it is impossible to determine the deformation mechanisms during cooling of the remelted layer by direct
methods, conclusions about the deformation mechanisms were made by studying the relief of the irradiated surface.
This study shows that deformation processes during irradiation of AA1933 aluminum alloy can develop in different
parts of the irradiated surface by different mechanisms. Deformation can be carried out by both dislocation slip and

grain-boundary slipping mechanisms.
PACS: 29.25.Bx, 61.80.Fe, 62.20.—x

INTRODUCTION

Surface modification techniques such as the
application of hard and wear-resistant coatings, surface
treatment with concentrated energy flows, and
saturation of the surface with metal and gas atoms are
often used to improve the performance characteristics of
aluminum alloys. Among the mentioned sources of
concentrated energy flows, high-current pulsed electron
beams (HPCEB), which were initially created for
problems of plasma electronics and new acceleration
methods, deserve special consideration [1, 2]. In recent
decades, this tool has proven itself, among other things,
as an effective method for modifying the surface of
materials [3-5]. Such treatment allows to reduce the
surface roughness of the material and increases its
physical-mechanical, electro physical, and tribological
characteristics [4-9]. Irradiation by HPCEB induces
many interesting phenomena related to thermal and
stress fields. Studies [4,9] show that sharply non-
equilibrium processes occur on metal surfaces, as a
result of which metastable states can arise in surface
layers, which are the source of improved physical,
chemical, and mechanical properties unattainable using
traditional surface treatment methods. Therefore,
HCPEB methods draw more and more attention while
discussing different options for surface modification of
materials. Unlike conventional surface treatment
methods, modification of material by HPCEB allows
high-density energy to be released at a shallow depth
from the material surface in a short time. Such
irradiation causes rapid heating and cooling with a high-
temperature gradient, resulting in melting, vaporization,
plasma ablation, and the formation of thermal stresses
and shock waves. As widely noted in many studies [3—
9], the surface morphology of solids can change

significantly after irradiation with HPCEB. At the same
time, the morphological features of the surface are
important and sometimes decisive for surface treatment
and in some cases may limit the use of HCPEB as a new
surface treatment method. However, a comprehensive
understanding and detailed description of the processes
occurring during HCPEB irradiation is still lacking.

The presence of strong residual internal stresses in
coatings, which play a significant role in the kinetics of
formation and fracture is a characteristic feature of most
coatings produced by the pulsed electron beam method
[10-13]. In many cases, such stresses present in the
remelted layer play a positive role, contributing to the
formation of a dense phase of the surface layer of the
material, and preventing the emergence of
inhomogeneities and macro-defects such as cracks and
cavities. The stress-strain state of the material largely
depends on the nature of relaxation processes
developing after the impact of external factors.
Relaxation effects are crucial both for the study of the
structure of materials and for the scientific explanation
of many of their intrinsic properties. The concept of
relaxation as a process of motion of the system in the
direction of thermodynamic equilibrium makes many
essential contributions to revealing the physical picture
of the stressed state of a solid body. In particular, recent
experimental data have shown that even a single crystal
of aluminum, which is not normally associated with
strain twin formation, will twin when irradiated by
HPCEB with properly specified parameters [12, 13].
These studies suggest that the high stress and strain
rates induced by rapid heating and cooling due to
irradiation by HPCEB can induce simultaneous
displacement of entire atomic planes. In addition, some
slip systems may be suppressed by thinning of the
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surface layer, which may contribute to strain twin
formation. At present, there are no numerical
calculations of the stress-strain state of the layer
irradiated by HPCEB. This is due to both the
heterogeneity of physical and technological properties
of such layers and the lack of experimental studies of
the surface relief of irradiated layers. Since it is
impossible to determine the deformation mechanisms
during cooling of the remelted layer by direct methods,
it is possible to conclude the deformation mechanisms
by studying the surface relief of the irradiated surface.
Therefore, in this study, an attempt was made to
describe possible mechanisms of deformation in the
surface layer of the alloy based on the study of
morphological features of the irradiated surface of
AA1933 aluminum alloy, developing as a result of
thermos-elastic stresses induced by HPCEB irradiation.

