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The paper intends to investigate strength and plasticity properties and defect sub-structure of the hypoeutectic 

А319.0 alloy irradiated by a pulsed electron beam. The study has established and the revealed extinction contours 

point out that the irradiation of the А319.0 alloy by a pulsed electron beam brings about the formation of an up 

to 100 μm thick surface layer in the elastic-stressed state. The structure of the modified layer comprises nano- 

dimensional non-equiaxed cells. The reason for the non-equiaxity in a cellular structure is suggested to be the 

irregular heat removal from the surface of modification. X-ray microspectroscopy has found out that high-speed 

crystallization cells are formed by an aluminum-based solid solution and separated with thin layers, which are 

enriched mainly by silicon atoms and, to a smaller degree, by atoms of magnesium, iron and copper. 

The data obtained in the mechanical testing suggest that the irradiation was carried out in the following 

conditions: 50 J/cm 

2 and 50 μs results in the simultaneous enhancement of strength (by 22%) and plasticity (by 

44%) properties of the А319.0 alloy – these are the best positive values in the set of conducted experiments. The 

study on А319.0 alloy samples irradiated and fractured under the tensile stress has highlighted that their fracture 

is dominated by the mechanism of intercrystalline quasi-brittle rupture caused by forming lengthy thin layers of 

the second phase along the boundaries of high-speed crystallization cells. 
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. Introduction 

The majority of present-day engineering materials is manufactured

oated or with strengthened effective surfaces [1–3] . The properties of

ub-surface layers are of high importance for maintaining the perfor-

ance characteristics of engineering materials. Unfortunately, the sur-

ace properties of aluminum alloys sometimes fail to meet the actual in-

ustrial requirements, e.g. Al-Si alloys used in the automotive industry

re not always can satisfy the required tribological and thermomechani-

al characteristics for engine blocks [4] . At the same time, it is important

hat engineering materials would be deformable and able to withstand

echanical loads without structural failures during the entire lifetime,

herefore, of high concern is the research aimed at finding new methods

o increase the strength of aluminum alloys via modifying their surface

5–7] . 

Recent review of literature has shown an increased interest to the

reatment by high-current pulsed electron beams to impart unique me-

hanical and technological properties of such materials as high-entropy
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lloys [8] , magnesium alloys [ 9 , 10 ], steels [ 11 , 12 ], alloys of the Zn –Cu

ystem [13] and aluminum alloys [ 14 , 15 ]. 

Gao [16] thoroughly examined the effect of high current pulse-beam

reatment induced by the shock wave nano-crystallization on mechani-

al properties of the hypereutectic Al-15Si alloy. The study on mechan-

cal properties of the Al-15Si alloy before and after high-current pulsed

eam treatment demonstrated that the tensile strength of the irradiated

l-15Si alloy increased by ≈ 41.4% (from 138.8 MPa in an untreated

ample to 196.2 MPa in a modified sample). 

A number of scientists [17] conducted the research with the purpose

o investigate a role of the beam current force for microstructure, phase

omposition, disorientation of grain boundaries and mechanical charac-

eristics of the Ti-47Al-2Cr-2Nb alloy fabricated via selective electron-

eam melting. The results showed that an increasing beam current mod-

fied a finely dispersed microstructure with an average grain of 3.02 μm

nto a structure with middle-sized grains of 6.28 μm. The ultimate com-

ression strength of the irradiated TiAl alloy decreased from 2930.95

Pa to 2456.82 MPa and the deformation ( 𝛿) – from 34.82 to 27.44%
tsk, Russian Federation 
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Fig. 1. A general view of samples for testing (a), a diagram of electron-beam 

irradiation (b), a general view of samples irradiated by an electron beam (c) and 

subjected to the uniaxial tension until failure (d). 
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pon increasing the beam current from 4.5 to 8.5 m А. The worsening

f strength properties under compression was related to the increase of

 grain size. 

Liu Y.R. et al. [ 18 , 19 ] established that the Mg-4Sm-2Al-0.5Mn alloy

xhibited the best corrosion resistance under the high-current pulsed

lectron beam treatment irrespectively to a pulse number mainly be-

ause of the homogenous microstructure and less defective composition

f the surface layer on completion of repetitive melting and rapid solid-

fication. 

