
 

 

  

Abstract—Processing of Al-19.4Si alloy by high intensive 
electron beam has been carried out and multiple increases in fatigue 
life of the material have been revealed. Investigations of structure and 
surface modified layer destruction of Al-19.4Si alloy subjected to 
multicycle fatigue tests to fracture have been carried out by methods 
of scanning electron microscopy. The factors responsible for the 
increase of fatigue life of Al-19.4Si alloy have been revealed and 
analyzed. 
 
Keywords—Al-19.4Si alloy, high intensive electron beam, 

multicycle fatigue, structure.  

I. INTRODUCTION 

ATIGUE failure of parts is one of the most commonly 
occurring causes of equipment, machinery, vehicles and 

structure failure. 
It is due to the specific nature of multicycle fatigue 

phenomenon consisting in: first, the crack nucleation and 
development at relatively low stresses; second, the high 
sensitivity of fatigue life to design, technological and 
operational factors; third, multiple spread of fatigue life 
characteristics (spread of fatigue life value) compared to 
characteristics of static strength; fourth, the local and selective 
feature of crack nucleation and development without the 
manifestation of visible residual displacements up to the 
moments of emergencies [1]. Therefore the problem of 
preventing the fatigue failures (service life increase) of critical 
parts is a very important one, especially in the branches of 
industry where the occurrence of emergencies leads to 
disastrous consequences. As a rule, fatigue cracks are initiated 
in the surface layer of the part [2]. Therefore, the state of the 
surface layer affects significantly the fatigue life of the 
material.  

Application of surface hardening methods results in the 
appreciable increase of fatigue limit in some cases (by 2-3 
times and more), which is connected with the removal of 
microirregularities (notches, scratches, roughness) of 
machining, the formation of compressive residual stresses in 
the surface layer of the hardened parts, the dispersion of 
matrix structure and inclusions of the second phases [3]. The 
principal increase of the service properties of material surface 
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layers is possible providing the purposeful formation of the 
additional levels of structure-phase state in submicron and 
nanosize region of their existence in the surface layer. The 
effective method of this modification and as a consequence, 
fatigue life increase is the processing of material surface by 
high intensity electron beam of submillisecond effect duration 
allowing to change the surface layer structure tens of 
micrometers thick transforming it into multimodal structure-
phase state and essentially without changing the structure-
phase state of the alloy basic volume [4]–[12]. 

Alloys of aluminium with silicon having the high specific 
mechanical properties are the brittle and difficultly deformed 
materials. In papers [13]–[22] the structure and phase 
composition of aluminium alloys are widely investigated. It is 
necessary to improve essentially their structure and increase 
the plastic properties for expanding the spheres of these alloys 
application in aircraft, automobile building and other branches 
of industry. 

It is known that the processing of aluminium alloys’ surface 
by laser radiation may result in the substantial structural 
changes – the dispersing of structural components, the 
formation of metastable phases and defects of crystal 
structure, etc. that result in the improvement of physico-
chemical properties of the material [23]–[26]. Besides laser 
processing the effective tool of high-speed thermal treatment 
of aluminium alloys’ surface is high intensity pulsed electron 
beams [27]–[31]. 

The aim of this work is to analyze the regularities of 
structure modification of Al-19.4Si alloy by high intensity 
pulsed electron beam, to identify the mechanisms responsible 
for Al-19.4Si alloy failure subjected to multicycle fatigue 
tests. 

II. MATERIALS AND PROCEDURE  

Al-19.4Si alloy (Al – 81, Si – 19.4, Fe – 0.56, wt. %) was 
used as a material for studies [3]. Fatigue tests were carried 
out in a special unit on the principle of asymmetric cyclic 
cantilever bending [32]. Test specimens were in the form of a 
parallelepiped with dimensions of 8x14x145 mm. The 
imitation of a crack was done by the semicircle notch of 10 
mm radius. Test temperature was 300 K, frequency of 
specimen loading by bending was 15 Hz under the load of 
10 MPa.  

Specimen surface irradiation prepared for fatigue tests was 
carried out using the unit “SOLO” [8] with the following 
parameters: electron energy = 16 keV; pulse repetition 
frequency = 0.3 sec-1; pulse duration of the electron beam τ = 
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50 µs and 150 µs; pulse number n = 1, 3, 5; energy density of 
electron beam of ES = 10, 15, 20, 25 J · cm-2. 