MATERIAL

High-strength alloys of the Al-Zn-Mg-Cu system,
which includes the 1933 alloy, are of special interest in
terms of aviation engineering development [14]. These
alloys have high specific strength and at the same time
are processable for the manufacture of deformed semi-
finished products. The use of different heat treatment
modes makes it possible to control the complex of their
service characteristics in a wide range to the required
operating conditions. At present, high-strength
aluminum 1933 alloy is one of the main structural
materials of modern aircraft. The studied AA1933 alloy

has the following chemical composition: Al
16...2.2wt.%Mg; 0.8...1.2wt.%Cu; 0.1 wt.%Mn;
0.66...0.15 wt.%Fe; 0.1 wt.%Si; 6.35...7.2 wt.%Zn;

0.03...0.06 wt.%Ti; 0.05 wt.%Cr; 0.10...0.18 wt.%Zr;
0.0001...0.02 wt.%Be. AA1933 is a high-strength alloy.
The tensile strength o of AA1933 alloy is
450...520 MPa [14]. The micro-hardness of alloy 1933
studied in this paper in the initial state is 105HV0.50.
The micro-hardness of the HCPEB-irradiated layer of
1933 alloy, as previously found in [15,16], is
137HV0.50. The alloy shows superplastic properties at
high temperatures [17]. At temperature T =793 K and
true strain rate & = 1.2.10“s™ elongation of samples of
this alloy before fracture is 260% [17].

EXPERIMENTAL

Plates with a size of 100x100 mm were cut from the
sheets of AA1933 alloy with a thickness of 2.5 mm for
irradiation. The cladding layer on the plate surface was
grinded off, and the plate surface was polished before
irradiation. Irradiation of alloy sheets was performed by
a HCPEB at the TEMP-A accelerator in the NSC KIPT
of the NAS of Ukraine [15, 16]. The energy flux density
at the target W is approximately 10° W/cm? (beam
energy E ~0.35MeV, current |~2000A, pulse
duration 7, ~5-10° s, beam diameter ~ 3 cm). Irradiation
was done by the single impulse in a vacuum at 1.3-107
Pa.

Structural and topographic studies were performed
using an Olympus GX51 optical microscope and a JEOL
JSM-840 scanning electron microscope. The phase
composition of the alloy and determination of lattice
parameters were studied by diffractometric analysis

using X-ray diffractometer DRON-4. Diffractograms
were obtained using filtered CuK,-radiation at tube
voltage U=40 kV and current strength 1 =10 mA.
Profiles of diffraction maxima were plotted point by
point at scanning step for 26 = 0.1° at the background
and 0.01° at the maximum.

RESULTS AND DISCUSSION

Irradiation by HPCEB rapidly heats the material to a
high temperature that significantly exceeds the melting
point of aluminum alloys [1-3,18]. Under the
conditions of HCPEB action, the alloy heating rate is
greater in the deep layers. The maximum energy
absorption occurs at a depth of about 1/3 of the electron
path in a given substance [18]. This leads to the
explosive release of part of the molten material and
subsequent rapid cooling of the alloy by heat dissipation
into the main volume of the target. Cooling is
accompanied by crystallization of molten material and
structural-phase transformations.

Fig. 1 shows a general view of the surface of a target
made of 1933 alloy sheet that has been irradiated by
HPCEB. It can be seen that the intense thermal heating
of the plate created by the electron beam led to the
melting of its surface layer.

Fig. 1. General view of the surface of the AA1933 alloy
plate irradiated by HPCEB

The features of structural and phase changes in the
surface layer of industrial aluminum alloy AA1933
irradiated by HCPEB were studied earlier in [15, 16]. In
particular, it was found that the action of a pulsed
electron beam is accompanied by the formation of a
distinct relief on the surface of the AA1933 alloy plate
and the appearance of microcracks and craters on it.