The focus of study [20] was the evolution of microstructure and

roperties in the aluminum 6061 alloy irradiated by a pulsed electron

eam generated by a pseudo-spark discharge. The pseudo-spark dis-

harge is an intermediate low-pressure discharge recognized to be a
ig. 2. Average ultimate strength ( а ), yield strength (b), relative residual elongation

nergy density of an electron beam at a pulse time of an electron beam of 50 and 20

2 
ighly efficient electron beam source with a rapidly growing current,

igh power density, a short-time pulse and diameter of a self-focusing

eam. Xiao-Tong Cao et al. found that a liquid surface layer was formed

n the material subjected to the pseudo-spark pulsed electron-beam ir-

adiation, furthermore, a higher value of voltage brings about the “big

rater ” morphology. The more homogenized distribution of elements on

he surface and reduction of impurities on the molten layer after a series

f pulsed electron-beam treatments could enhance mechanical proper-

ies of the sample surface and the corrosion resistance of the alloy [20] .

In studies [ 21 , 22 ] hypereutectic Ai-Si alloys were irradiated by a

igh-current pulsed electron beam. It was reported that the high-current

ulsed electron beam treatment enlarged and displaced the Al and Si

iffraction peaks. Aluminum lattice parameters decreased due to the for-

ation of an oversaturated aluminum solid solution in the liquid layer.

he wear resistance of the treated alloy was improved by 9 times; that

ould be related to the formation of meta-stable structures. 

Studies [23–25] pointed out that the effect of a pulsed electron beam

n the materials surface improved their anticorrosion properties. It was

emonstrated that the rapid solidification inevitably caused the signifi-

ant refinement of grains, even to nano-dimensional or submicron range

26–28] . 

All of the studies reviewed here support the hypothesis that electron-

eam treatment is a promising method to modify the structure and prop-

rties of metallic materials. The outlined reasons emphasize the need

f a proposed study since it aims at revealing and analyzing variation

egularities of such characteristics as ultimate strength, yield strength,

elative residual elongation at fracture and percent reduction in area at

racture, as well as element and phase composition, defect sub-structure

f the hypoeutectic А319.0 alloy irradiated by an electron beam and

ractured under tensile stress. 

Since aluminum alloys, the А319.0 alloy in particular, represent one

f the most widespread materials, the assessment of their properties in

erms of their operation conditions and diverse external energy effects
 at fracture (c) and percent reduction in area at fracture (d) as functions on the 

0 μs for the А319.0 alloy. 
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Fig. 3. Electron-microscopy micrograph of the 

structure in the А319.0 alloy irradiated by a 

pulsed electron beam; the view was obtained 

by a STEM-based analysis of foils placed per- 

pendicular ( а ) and parallel (b) to the irradiated 

surface. 

Fig. 4. Electron-microscopy micrograph of a 

foil area obtained in a STEM-based analysis ( а ); 

images (b-f) were obtained in the characteristic 

X-ray emission of Al, Si, Mg, Fe and Cu atoms. 
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Fig. 5. Concentration of alloying elements vs. distance to surface of the А319.0 

alloy subjected to pulsed electron beam. 

p  
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t  
ecomes an interesting issue both in research [29–31] and practical

 32 , 33 ] perspectives. 

. Methods and materials 

The study was conducted on the general-purpose hypoeutectic cast

319.0 alloy, which is widely applied in different industries [34] . The

ensile testing of the alloy was performed on plane proportional samples

abricated in the form of two-sided blades according to the ISO 6892-

:2016 Metallic materials – Tensile testing – Part 1: Method of test at

oom temperature [35] . Samples for testing were prepared from a solid

ngot via electric discharge cutting. Fabricated samples were grinded

nd polished using diamond pastes with various dispersion grades. The

izes of samples ready for testing were as follows: the thickness – 2.3

m; the width – 9.1 mm; a length of an effective surface – 16.0 mm

 fig. 1 a). Polished samples were divided into two sets. The first set re-

ained untreated. The effective surface of samples in the second set

as irradiated by a pulsed electron beam from both sides ( fig. 1 b) in vac-

um using a laboratory unit “SOLO ” [36] . The parameters of an electron

eam were set for all impact modes: the energy of accelerated electrons

17 keV, a number of pulses – 3, a repetition rate of pulses – 0.3 s − 1 ;

he pressure of a residual gas (argon) in the processing chamber of the

nit 2 • 10 − 2 Pa. The energy density of an electron beam and a time of
3 
ulses were varied in the range from 10 to 50 J/cm 

2 and from 50 to 200

s, respectively. A general view of modified samples is given in fig. 1 c. 

