JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 17 No 4, 04002(6pp) (2025)

REGULAR ARTICLE

JKYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKHA
Tom 17 No 4, 04002(6cc) (2025)

OPEN ACCESS

Role of Grain Boundary Strengthening for Increasing the Microhardness of Aluminum

Alloys Irradiated by High-Current Pulsed Electron Beam

V.V. Bryukhovetsky!* =@ V.V. Lytvynenko!, D.E. Mylal, O.L. Rak?

1 Institute of Electrophysics and Radiation Technologies NAS of Ukraine, 61002 Kharkiv, Ukraine
2 National Science Center «Kharkiv Institute of Physics and Technology», 61108 Kharkiv, Ukraine

(Received 23 April 2025; revised manuscript received 20 August 2025; published online 29 August 2025)

The study features the fact shown on the example of a number of aluminum-based alloys (D16AT, 1933 and
AA6111) that irradiation with high-current pulsed electron beam (HCPEB) with particle energy of 0.35 MeV, a
beam current of 2.0 kA, a pulse duration of 5 ps and a beam diameter of 3 cm leads to the formation of a surface
layer with a modified structural-phase state. The formation of submicrocrystalline structure with a grain size
of less than 1 um is one of the main features of this state. The microhardness of the modified layer for all alloys
increases by more than 30%. Based on these studies, the contributions of grain-boundary strengthening to the
increase in microhardness of the HCPEB-remelted surface layer of the studied alloys were calculated. It is
shown that grain-boundary strengthening is the key factor responsible for the higher microhardness of the
surface layers of the studied alloys treated with HCPEB.
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1. INTRODUCTION

Aluminum alloys are the most common structural
materials right after steel [1]. They are an important
construction material not only in aircraft construction
but also in the nuclear industry. They are used for
producing seamless tubes for reactors and centrifuges
used for uranium enrichment, in particular. Therefore,
studies aimed at finding new ways to increase the surface
strength of aluminum alloys and creating new techno-
logical processes for their treatment are relevant.

Recently, high-current pulsed electron beams
(HCPEB) have drawn much attention in the field of
surface modification of materials [2-5]. In the process of
HCPEB-irradiation, high energy (108-10°W/cm2) is
applied to the material surface in a very thin layer (a few
micrometers) over a short period of time (a few
microseconds) while causing ultrafast heating and
cooling, uniform melting, vaporization and solidification
on the treated surface. Dynamic stress fields arising in
the course of these processes can cause intense and ultra-
fast deformation processes in the material surface layer.
The formation of a relatively thick modified surface layer,
usually with a submicrocrystalline structure, which has a
strong metallurgical bond with the un-treated part
(substrate), is considered to be a significant advantage of

HCPEB-treatment over other conventional surface
* Correspondence e-mail: bvv260170@ukr.net
2077-6772/2025/17(4)04002(6)

High-current pulsed electron beam, Aluminum alloys,

04002-1

Microhardness, Grain-boundary

PACS numbers: 07.05.Tp, 61.80.Fe, 87.63.Hg

treatment methods.

Structural and phase transformations in metals and
alloys caused by the influence of HCPEB shall lead to
changes in their strength properties and, above all, their
microhardness. It shall be mentioned that the challenge
of describing the hardening of polycrystals is very
complicated and is far from being solved. Two stages of
hardening induced by HCPEB irradiation, namely:
surface and subsurface hardening are considered [6, 7].
Surface hardening is the hardening in the beam-re-
melted top layer. Subsurface hardening is the hardening
of the interlayer that follows the upper re-melted layer.
The use of HCPEB with different energy parameters
leads to the fact that the thickness of the re-melted layer
can vary from a few micrometers to 100 pm or more.
From the point of view of industrial applications, in the
case of a sufficiently thick (100 um or more) re-melted
layer, it is the fact that this layer becomes stronger than
the original material that is important. A number of
mechanisms that may be involved in the hardening of the
surface  HCPEB-modified layer are currently under
discussion [8]. However, the fact regarding which of these
mechanisms is determinant is still debatable. Based on a
number of studies, where both alloys and pure metals
were irradiated [7, 9-11], it can be concluded that grain-
boundary strengthening, which is implemented due to
the formation of a finer-grained structure in this layer, is
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one of the main mechanisms for increasing the
microhardness of the HCPEB-re-melted layer. For
example, in the study [7], where the Mg-4Sm-2A1-0.5Mn
alloy was irradiated, it was shown that the
microhardness of the surface re-melted layer increased
almost 2-fold mainly due to grain refinement.