Fig. 2 shows a view of a series of surface fragments
of the AA1933 alloy plate after HCPEB irradiation. The
specimen in this figure is not ground and retains a
regular surface relief that records the crystallization and
cooling history of its surface. It can be seen that the
action of the pulsed electron beam is accompanied by
the formation of a developed surface relief and the
appearance of microcracks (see Fig.2,b) and craters
(see Fig. 2,c).

The crack formation seems to be caused by the
action of thermos-elastic stresses during rapid
crystallization of the surface molten by HCPEB.
Cracking of the surface layer indicates the presence of
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significant internal stresses occurring in the melted layer
at the time of its crystallization. As shown in Fig. 2,b,
the cracks have zigzag sections. Zigzag crack
propagation is probably related to local heterogeneity of
strength characteristics and plasticity of the remelted
layer in its various micro volumes and, in particular, to
local heterogeneity of alloying elements distribution in
the surface layer material during its crystallization. The
relaxation of internal stresses resulting from the
irradiation effect on the plate surface was not fully
carried out during the crystallization of the melted
surface layer, so the remaining internal stresses caused
the formation of cracks.

¢ CratEii s
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Fig. 2. Characteristic types of microstructure of
fragments of HCPEB-irradiated AA1933 alloy surface

Crater formation is also observed on the irradiated
surface (see Fig. 2,c). A detailed study of the types and
characteristics of craters formed as a result of irradiation
of AA1933 alloy by HCPEB was carried out earlier in
[19]. It is believed that the formation of craters on the
irradiated surface is one of the major adverse effects
caused by HCPEB treatment. This is usually regarded as
a deterioration of the physical and technological
properties of the surface [20]. It is noted that an increase
in surface roughness and formation of localized areas
with highly non-uniform strain-stress state in the near-
surface layer are the consequences of crater formation.

However, under proper processing conditions, craters
can be used to remove impurities in the surface layer
through what is known as the “selective cleaning”
effect, which can improve surface corrosion resistance
[18]. Thus, studying the phenomenon of crater
formation and evolution during HCPEB irradiation is
extremely important to maximize the potential of the
HCPEB method. Inhomogeneous local melting in the
near-surface layers of the target material during
irradiation and subsequent release of molten material
through the hard outer surface is the main hypothesis of
crater formation during HCPEB treatment among
researchers [21]. The study [22] suggests a mechanism
according to which the formation of craters is caused by
the non-uniform crystallization of the surface layer
molten by HCPEB. There are other opinions regarding
the mechanism of crater formation [23].

As mentioned above, the presence of residual
stresses, that is, internal stresses that exist in the
material after the elimination of external influence, is an
important  factor affecting many physical and
mechanical properties of metallic materials. Such
stresses may also be the result of exposure of the
material to streams of charged particles of different
nature, including electrons. The occurrence of internal
stresses can be associated with structural-phase changes
occurring in the material in the area of direct impact by
the charged particle streams and in the adjacent areas of
the material. The unsteady temperature field arising in
the surface layer of the target material as a result of
beam energy absorption and the stress field caused by
inhomogeneous heating of the object are the main
factors determining the state and properties of the
HCPEB impact zone [10, 11].

The determination of internal stresses by X-ray
diffractometry is based on the experimental
measurement of the relative change in interplanar
distances, called lattice strain, and, assuming that this
strain is elastic, the calculation of stress values
according to Hooke's law [24].