The electron beam energy density varied upon Al-19.4Si 
alloy surface processing by the electron beam whose energy 
density was measured by a microcalorimeter placed into the 
chamber of the “SOLO” device before material irradiation in 
electron beam testing. The specimen face that is the face 
above the notch imitating a crack was irradiated. At least 5 
specimens were tested for each regime of irradiation. Studies 
of failure surface were done by methods of scanning electron 
microscope (Tesla BS-301 microscope). 

III. RESULT OF STUDIES AND DISCUSSION 

The characteristic failure of Al-19.4Si alloy is the presence 
of a large number of initial silicon crystallites mainly the plate 
shaped ones (Fig. 1). The plates are located randomly or 
decorate the grain boundaries of the alloy. The plate sizes of 
Al-19.4Si alloy in the plane of metallographic section vary 
from a few to tens of micrometers. It is apparent that the 
material containing such an amount of brittle inclusions of 
different shapes and sizes will have greater spread 
characteristics of fatigue life. 

 

  

Fig. 1 Al-19.4Si alloy structure before fatigue testing. Metallography 
of etched metallographic section 

  
In fact, the fatigue tests carried out by us have revealed a 

wide set of results and essentially depend on both the 
specimen structure and regime of its irradiation (Fig. 2). 

For structural studies of Al-19.4Si alloy surface processing 
and surface failure the specimens showing the minimal 
(regimes of irradiation – 15 J · cm-2; 150 µs; 3 pulses and 20 
J · cm-2; 150 µs; 1 pulse) and the maximum (regime of 
irradiation – 20 J · cm-2; 150 µs; 5 pulses) fatigue life were 
selected. 

As mentioned above, fatigue life of the material depends 
significantly on the of the surface layer structure of the test 
specimen. Fig. 3 presents the results of the structure studies of 
Al-19.4Si alloy specimen surface subjected to electron beam 
irradiation according to regime 15 J · cm-²; 150 µs; 3 pulses, 
this specimen showed the minimal durability under fatigue 
tests. The analysis of the structure being formed in Al-19.4Si 
alloy irradiation according to the given regime gives grounds 
to make a conclusion that electron beam processing results in 
only partial melting of redundant silicon (Fig. 3 (a)). The 
process of partial plate melting is accompanied by the 
formation of numerous micropores located along the 
plate/matrix interface and microcracks located in the plates 
(Fig. 3 (b)). Silicon plates are stress concentrators. Fatigue 

tests result in plate failure and formation of extended 
microcracks (Figs. 3 (c) and (d)). Thus, Al-19.4Si alloy 
surface irradiation by high intensity pulsed electron beam in 
the regime of melting of redundant silicon inclusions is 
accompanied by the formation of micropores and microcracks 
weakening the material in surface layer. It is the crucial factor 
contributing to a slight increase (see Fig. 2) to fatigue life of 
the material. 

 

 

Fig. 2 Dependence of an average (averaging performed on five 
samples) number of cycles N to failure of Al-19.4Si alloy on the 
product of the WS energy density and the number of pulses of n 
electron beam treatment. The values of fatigue life of the initial 

material are shown by the dotted line 
 

 

Fig. 3 Al-19.4Si alloy surface structure processed by the electron 
beam (15 J · cm-2, 150 µs; 3 pulses); (a), (b) – the state before fatigue 
testing; (c), (d) – the state after fatigue testing. Arrows in (c) point to 

the crack that formed in fatigue testing; in (d) – silicon plates, 
destroyed in testing 

 
The distinctive images of structures being formed in Al-

19.4Si alloy irradiation by high-intensity pulsed electron beam 
according to regime 20 J · cm-2; 150 µs; 5 pulses, showing the 
maximum fatigue life in tests are shown in Figs. 4 (a) and (b). 
It shows clearly that surface layer structure differs principally 
on the basis of morphological features from the initial 
specimen (Fig. 1) and the specimen irradiated according to 
regime 15 J · cm-2 regime; 150 µs; 3 pulses (Fig. 3). On the 
irradiation surface the homogeneous structure of the grain 
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(cellular) type (the grains size of the eutectic ranges from 
30 µm to 50 µm) is formed. Grains are separated by silicon 
interlayers the transverse sizes of which do not exceed 20 µm 
(Fig. 4 (b)). Stress concentrators that can be sources of 
specimen failure are not detected on the edge of the fracture 
(Fig. 4 (c)). The cracks parallel to the fracture surface are 
located at some distance from it (Fig. 4 (d)). It, evidently, 
indicates that the concentrator being the cause of the specimen 
failure was located under the surface, most probably, on the 
interface of the liquid and solid phases. 