The aim of this study is to explore the changes of
grain structure in the HCPEB-re-melted surface layer re-
melted, as well as to study the changes of microhardness
values in the initial and irradiated states on the example
of a number of matrix aluminum alloys. The other aim is
to calculate the contributions of grain-boundary
strengthening to the increase in microhardness of
HCPEB-re-melted surface layer of the studied alloys
based on these studies, and draw conclusions about the
role of grain-boundary strengthening in the overall
hardening of HCPEB-re-melted layers.

2. EXPERIMENTAL PROCEDURE

Irradiation of alloy sheets was performed by a high-
current pulsed electron beam at the TEMP-A accelerator
in the NSC KIPT of the NAS of Ukraine [12-14]. The
energy flux density at the W target is approximately
10°W/cm? (beam energy is E~0.35MeV, current is
1~ 2000 A, pulse duration is zi ~ 510~ 6 s, beam diameter is
D ~ 3 em). Irradiation was produced by a single impulse in
a vacuum at 1.3 X 10-3 Pa.

Microstructure studies were performed using an
Olympus GX51 optical microscope and a SEM Tescan
VEGA 3 LMH, a scanning electron microscope. The
average grain size d was determined from
microphotographs using the random secant method.

The Vickers microhardness was measured at room
temperature in air using the PMT-3 microhardness
tester. Microhardness tested with load of 50 g and load
duration of 25 s.

3. MATERIALS

Industrial aluminum alloys AA6111, 1933 and D16AT
were chosen as research materials in this study. The
complete chemical compositions of the alloys under study
are given in Table 1. In all three investigated aluminum
alloys 4 elements, i.e. 3 metals (Mg, Cu, Zn) and
semiconductor Si are used as the main alloying elements.
Their introduction in relatively large quantities is possible
as they have a sufficiently large solubility in aluminum in
the solid state. The main function of alloying elements is to
increase the strength of aluminum. Strengthening by
standard thermomechanical treatment methods is
achieved by solid solution formation as well as by
dispersion hardening. The main impurities present in all
aluminum alloys, iron and manganese, tend to degrade
mechanical and corrosion properties. All these alloys have
relatively high specific strength and at the same time are
sufficiently technological for manufacturing 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 in relation to the
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required operating conditions. All this opens up great
prospects for processing these alloys with HCPEB to
improve their strength surface properties.

Table 1 — Chemical Compositions of Alloys (Weight Per-cent)

Alloy Mg Cu Si Zn Mn Al

AA6111 0.5-1.0 | 0.8 0.8 0.1 0.2 |[Bal
1933 1.6-2.2 1.1 0.1 6.8 0,1 [Bal
D16AT 1,2-1,8 4,7 0,5 0,2 0,6 |Bal

4. RESULTS AND DISCUSSION

When the plates of the studied alloys are exposed to
HCPEB, the surface layer with a thickness of the order of
the electron path in the material is rapidly heated to the
melting point. Moreover, the electron beam provides
localization of the maximum value of the absorbed energy
at the depth, which is approximately 1/3 of the electron
path in this substance [15]. Since the plate heating rate
is greater in the deeper layers, this leads to explosive
ejection of part of the molten material and its subsequent
rapid cooling by heat dissipation into the main volume of
the target. Cooling is accompanied by crystallization of
molten material with changed structural-phase state
[12-14]. As a result, the properties of the surface layer
change. As an example, Fig. 1a shows a fragment view of
the irradiated surface of D16 alloy, and Fig. 1b shows a
cross-sectional view of a D16 alloy plate after HCPEB
treatment. Fig. 1a shows that the surface of the remelted
layer is covered with a network of cracks. The upper ball
in Fig. 1b corresponds to the remelted layer. The average
depth of the remelted layer is approximately 100 um.
This section of the plate was pre-polished and sanded and
then etched using an all-purpose etchant.