Earlier in [15, 16] X-ray diffraction and micro-X-ray
spectral analysis allowed to find out the peculiarities of
the structural-phase state of initial and irradiated
samples of AA1933 alloy. The initial microstructure of
the studied alloy is characterized by the presence of
Al,CuMg, MgZn,, and MgsZnzAl, phases, which play a
significant role in the hardening of AA1933 alloy during
its heat treatment. These phases are absent in HCPEB-
irradiated samples. That is, the solid solution of the
surface layer remelted by irradiation is enriched with
zinc, copper, and magnesium atoms. Since the atomic
radii of Zn and Cu are smaller than those of aluminum,
saturation of the aluminum matrix with these elements
should lead to a decrease in the lattice parameter.
However, enrichment of the aluminum matrix with
magnesium on the contrary should lead to an increase in
the lattice parameter, since 1 at.% magnesium in pure
aluminum increases the lattice parameter by
0.00046 nm. Taking into account the composition of the
alloy, the total enrichment of the solid solution with
these elements should not have a significant effect on
the change of the crystalline alloy lattice parameter.
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Fig. 3 shows the XRD curves that represent the
diffraction peaks of the Al (311) atomic plane obtained
from the surfaces of the AA1933 aluminum alloy
sample surfaces of the original and 1 pulse HCPEB-
irradiated aluminum alloy sample, respectively. Based
on [24], the deformation values (g) can be estimated
from the relation:

, @

where d, — lattice period of Al in the plane (311) of the
irradiated sample; d, — the value of the lattice period of

Al in the plane (311) in the initial state.
Stress o values can be estimated by the formula:
1
o 1—v8E“ , 2
where v=0.330 is Poisson’s
E =7.0-10* MPa is Young’s modulus.

Data on the value of interplanar distances in the
original and irradiated samples of AA1933 alloy were
taken from the results of X-ray diffractometry. In the
unirradiated sections (311) values of lattice pitch dy=
0.12208 nm. In this case, the values of lattice period
d; = 0.12213 in the atomic plane (311) of the irradiated
sample. Thus, the XRD results show that a residual
stress of about 43 MPa was introduced into the
irradiated surface layer. It should be noted that the
diffraction peak of the HCPEB-irradiated sample of the
studied alloy is shifted toward small angles in
comparison with the non-irradiated sample. Based on
this, it can be said that it is the tensile macrostresses in
the HCPEB-irradiated surface layer that were detected
in this study.

During solidification and cooling of the layer melted
by HCPEB, there is a partial relaxation of internal
stresses resulting from the action of HCPEB. Surface
relief of the remelted layer is one of the main sources of
information about the primary relaxation mechanisms in
the surface irradiated layer. Detailed studies of the
surface relief of the irradiated surface of the AA1933
alloy plate were carried out to find out the mechanisms
of primary relaxation of internal stresses. An important
factor here is that the surface relief of the AA1933
aluminum alloy layer remelted by HCPEB irradiation is
very inhomogeneous. Therefore, the study of surface
relief features will provide a better understanding of the

coefficient and

variety of physical
irradiation.

It is known that HCPEB treatment induces strong
plastic deformation on the surface of the irradiated
sample [10-13]. Plastic deformation during HCPEB
irradiation under real conditions often appears as an
unintentional process leading to initial stress relaxation
induced by the temperature gradient. Thus, the study of
the type of surface relief can largely shed light on
questions regarding the mechanisms of deformation
induced by the action of HCPEB.

Fig. 4 shows micrographs of some fragments of the
surface of the studied AA1933 alloy after HCPEB
treatment. Such surface morphology of the treated
sample is caused by rapid heating, melting, and
subsequent crystallization and rapid cooling. First of all,
this figure shows a fine and equiaxed granular structure
with a grain size of approximately 5 um. The formation
of this microstructure is induced by HCPEB treatment
since in the initial state the alloy has a coarser-grained
and unequal grain microstructure. It is commonly
claimed [1,2] that HCPEB treatment results in the
formation of wvery fine (1...2 um) and sometimes
nanocrystalline grain microstructure. However, this is
not always the case. There are several studies that show
that after HCPEB-irradiation a rather coarse-grained
grain microstructure was formed in the surface layer. So
in [25] on the example of aluminum alloy AA2024 and
a number of nickel-based alloys it is shown that the
rapid solidification process occurring during surface
treatment by HCPEB does not necessarily lead to the
formation of nano- or ultrafine grains. Depending on the
number of pulses, the grain sizes can even be several
times larger than the thickness of the remelted layer.
The formation of very large grains is explained here in
terms of epitaxial growth of molten liquid from the
substrate followed by anomalous grain growth in the
solid state. The study [26] reports the formation of large
grains with a diameter of 30...40 um on the surface of
HCPEB-irradiated martensitic stainless steel AISI 420.
So far, there is no unambiguous understanding of why
grains of about 5pum in size are observed on the
remelted surface of the studied alloy. Perhaps a finer-
rooted microstructure is initially formed during the
crystallization of the molten layer. However, the grain
size of the studied AA1933 alloy slightly increases as a
result of collecting recrystallization during cooling of
the layer remelted by HCPEB.