 

 

Fig. 4 Al-19.4Si alloy surface structure processed by the electron 
beam (20 J · cm-2, 150 µs; 5 pulses); (a), (b) the state before fatigue 

testing; (c), (d) state after fatigue testing. Arrows in (d) show a 
microcrack formed in fatigue testing 

 
Thus, the analysis of Al-19.4Si alloy surface irradiated by 

high-intensity pulsed electron beam has shown that high-speed 
melting and subsequent surface layer crystallization with the 
formation of a cellular type structure with distributed 
interlayers of redundant silicon along the cell boundaries, 
make possible to increase fatigue life of Al-19.4Si alloy on 
average by more than 3.5 times relative to the initial state (Fig. 
2). 

As a rule, fatigue failure is a process developing in time in 
local volumes of the material. When reaching a certain critical 
state the destruction of specimen occurs as a whole. On the 
surface of failure three distinctive zones appear – the zone of 
fatigue crack growth, the zone of finish breaking and the zone 
of accelerating crack growth which separates the first two 
zones [33], [34]. The deformation processes taking place in 
fatigue testing of the material develop in full measure in the 
zone of fatigue crack growth and, to a much lesser extent, in 
the zone of finish breaking. The characteristic image of 
surface failure of Al-19.4Si alloy specimens destructed in 
irradiations regimes – 15 J · cm-2; 150 µs; 3 pulses and 20 
J · cm-2; 150 µs; 5 pulses, is shown in Fig. 5. Width of fatigue 
crack growth zone in test Al-19.4Si alloy specimens correlates 
and is connected with the cycle number before failure, i.e. it 
depends on the regime of electron beam irradiation of the 
material. The performed studies have shown that the thickness 
of fatigue crack growth zone in the specimen destructed in the 

regime 15 J · cm-2; 150 µs; 3 pulses was 0.96 mm, but that in 
the specimen destructed in the regime 20 J · cm-2; 150 µs; 5 
pulses was 3.45 mm (Fig. 5). 

Width of fatigue crack growth zone is equated to a critical 
crack length [1]. Therefore, in optimal irradiation regime of 
Al-19.4Si alloy surface by electron beam it is possible to 
increase the critical crack length by more than three times, 
thereby increasing the service life and efficiency of the 
material. Similar results were obtained in multicycle loading 
of ferrite-pearlite steel 60GS2 after electropulsing processing 
at a certain stage of loading [35], [36]. 

 

 

Fig. 5 Surface failure structure of Al-19.4Si alloy specimens 
irradiated by the electron beam; (a) – regime of irradiation – 

15 J · cm-2; 150 µs; 3 pulses; (b) – regime of irradiation – 20 J · cm-2; 
150 µs; 5 pulses. Arrows point to the zone of fatigue crack growth 

 
From the value of ratio of fatigue zone area to finish 

breaking zone it is possible to judge the value of safety 
coefficient of the material: the lower the ratio, the lower the 
safety coefficient at the same loading value of fatigue tests [1]. 
The fractograph analysis of the material under study showed 
that the value of this coefficient varied from 0.24 (15 J · cm-2, 
150 µs; 3 pulses) to 0.86 (20 J · cm-2, 150 µs; 5 pulses). 
Consequently, Al-19.4Si alloy irradiation in optimal regime 
increases substantially the safety coefficient of material 
service. 

In fatigue tests the cracks are initiated, as a rule, on the 
specimen surface or in the near-surface layer. Structural 
analysis of surface layer of Al-19.4Si alloy specimens that 
showed a relatively low level of fatigue life (in irradiation 
regimes – 15 J · cm-2; 150 µs; 3 pulses and 20 J · cm-2; 150 µs; 
1 pulse) enabled to reveal the source of the material failure. As 
expected, the large silicon plates located on the surface (Figs. 
3 (c) and (d)) and in the near-surface layer (Figs. 6 (a) and (b)) 
of the specimen were the concentrator of critical stress. In Al-
19.4Si alloy surface irradiation by the electron beam according 
to the regime 20 J · cm-2; 150 µs; 5 pulses the surface layer not 
less than 20 µm thick melts (Fig. 6 (c)). High-speed 
crystallization results in the formation of structure the 
crystallite sizes of which vary from 100 nm to 250 nm (Fig. 6 
(d)). It is apparent, that the formation of such submicro- and 
nanosize structure is the primary cause contributing to 
multiple increase of Al-19.4Si alloy fatigue life. 