Fig. 1 - View of a fragment of the surface of HCPEB-irradiated
D16AT alloy (a); view of a cross-sectional section of D16AT alloy
in the electron beam treatment zone (b)

04002-2



ROLE OF GRAIN BOUNDARY STRENGTHENING FOR INCREASING...

As is known [7, 9-11], irradiation with HCPEB creates
conditions that can lead to dispersion of the newly formed
grain structure. Therefore, the grain structure of the
initial and irradiated samples of the studied alloys will be
described in detail below.

The grain microstructure of D16AT alloy in the initial
state is shown in Fig. 2a. It can be seen that the grain
structure is almost completely recrystallized. The grains
are mostly close to equiaxed, however, there is a slight
variation in grain size. The average grain size is 11 um.
It was established that treatment of D16AT alloy with
HCPEB leads to grain refinement in the surface
irradiated layer. The average grain size in the re-melted
layer is approximately 0.8 um (Fig. 2b). The structure of
the modified layer, according to the blurred contrast of
grain boundaries, is non-equilibrium.

Fig. 2 — View of original grain microstructure of D16AT alloy
(a); view of microstructure of HCPEB-remelted layer of D16AT
alloy plate (b)

Fig. 3a shows the initial microstructure of the
AA6111 alloy. The average grain size of AA6111 alloy
was determined to be approximately 40 um. Grains
have different sizes, but there 1is no distinct
metallographic texture. Fig. 3b shows a view of the
grain microstructure of the modified surface layer of
this alloy. Comparison of Fig. 3a and Fig. 3b indicates a
sharp difference between the grain microstructure of
the re-melted layer and the microstructure in the
original state. The average grain size of the re-melted
AA6111 alloy layer was determined to be 0.7 pm.

Fig. 4a shows the initial grain microstructure of 1933
aluminum alloy. It was determined that the grain size of
the initial microstructure of 1933 alloy had a grain size of
approximately 15 um. The structure of the HCPEB-
modified surface layer of the studied 1933 alloy, which is
shown in Fig. 4b, is dramatically different from the base
metal and is characterized by small submicron grain size
and non-equilibrium of the structural state.
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Fig. 3 — View of initial of AA6111 alloy (a); view of microstructure
of HCPEB-re-melted layer of AA6111 alloy plate (b)

Fig. 4 — View of initial of 1933 alloy (a); view of micro-structure
of HCPEB-re-melted layer of 1933 alloy plate (b)

Fig. 5 shows the ratio of microhardness of the studied
alloys in the initial state and after irradiation. The
microhardness of the D16AT alloy in the initial state was
of approximately 101HV0.50. The microhardness of the
HCPEB irradiation-modified layer of D16AT alloy
increased significantly to approximately 147HV0.50.
Thus, it was established that there is a hardening of the
surface layer of aluminum alloy D16AT, which is
characterized by an increase in microhardness by 50 %
compared to the initial state, as a result of HCPEB-
exposure. It was also determined that microhardness
values drop after re-melted layer in the heat affected
zone of the beam. However, these values are still higher
than the microhardness values in the initial state.
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Microhardness values correspond to the average value of
microhardness in the initial state of the alloy only at a
distance of 200 micrometers from the alloy surface.

The microhardness of the AA6111 alloy in the initial
state is a 7T0HV0.50. The microhardness of the irradiated
layer of AA6111 alloy is approximately 101HV0.50. Thus,
hardening occurs as a result of exposure of the surface
layer of aluminum alloy AA6111 with a pulsed electron
beam. It is characterized by an increase in microhardness
by more than 30 % compared to its value in the initial
state of the alloy. After the re-melted layer in the heat
affected zone of the beam, the microhardness values
decrease. However, these values are still slightly higher
than the microhardness values in the initial state.
Microhardness values get closer to the average value of
microhardness in the initial state of the alloy only at a
depth of more than 300 micrometers from the alloy
surface.