The fact of the presence of wedge-shaped pores
(some of them are indicated by arrows) on this surface
(see Fig. 4,a) draws attention. As is known [27], the
passage of deformation by the grain boundary slip
mechanism is the cause of the porosity formation
observed in Fig. 4,a. Wedge-type cracks result from slip
inhibition along boundaries at the junction of three
grains. It is the porosity of such morphology that is
observed in superplastically deformed materials when
grain-boundary slipping is the main deformation
mechanism [28-30].

processes occurring during
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Fig. 4. Characteristic types of microstructure of
fragments of irradiated surface of alloy AA1933

Grain-boundary slipping is a high-temperature
process. For its realization, grain boundaries must be in
an activated state. The presence of local inclusions of
liquid phase at grain boundaries may be one of such
activated states [31-34]. In the case of AA1933 alloy
studied in this paper, such a state can be realized during
cooling of the surface layer molten by HCPEB, when
due to liquation processes, the inner part of grains will
be already crystallized, while the periphery of grains
will still be in the liquid state.

A detailed analysis of the relief in Fig. 4, a may
suggest that the relaxation of internal stresses can be
realized through not just grain-boundary slipping, but
the so-called cooperative grain-boundary slipping,
which occurs due to the sliding of groups of grains on
the surfaces formed by sliding grain boundaries [35]. In
Fig. 4,b, the band of possible cooperative grain-
boundary slipping is indicated by arrows. That is, we
can say that one of the mechanisms of internal stress
relaxation during cooling of the layer remelted by
HCPEB is exactly grain-boundary slipping or even
cooperative grain-boundary slipping. It should also be
borne in mind that one of the possible reasons for the
formation of surface microcracks may be the inter-
granular fracture of the metal occurring at high
homologous temperatures at the stage of predominant
development of inter-granular deformation. This is the
morphology of the inter-granular crack in Fig. 4,b.

A detailed study of the surface relief of the irradiated
plate of alloy AA1933 reveals some other features as
well. Thus, a close look at the HCPEB-irradiated
surface reveals very thin lines on it (Fig. 5). These lines
represent marks caused by deformation. In this case,
these lines represent dislocation slipping bands (see
some of them are marked with arrows in Fig. 5). They
are a typical element of the structure of the deformed

metal at the dislocation mechanism of deformation.
Usually slipping bands on the surface of a deformed
specimen are located along the directions of action of
maximum shear stresses. A large number of
accumulated dislocations is what distinguishes them
from the rest of the material. For the band to appear, the
initial density of dislocations in the material shall be
small and their nucleation must be hindered. Because of
this, dislocation slipping is localized near defects that
create large overstresses and gradually propagate
through the material. It should be noted that dislocation
slipping processes in aluminum and alloys based on it
are a common and important mechanism of plastic
deformation since aluminum is a kind of HCC metal
with relatively high energy of packing defects. Thus,
observations of the morphology of the irradiated surface
show that dislocation slipping is observed in the
mechanism of surface layer deformation. However, the
density of such lines is not high, which most likely
indicates that dislocation slipping is hardly the
predominant deformation mechanism, as for example
for steels in [10, 11], but is one of the mechanisms,
along with other deformation mechanisms.