The appreciable and strongly localized plastic deformation 
takes place in every cycle of the load changing at the crack tip. 
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Polycrystalline nature of the structure (the grain structure of 
solid solution on aluminum basis and a large number of 
relatively large plates of initial silicon) results in the multiple 
branching of material failure front. A large number of 
microscopically visible traces of failure are located in parallel 
that is especially typical for specimens with the maximum 
number of cycles before failure (Fig. 5 (b)). 

 

 

Fig. 6 Electron microscope image of the Al-19.4Si alloy surface 
fatigue fracture in regimes of irradiation – 20 J · cm-2; 150 µs; 1 pulse 

(a), (b) and 20 J · cm-2; 150 µs; 5 pulses (c), (d). Arrows in (a), (b) 
show to silicon plates; in (c) thickness of Al-19.4Si alloy layer melted 

by the electron beam 
 

The important failures of fatigue failure zone of the material 
are fatigue striations; their distinctive image is shown in Fig. 7 
[1], [2], [33], [34]. It is known that the term "fatigue 
striations" means the strips of depressions and asperities 
consecutively located strips with steps of stress decrease 
restricted by these depressions located in parallel to crack 
front. With each cycle of loading a crack (fracture) moves 
ahead for a definite distance. As this take place, a number of 
successive strips remain on the surface of failure. It follows 
that the strips are the trace of crack moving at one space for 
one cycle of loading. According to Schmidt-Thomas and 
Klingele these strips are called fatigue striations [36]. They are 
perpendicular or nearly perpendicular to the directions of 
crack propagation. The striations may be continuous and 
regular (typical for aluminum alloys) with decreasing distance 
between them as the level of stresses is decreased and speed of 
crack propagation as well. The striations may be discontinuous 
and irregular that is typical for steel surface failure. 

All conditions being equal, the distance between the 
striations is determined by the ability of the material to resist 
the fatigue crack propagation: the less the distance between 
the striations, the more resistant is the material to crack 
propagation. Our studies have shown that the average 
distances between the fatigue striations in the Al-19.4Si alloy 
specimens failed in irradiation regime 15 J · cm-2; 150 µs; 3 
pulses and 20 J · cm-2; 150 µs; 1 pulse are close and on the 
average equal 0.95 µm, but in the specimen failed in m 
irradiation regime 20 J cm-2; 150 µs; 5 pulses they equal 
0.28 µm. Consequently, a spacing of crack for one cycle of 

fatigue loading in Al-19.4Si alloy specimen processed 
according to optimal regime is less by 3.5 times, it follows that 
this specimen has a higher resistance to fatigue crack 
propagation. 

 

 

Fig. 7 Fatigue striations being formed in Al-19.4Si alloy as a result of 
fatigue failure; (a) – specimen failed in regime of irradiation – 
20 J · cm-2; 150 µs; 1 pulse; (b) – specimen failed in regime of 

irradiation – 20 J · cm-2; 150 µs; 5 pulses 
 

Failure surface, as a rule, has a complex structure. In two-
phase materials, to which the analyzed alloy belongs, the 
mixed mechanism of fatigue failure is used. The analysis of 
the photos in Fig. 8 reveals the pits of ductile fracture and 
facets of a quasi-cleavage. Pits are the predominant element of 
the fracture surface structure and they are formed as a result of 
cutting the micropores through which the destruction of 
aluminium grains occurred (Fig. 8 (a)). Silicon plates are 
destructed according to the cleavage mechanism (Fig. 8 (b)). 

 

 

Fig. 8 Electron microscope image of the Al-19.4Si alloy fatigue 
failure surface (in regime of irradiation – 20 J · cm-2; 150 µs; 1 pulse). 

Arrows in b show silicon plates 

IV. CONCLUSION 

Surface modification of Al-19.4Si alloy by high intensity 
pulsed electron beam has been done, the multicycle fatigue 
tests have been carried out and the irradiation regime 
permitting the increase of material fatigue life by more than 
3.5 times has been identified. It has been shown that the main 
reasons for Al-19.4Si alloy fatigue life increase are: the 
considerable increase of the critical crack length, the safety 
coefficient, and the reduction of average distance between 
fatigue striations (cracks for cycle loading), the formation of 
submicro- and nanosize structure.  
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