The mechanical testing of the А319.0 alloy represented the uniaxial

ension until failure using a unit “INSTRON 3386 ” at a constant speed of
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Fig. 6. Electron-microscopy micrograph of the surface layer struc- 

ture of the А319.0 alloy irradiated by a pulsed electron beam; а 

– bright field; b – electron diffraction micro-pattern; c, d – dark- 

field images obtained in reflexes [111]Si (c) and [111]Al + [220] 

Si (d). The arrows (b) indicate reflexes: 1 – for (c) and 2 – for (d). 

Fig. 7. Electron-microscopy micrograph of the structure in the 

А319.0 alloy irradiated by a pulsed electron beam; the white ar- 

rows indicate bend contours of extinction. Black arrows indicate 

of dislocations. 
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.25 mm/min, at least 3 samples were tested for each irradiation mode.

 general view of fractured samples of the hypoeutectic А319.0 alloy is

resented in fig. 1 d. 

The element and phase composition, defect sub-structure state and

racture surface were investigated with the help of a scanning electron

icroscope Philips SEM-515 equipped with an energy dispersion detec-

or for X-ray microspectroscopy EDAX ECON IV, which makes it possi-

le to examine the occurrence, concentration and distribution of metal-

ic materials in a sample, and a transmission electron microscope JEM

100F, JEOL, using the method of annular dark and bright field imag-

ng, as well as a scanning mode (STEM). When carrying out a STEM

nalysis, the electron beam is focused into a 0.05–0.2 nm thin spot, fur-

her the beam scans a material of interest in the raster lighting system.

TEM has the potential to visualize a nanostructured material surface

ith high spatial resolution and study the distribution of elements in

he scanned zone. Foils for exploring the structure and phase state of

he material with the methods of transmission electron microscopy in

he diffraction mode were prepared via ion beam sputtering of plates,

hich were cut perpendicular to the irradiated surface of a sample using

m  

4 
he spark discharge method. A cutting mode was set precisely to avoid

nnecessary deformation and therefore have no effect on the structure

f a sample. 

. Results and discussion 

.1. Tension-induced plastic deformation of the А319.0 alloy in the as cast

tate and irradiated by a pulsed electron beam 

The mechanical testing represented the uniaxial tension and simul-

aneous recording the stress-strain curve both for the as cast А319.0

lloy and the material modified by an electron beam in different modes.

uch characteristics as ultimate strength, yield strength, relative resid-

al elongation at fracture and percent reduction in area at fracture were

etermined according to data of the stress-strain curves. Using values of

hese characteristics, their average values were plotted as functions of

he electron beam energy density and a pulse time ( fig. 2 ). 

From the data shown in fig. 2 a it is apparent that in the irradiation

ode: 10 J/cm 

2 and 50 J/cm 

2 , 50 μs, the ultimate tensile strength in-
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Fig. 8. Electron-microscopy micrograph of the fracture surface structure in the 

А319.0 alloy irradiated by a pulsed electron beam; SEM. The arrows indicate 

the irradiated surface. 
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reases by 15 МP а and 28 МP а , respectively, i.e. by 12 % and 22.4 %,

n comparison with the as cast alloy. However, it is noteworthy that the

orrelation between yield strength and energy density of an electron

eam hardly demonstrates this behavior ( fig. 2 b). The electron-beam

reatment causes a decrease in yield strength irrespectively to irradia-

ion modes. 

The functions of relative residual elongation and percent reduction

n area at fracture on the energy density of an electron beam ( figs. 2 c, d)

emonstrate that these parameters tend to significant changes for non-

verlapping confidence intervals in irradiation modes: 10 J/cm 

2 , 200 μs

nd 50 J/cm 

2 , 50 μs. Moreover, both parameters decline in the first pre-

ented mode but they grow in the second presented mode. An increase

n the relative residual elongation and contraction at fracture points in-

irectly testifies at increase in plastic properties of the material. 

Therefore, it can be stated that the irradiation mode: 50 J/cm 

2 , 50

s, is associated to a simultaneous increase of strength and plasticity in

he А319.0 alloy. The identified fact is of interest for further research

orks to carry out using methods of the present-day physical materials
5 
cience with the purpose to reveal transformations in the structure and

heir relation to the detected changes of properties. The latter were done

n the work. 

.2. Study on the defect sub-structure, element and phase composition of 

he hypoeutectic А319.0 alloy irradiated by a pulsed electron beam 

The transmission electron microscopy pointed out that the irradia-

ion of the А319.0 alloy by a pulsed electron beam resulted in the high-

peed melting of an up to 100 μm thick surface layer. The subsequent

igh-speed crystallization in the surface layer brings about the forma-

ion of a submicro-nanocrystalline structure; its typical view is shown in

g. 3 . From the data in fig. 3 it is apparent that crystallization cells are

on-equiaxed [ 37 , 38 ]. The longitudinal axis of cells is oriented towards

he heat removal, i.e. perpendicular to the irradiation surface ( fig. 3 a).

he cells are roundish in the cross-section ( fig. 3 b). Therefore, it is likely

hat high-crystallization cells possess a cylindrical form with a longitu-

inal axis oriented towards the heat removal. 