Fig. 5. Characteristic types of microstructure of
fragments of irradiated surface of alloy AA1933

CONCLUSIONS

1. Exposure of a pulsed electron beam to a target
made of alloy AA1933 leads to the melting of its
surface layer. The surface relief of the remelted layer is
very inhomogeneous. The formation of relief, which is
characterized by the presence of microcracks, craters,
and other features indicating the passage of deformation
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processes during the cooling of the molten beam
surface, occurs on the surface of the remelted layer.

2. X-ray diffraction studies showed that residual
tensile internal stresses were present in the surface of
the remelted layer. The XRD results show that a
residual stress of about 43 MPa was introduced into the
irradiated surface layer.

3. Partial relaxation of tensile stresses occurs during
the cooling of the molten layer as a result of plastic
deformation by several mechanisms. Grain-boundary
slipping is one such mechanism for the primary
relaxation of internal stresses during the cooling of the
layer remelted by HCPEB. Also, according to surface
relief observations, plastic deformation during cooling
of the surface layer is accomplished by dislocation

slipping.
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3AJIMIIKOBI HAITPYKEHHS TA MEXAHI3MH JE®OPMAIIIl Y IOBEPXHEBOMY
ITAPI AVIIOMIHIEBOI'O CILVIABY AA1933, BUKJIMKAHI OITPOMIHEHHSM
CWIBHOCTPYMOBUM IMITIYJIBCHUM EJIEKTPOHHUM ITYYKOM

B.B. Bpwxoseyvkuii, B.B. /lumeunenxo, /I.€. Muna, B.B. Illlamos, |A.E Honomapboe[, O.JI. Pax, B.A. buuko

Meroto wiei pobotn Oyino 3'scyBaTH i IOKa3aTH, IO MIBUAKE 3aTBEPIiHHS MOBEPXHEBOIO IIApy allOMiHIEBOTO
crmaBy AA1933, po3miiaBieHOro ONPOMIHEHHSIM BUCOKOCTPYMOBOTO iIMITYJIbCHOTO ITydKa €JIEKTPOHIB, IPU3BOJIUTH
0 PO3BUTKY y IbOMY mmapi naedopmaniifHux mporeciB. Lle € pesympratomM il TepMONpYKHHX BHYTPIIIHIX
Hampy>XeHb, II0 BHHHUKAIOTH TPH ONPOMIHEHHI CIUIaBY IMITYJIECHHM ITy4KOM e€JIEKTpOHIB. BcTaHOBIEHO, 10
BEJIMYMHA 3aJIMIIKOBUX BHYTPILIHIX HANPYXKEHb Y MEePEIUIaBIeHOMY OIPOMIHEHHSM IIOBEPXHEBOMY IIapi CTAHOBHUTH
43 MIla. OckinbKM NpSIMAMH MeETOJaMH MeXaHi3Mu jaedopmaiiii y X0l OCTUTaHHS MEperJIaBiIeHOro Inapy
BH3HAUUTH HEMOXXJIMBO, BHCHOBKH TpO MeXaHi3Mu nedopmarii poOWinm NUIBIXOM JOCHIDKEHHS penbedy
OTIPOMiHEHOT MOBEPXHi. Y poOOTi MPOAEMOHCTPOBAHO, 1110 JedopMaliiiHi MPoLecH pU ONPOMiIHEHHI aJIlOMiHIEBOTO
crmaBy AA1933 MOXyTh PO3BMBATUCS Y PI3HHX IUISHKAX OINPOMIHEHOI NMOBEPXHI 3a PI3HUMH MeXaHi3MaMH.
Hedopmariiss Moxe 3/IICHIOBATHCS SK 3a MEXaHI3MaMH JUCIOKAIIMHOTO KOB3aHHS, TaK 1 3a MEXaHi3MOM
3€pHOTPAaHUYHOTO TIPOKOB3yBaHHSL.
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