The microhardness of the 1933 alloy samples exam-
ined in this study in the initial state is 106HV0.50. It was
determined that the grain size is approximately 0.8 um
for the HCPEB-modified layer of 1933 alloy. The
microhardness of the HCPEB-irradiated layer of 1933
alloy is 137HV0.50. Thus, it was established that HCPEB
exposure results in surface hardening of 1933 aluminum
alloy, which 1is characterized by an increase in
microhardness of the layer re-melted by irradiation by
more than 30 % compared to the initial state. The effect
of annealing on the microhardness of this alloy was
investigated earlier in study [16]. It was determined that
after annealing the original sample at 520 °C for 2 hours,
the HV value was 56. That is, the heat treatment results
in the de-strengthening of the alloy under study. The
observed decrease in micro-hardness value happens
apparently due to two main factors: dissolution of
secondary phase particles and increase in average grain
size up to 23 um.
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Fig. 5 — Microhardness of alloys in initial and irradiated states

Plastic deformation in aluminum and its alloys in the
course of microhardness determination shall be carried
out mainly due to dislocation movement only. However,
the physical causes leading to hardening are, generally
speaking, quite diverse [17, 18]. At the same time, the
presence of grain boundaries in the polycrystalline
aggregate has a significant effect on hardening. When
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dislocations meet an obstacle on their way, their sliding
can no longer be continued as before. The constraints
imposed on the plastic deformation of the grain by
differently oriented neighboring grains occur at grain
boundaries. Therefore, the sliding of dislocations in one
grain cannot freely continue in its neighboring grain due
to the mismatch of crystallographic systems.
Consequently, the distance that a mobile dislocation can
move before reaching a grain or crystallite boundary
decreases with decreasing grain size, resulting in
hardening. This type of hardening is called grain-
boundary strengthening.

Hardness is the resistance of a material to local
plastic deformation resulting from the insertion of a
harder body into it. The hardness value can be used for
estimating the strength and ductility of a material.
Knowing the microhardness of an alloy, one can estimate
its other mechanical properties as well. There are ways to
approximate the tensile strength and yield strength of a
material based on microhardness data [17, 18]. According
to [17], the Vickers microhardness value is equivalent to
the true stress at 8 % strain and shall be determined
using the following equation

os(MPa) = 3.27HV 1)

For aluminum-based alloys alloyed using Mg, Si and
Cu conversion from yield strength o (in MPa) to
microhardness HV (in VPN) can then be done via a
simple regression formula [18]:

HV =0.330,+16.0 )

It is known that the conditional yield strength in poly-
crystalline materials is related to grain size, and the
boundaries are effective barriers for moving dislocations.
The finer the grain size, the greater the extent of the
boundaries and hence the more often they occur on the
path of moving dislocations. According to the Hall-Petch
relationship [19], the contribution of grain-boundary
strengthening ous to the yield strength can be defined as:

Ogp = Kd™? ®3)

where K — grain-boundary strengthening coefficient or
Hall-Petch constant [18], d-average grain size.

The values oy and oss for D16AT, 1933 and AA6111alloys
examined in this study were calculated using relations (2)
and (3). Experimentally obtained values of grain size and
microhardness of the studied alloys were taken for
calculations. The value of grain-boundary strengthening
coefficient K=0.10 MPa x m'2 was taken from study [20],
where this coefficient was obtained for aluminum-based
alloys alloyed with cop-per and magnesium.

Table 2 shows the values of oy obtained from
calculations for the D16AT, 1933 and AA6111 alloys
examined in this study in the initial and irradiated
states. The values of oz contributions to the
strengthening of these alloys in the initial and irradiated
state are also given in this table.
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Table 2 — Values oy and ogs for D16AT, 1933 and AA6111 Alloys
in Initial and Irradiated States

Alloy ocs, MPa oy, MPa

initial | irradiated | initial irradiated
AA6111 16 120 152 257
1933 26 100 270 367
JI16AT 30 112 326 452