The distribution of alloying elements in the surface layer subjected

o the high-speed crystallization was studied using the mapping method

STEM EOX). An important outcome to emerge from the study is that

igh-speed crystallization cells are formed by an aluminum-based solid

olution ( fig. 4 а , b). The cells are separated by thin layers to be en-

iched mainly with atoms of silicon and, to a smaller degree, with atoms

f magnesium, iron and copper ( fig. 4 c-f). Importantly, atoms of all al-

oying element except for silicon are found in an aluminum-based solid

olution (the volume of cells). 

The distribution of alloying elements through the material thickness

n the layer after high-speed melting to result from the irradiation of

he А319.0 alloy by a pulsed electron beam is shown in fig. 5 . As seen,

he high-speed crystallization is related to the formation of a surface

ayer with alloying elements distributed in a quasi-homogenous way.

he distribution heterogeneity of alloying elements intensifies with a

istance from the surface. It is especially typical for silicon, which is a

ajor alloying element in the compound. 

The phase composition of the modified layer was explored using the

ethods of electron microscopy in the diffraction mode, dark-field imag-

ng and indexing of electron diffraction patterns [ 39 , 40 ]. The research

utcomes highlight that high-speed crystallization cells are formed by

n aluminum-based solid solution ( fig. 6 d). On the boundaries of cells

here are mainly spherical particles о f silicon, their sizes vary in the

ange of 10-20 nm ( fig. 6 c, d). A particular attention should be paid to
Fig. 9. Electron-microscopy micrograph of a 

foil section prepared from the А319.0 alloy 

fractured under the uniaxial tension of plane 

samples obtained in a STEM-based analysis ( а ); 

images (b-f) were made in the characteristic X- 

ray emission of Al, Si, Mg, Fe, and Cu atoms, 

respectively. 
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Fig. 10. Concentration of alloying elements vs. distance to the surface irradi- 

ated by a pulsed electron beam in А319.0 alloy samples fractured under tension. 
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arrow diffusion rings in the electron diffraction micro-pattern ( fig. 6 b,

n insert) in the area with silicon reflexes. This fact may point at the

ormation of a silicon phase, both in crystalline and amorphous states. 

The defect sub-structure of crystallization cells is formed by disloca-

ions. The dislocations are chaotically distributed in the volume of cells

 fig. 7 а ). The scalar density of dislocations determined by the random

inear intercept method [39] varies in the range of (3-5) • 10 9 cm 

− 2 . The

urface layer of a sample irradiated by a pulsed electron beam is in the

lastic-stressed state. This is demonstrated by the extinction contours de-

ected when examining the material by the method of thin foils ( fig. 7 ,

he contours indicated by the arrows). The sources of shear and torsion

n the crystal lattice of the alloy are boundaries between cells ( fig. 7 а )

nd second-phase particles found on the boundaries between cells and

n the volume of cells ( fig. 7 b). 
6 
Therefore, the irradiation of the А319.0 alloy by a pulsed elec-

ron beam induces the melting of a relatively thin surface layer.

he subsequent high-speed crystallization is related to the forma-

ion of a submicro-nanocrystalline multiphase structure with quasi-

omogenously distributed alloying elements. The surface layer in the

lloy irradiated by a pulsed electron beam is in the elastic-stress state as

emonstrated by the detected bend extinction contours. 

.3. Evolution of the defect sub-structure, element and phase composition 

n the hypoeutectic А319.0 alloy irradiated by a pulsed electron beam and 

ractured under tension 

The fracturing of А319.0 alloy samples under the uniaxial tension

n an example of plane proportional samples with the effective sur-

ace irradiated by a pulsed electron beam (50 J/cm 

2 , 50 μs) from both

ides causes significant transformations in the material structure. The re-

earch into the element and phase composition, the defect sub-structure

tate of deformed samples was carried out via analyzing foils, which

ere prepared in the ion thinning of plates cut as close as possible to

he fracture surface and at different depths below it. 

The SEM-based study on the fracture surface ( fig. 8 ) points out that

he fracture of a layer irradiated by a pulsed electron beam represents

he sliding of micro-cracks along crystallization cell boundaries, i.e. an

ntercrystalline (inter-grain) rupture is formed. Under intercrystalline

upture fracture is dominated by crack propagation mainly along grain

oundaries their lower strength in comparison with the transgranular

ortions of the grains. Such factors as segregation of impurities on grain

oundaries, formation of brittle inter-grain thin layers of intermediate

hases, adsorption-related strength reduction and decrease (cold brittle-

ess) or increase (hot brittleness) of temperature further the intercrys-

alline rupture. It is obvious and the findings of the X-ray microspec-

roscopy presented in fig. 9 demonstrate that the key reason for the

ntercrystalline rupture in the material under study is the enrichment of

ell boundaries with impurity atoms and atoms of alloying elements, as

ell as the formation of second-phase inclusions. 
Fig. 11. Electron-microscopy micrograph of the surface layer 

structure in the А319.0 alloy irradiated by a pulsed electron beam 

and fractured under tension; а – bright field; b – electron diffrac- 

tion micro-pattern; c, d – dark-field images obtained in reflexes 

[111]Al (c) and [111]Si (d). The arrows (b) indicate reflexes: 1 –

for (c) and 2 – for (d). 
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Fig. 12. Electron-microscopy micrograph of the А319.0 alloy 

structure irradiated by a pulsed electron beam and fractured under 

tension. The arrows ( а ) indicate particles, around which disloca- 

tion clusters are formed. 
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It should be noted that the distribution of elements within the bound-

ries of crystallization cells hardly changes under the intercrystalline

upture of the alloy ( fig. 10 .); it remains quasi-homogenous, however,

ith certain specifics. Comparing fig. 10 and fig. 5 , a conclusion is made

hat the concentration of all alloying elements on the surface is signifi-

antly higher in surface fractured samples (Si, Mg, Fe, Cu). 

Under the intercrystalline (quasi-brittle) rupture there is a slight de-

ormation in the areas close to the boundaries and in the volume of cells

grains). The study on the fracture zone in the А319.0 alloy detected

ome remaining nano-dimensional thin layers of silicon particles along

he cell boundaries ( fig. 11 ). 

A dislocation sub-structure in the form of randomly distributed dis-

ocations and those forming clusters is formed in the volume of crys-

allization cells ( fig. 12 ). The centers with forming dislocations clusters

epresent rather frequent second-phase (Si) particles ( fig. 12 ( а ), indi-

ated by the arrow). The scalar density of dislocations is determined to

e 2.1 • 10 10 cm 

− 2 that is almost by an order of magnitude higher than

hat of dislocations in the cell structure before the deformation of sam-

les. 

To sum up, despite a submicro-nanocrystalline structure forming

hen irradiating the А319.0 alloy by a pulsed electron beam strength

nd plasticity properties of the material exhibit only an insignificant in-

rease under the uniaxial tension of plane samples because of lengthy

econd-phase thin layers developing along the high-speed crystallization

ells and initiating the intercrystalline quasi-brittle fracturing. 

. Conclusion 

The tensile testing of А319.0 alloy samples modified by an electron

eam revealed that the irradiation mode: 50 J/cm 

2 , 50 μs was related to

 simultaneous increase of strength and plasticity properties by 22.4 and

4.0 %, respectively – these data represented the highest measurement

n the set of conducted experiments. The detected changes contributed

o the selection of the given irradiation mode for the research into the

tructure and its correlation with the detected transformations of prop-

rties. 

The study on the microstructure demonstrated that the irradiation

f the А319.0 alloy by a pulsed electron beam (17 keV, 50 J/cm 

2 , 50

s, 3 pulses, 0.3 s − 1 ) leads to the melting of a relatively thin (up to

00 μm) surface layer. The subsequent high-speed crystallization brings

bout the formation of a submicro-nanocrystalline multiphase structure

ith quasi-homogenously distributed alloying elements and particles of

he second phase. 

Scanning and transmission electron microscopy methods were used

o explore the fracture surface, structure and chemical composition

n irradiated and fractured samples of the А319.0 alloy. The research

ndings demonstrated that the fracture is dominated by the mecha-

ism of intercrystalline quasi-brittle rupture induced by lengthy thin

ayers of the second phase (Si) forming along the boundaries of high-
7 
peed crystallization cells; this fact explains an insignificant increase of

trength and plasticity properties of the alloy even if there is a submicro-

anocrystalline multiphase structure in the surface layer. The quasi-

omogenous distribution of chemical elements remains, however, their

oncentration is significantly higher than in non-fractured but irradiated

amples. 
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