The analysis of the results given in Table 2 shows the
leading role of grain-boundary strengthening mechanism
in increasing the overall hardening of the re-melted layer
of the studied alloys. The whole increase in the oy value
in the irradiated state of the alloys can be obtained due to
the increase in the ogs value. As is known, according to
[18] the contribution to the overall hardening of the solid-
solution hardening mechanism also increases in the
irradiated layer, since the aluminum-based solid solution
is enriched with alloying elements. However, this
increase occurs due to a reduced contribution to the
overall hardening of the dispersion mechanism, since the
vast majority of intermetallic phase particles dissolve in
the course of irradiation. All this suggests a dominant
role in increasing the strength of the HCPEB-re-melted
layer precisely due to the mechanism of grain-boundary
strengthening.
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5. CONCLUSION

It was established that HCPEB-treatment of the
surface of D16AT, 1933 and AA6111 aluminum alloys
leads to the formation of a surface layer about 100 pm
thick with a modified structural-phase state, the
distinctive feature of which 1is the presence of
submicrocrystalline grain structure with an average
grain size of 0.7 um for AA6111 alloy and 0.8 um for
D16AT and 1933 alloys, whereas in the initial state the
grain size of all alloys exceeded the value of 10 um.

It was established that the surface layer of D16AT,
1933 and AA6111 aluminum alloys is strengthened as a
result of the action of HCPEB. It is characterized by an
increase in its microhardness by more than 30 %.

The contribution of grain-boundary strengthening to
the overall hardening of the surface HCPEB-irradiated
layer of the studied alloys was calculated. It was
concluded that it is the grain-boundary strengthening
mechanism that is dominant in increasing the strength of
the HCPEB-re-melted layer of these alloys.

ACKNOWLEDGEMENTS

The research presented in this article was financial-ly
supported by the Simons Foundation International
Program: PD-Ukraine: President Directed — Ukraine
Support Grants, Record ID: SFI-PD-Ukraine-00014584

11. B. Gao, K. Li, P. Xing. Coatings 9, 413 (2019).

12. V.V. Bryukhovetsky, V.V. Lytvynenko, D.E. Myla,
V.A. Bychko, Yu.F.Lonin, A.G.Ponomarev, V.T.Uvarov,
Phys. Chem. Solid State 22, 655 (2021).

13. D.E. Myla, V.V. Bryukhovetsky, V.V. Lytvynenko,
S.1. Petrushenko, 0.0. Nevgasimov, Yu.F. Lonin,
A.G. Ponomarev V.T. Uvarov. Probl. At. Sci. Tech. 138 No 2,

25 (2022)
14. V.V. Bryukhovetsky, V.V. Lytvynenko, D.E. Myla,
Yu.F. Lonin, A.G. Ponomarev, V.T.Uvarov. J. Nano-

Electron. Phys. 13 No 6, 06025 (2021).
15. Y. Qin, C.Dong, X. Wang, S.Hao, A. Wu, J.Zou, Y. Liu.
J. Vac. Sci. Technol. A 21, 1934 (2003).
16. V.V. Bryukhovetsky, D.E. Myla, V.P. Poyda,
J. Nano- Electron. Phys. 12 No 6, 06025 (2020).
17. D. Tabor, Phil. Mag. A 74 No 5, 1207 (1996).
18. O.R. Myhr, @. Grong, S.J. Andersen, Acta Mater. 49, 65 (2001).
19. N. Hansen, Scripta Mater. 51, 801 (2004).
20. Y. Chen, N. Gao, G.Sha, S.P.Ringer, M.J. Starink, Acta
Mater. 109, 202 (2016).

A.V. Poyda.

04002-5


https://doi.org/10.1016/j.apsusc.2019.144453
https://doi.org/10.1016/j.nimb.2004.06.008
https://doi.org/10.1016/j.vacuum.2023.112263
https://doi.org/10.1016/j.matlet.2024.136642
https://doi.org/10.1016/j.jallcom.2017.01.003
https://doi.org/10.1016/j.jma.2020.02.019
https://doi.org/10.1016/j.jma.2020.02.019
https://doi.org/10.1016/j.nimb.2022.03.008
https://doi.org/10.1016/j.nimb.2022.03.008
https://doi.org/10.1016/j.jallcom.2013.04.002
https://doi.org/10.1016/j.jmrt.2024.01.103
https://doi.org/10.3390/coatings9070413
https://doi.org/10.15330/pcss.22.4.655-663
https://doi.org/10.46813/2022-138-025
https://doi.org/10.46813/2022-138-025
https://doi.org/10.21272/jnep.13(6).06025
https://doi.org/10.21272/jnep.13(6).06025
https://doi.org/10.1116/1.1619417
https://doi.org/10.21272/jnep.12(6).06025
https://doi.org/10.1080/01418619608239720
https://doi.org/10.1016/S1359-6454(00)00301-3
https://doi.org/10.1016/j.scriptamat.2004.06.002
https://doi.org/10.1016/j.actamat.2016.02.050
https://doi.org/10.1016/j.actamat.2016.02.050

V.V. BRYUKHOVETSKY, V.V. LYTVYNENKO, D.E. MYLA ET AL. J. NANO- ELECTRON. PHYS. 17, 04002 (2025)

Poss 3epuHorpanndsoro aMinHeHHd B 30iJIbIIeHHI MIKPOTBEPAOCTI AJIIOMiHI€EBUX CILJIABiB,
ONPOMiHEHUX CUJIBbHOCTPYMOBHUM iMIIYJIbCHHUM IIYYKOM €JIEKTPOHIB

B.B. Bproxoseurkuiil, B.B. JlurBunenxo?, J[.€. Munal, O.JI. Pax2

1 Inemumym enexkmpogpizuru i padiauiiinux mexrnono2iiic HAH Yrpainu, 61002 Xapkis, Yipaina
2 HauiorauwHull Haykosuli yuenmp «Xapkiscokuil isuru-mexnivnut incmumym» HAH YVrpainu, 61108 Xapkis, Ykpaina

V pobGori Ha mpurigami psagy ciuiaBie Ha ocHoBl amomimio (JI16AT, 1933 i AA6111) moxasamo, 10
OIIPOMIHEHHS CUJIBHOCTPYMOBUM IMITyJICHUM IIyYKOM €JIEKTPOHIB 3 muToMolo eHeprieio 0.35 MeB, cuoro crpymy
2.0 kA, TpuBaIiCTIO IMITyJIBCY 5 MC Ta JlaMeTpOM IIyYKy 3 CM IIPU3BOAUTE 10 (DOPMYyBAHHS IIOBEPXHEBOTO IIapy 3
MonuQIKOBAHUM CTPYKTYPHO-(pazoBuM craroMm. OJHIE 3 TOJIOBHUX OCOOJIMBOCTEN TAKOTO CTAHY € YTBOPEHHS
CyOMIKPOKPHUCTAIIYHOI CTPYKTYPH 3 PO3MIpOM 3epHA MeHIIuM 3a 1 MEM. MiKpoTBepaicTh MOArGIKOBAHOTO APy
IJIS BCIX CILIABiB 301sbIlmyeThes OLibin Hisk Ha 30 %. Ha mimerasi mux mociimpkeHb 0yJIO PO3paxoBaHO BKJIAINA
3€ePHOTPAHUYHOIO 3MIIHEHHsI y 30UIbIIeHHS MIKPOTBEPJOCTI II€PEIIABJIEHOTO IIOBEPXHEBOTO  IIapy
mocimimpryBaHux ciuraBiB.  [lokasamo, 1m0 came 3epHOrpaHWYHE 3MIIHEHHS € KJIIOYOBHM (DaKTOPOM,
BIJIIOBIIAIBHUM 32 OLIIBIN BUCOKY MIKPOTBEPIICTDH IIOBEPXHEBUX OIMIPOMIHEHHUX IIAPIB CILJIABIB.

Kmiouosi cnora: CHIBHOCTPYMOBHUM IMIIYJIBCHUAM €JIEKTPOHHUN IIy4oK, AsoMiHieBl cmrasu, MikpoTBepaicTh,
3epHOrpaHUYHe 3MIITHEHH.
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