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1. Introduction

Hot roll quench tempered steel (QTS) is a heat-treated
steel martempering of hot roll steel plate (HRSP) with a
carbon content of 0.29 %. The process of hot rollers during
the HRSP production process causes the grain structure to
be tight and flat. With a heating process of 900 °C, held at
that temperature for 10 minutes and the quenching process
using water produces a small and tight metal grain structure
and is dominated by a martensite structure. Furthermore, by
providing a tempering process, by heating to a temperature
of 300°C, is held at that temperature of 10 minutes and
cooled in air resulting in the final structure is tempered mar-
tensite. Martensite structures with small, denser granular
structures possess less weldability so it is necessary to obtain
certain treatments before, during or after welding [1-4].

2. Literature review and problem statement

With a microstructure dominated by a hard martensite
structure, small but dense structures make QTS susceptible
to cracking defects in both micro and macro scale. Microc-
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racks are generally formed by combined voids or porosity [5].
Cracking of the micro in some time will trigger a crack that
propagates or delay cracking. The welding cracks and delay
cracking begins from the hydrogen diffusion or dissolved
gases forming porosity, soluble inclusions and the difference
in the rate of expansion and shrinkage of weld metal and
HAZ during liquefaction and solidification of metals.

Crack propagation behavior is highly dependent on the
variations of the failure parameters. Crack in metal is a de-
fect in material structure due to the manufacturing process
or formed during solidification [6]. Welds are generally the
weaker parts in an assembly with an inherent risk of manu-
facturing defects which raises concerns regarding fatigue life
and crack growth behavior in welded structural components
[7]. The welding crack is generally divided into two catego-
ries: heat cracks which occur during the solidification pro-
cess and cold cracks that occur during structural changes.
The formation mechanism of hot cracking is related to met-
allurgical factors, stress, strain, and strain rate [8]. The heat
crack occurs only in the weld area, whereas cold crack may
occur in weld and HAZ areas [1]. Welding begins with the
presence of diffusing hydrogen or dissolved gases, impurities
deposits and the difference between expansion and shrink-




age of weld metal and parent metal during liquefaction and
metal freezing. A welding defect in the form of a microcrack
will trigger crack propagation [2].

Some previous studies investigated how welding param-
eters affected crack propagation on weld joints [7]. Tradi-
tional methods to improve the quality of weld joints mainly
refer to the optimization of welding parameters [8]. Various
welding parameters commonly used in the welding process
are high current, long welding time, and high welding force
to reduce crack propagation [9, 10]. External magnetic flux
(EMF) field has been demonstrated to have a significant
effect on the improvement of welding quality [7].

In metal welding using electric energy source, electro-
magnetic force (Lorenz forces), which affects the circula-
tion of liquid metal in the weld pool will act. The rate of
liquid metal circulation in the weld pool is also affected by
the surface lift force (buoyancy force) and the force due to
the surface tension (Marangoni force). Of the three forces
acting on, the electromagnetic force gives the most domi-
nant influence on the weld pool circulation [11]. Adding an
external magnetic field during the spot welding resistance
process (EMS-RSW) can improve the performance of
DP780 welding and it increases the strength and plasticity
of the weld [12].

Quenched and tempered steel is one of the primary
manufacturing materials of steel pistons [13] and other
applications. The application of EMF during welding may
decrease the percentage of welding defects [14]. Welding
of steel with martensite structure is very susceptible
to cold cracking so it is advisable to do preheating and
post-welding heating (PWHT) of martensitic steels.
Preheating is done by heating at a temperature below
Martensite start (Ms) before welding [3]. Welding ther-
mal cycle has a negative effect on mechanical properties
of martensitic stainless steel HAZ (P91) with Cr 8.81 %
as the cause of cold cracking in HAZ. It is therefore ad-
visable to provide preheating prior to welding of the ma-
terial [4]. The EMF would affect the microstructures and
microhardness of resistance spot welds. The HAZ of the
welds under the external magnetic field would be softer
than that of the traditional welds. Besides, the EMF could
refine the columnar grain and increase the proportion of
equiaxed grain in the nugget [7].

QTS has low weldability due to high defects in QTS
welding area. High welded defects in QTS weld area are
associated with microstructural changes of Hot Rolled Steel
Plate (HRSP) during the hot rolling process, quenching
process followed by tempering. The process of hot roll causes
steel reduction by a tight and flat metal grain shape. Fur-
thermore, the quenching process will form small and tight
metal grains dominated by martensite structures.

Research on efforts to increase electromagnetic force
and the effect of magnetic field on new welding process is
done on base metal that has no microstructure changes.
QTS is a general construction steel that has microstruc-
ture changes from ferrite + pearlite to martensite. Steel
with martensite structures has a low weldability and is
susceptible to crack propagation. In the previous study, the
electromagnetic force was enhanced by raising the welding
current. An increasing welding current will increase the
weld heat input and thermal welding voltage. The high
thermal stress results in large distortions and residual
stresses after welding. The addition of EMF by raising the
welding current on the QTS is susceptible to the rise of

thermal stress and distortion and weld cracking. Increasing
the electromagnetic force by adding EMF to the QTS is
interesting to do. The EMF is generated by passing the DC
current to the solenoid attached to the welding workpiece
to avoid the rise of thermal tension.

In this research, a welding test to investigate crack prop-
agation on Hot Rolled Quench Tempered Steel (QTS) with
various EMF is performed. To improve QTS welding quality
may be possible by increasing the liquid metal circulation
rate prior to solidification. Because fast liquid metal circula-
tion facilitates the release of gases and oxides to the surface
of the weld pool. So, the quality of QTS welded results can
be improved in the form of welding defects and welding
cracks are lower and the weld toughness increases.

This research analyzes the quality of welded joints of
QTS. QTS welding is very difficult because of its brit-
tleness. This study discusses the phenomenon that occurs
with the addition of EMF to increase the mechanical prop-
erties of QTS.

3. The aim and objectives of the study

The aim of the present research is to investigate the
weldment QTS after addition of external magnetic flux.

To accomplish the set aim, the following tasks were set:

1. To assess the quality of QTS welded joints by addition
of external magnet flux.

2. To increase delay cracking of QTS welded.

3. To investigate the behavior convection of molten metal
effect on welding defects, inclusions, structural homogeneity
and mechanical properties of welded joints.

4. To analyze the behavior of Hot Rolled Quench Tem-
pered Steel (QTS) welding processes.

4. Materials and methods

4. 1. Convection on the weld pool

During welding using arc welding, the convection force
will work on the weld pool resulting in the movement of
liquid metal. The convection force is buoyancy force, maran-
goni force and electromagnetic force (F;). The magnitude of
the electromagnetic force is formulated: F=/xB [2], where J
is the electric current density vector and B is the magnetic
flux vector.

Electromagnetic force in the center of the weld pool will
push the hot liquid metal down to the bottom of the pool, so
the heat transfer that occurs leads to the bottom of the weld
pool melt and weld pool deeper [1] as shown in Fig. 1.
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Fig. 1. Penetration caused by electromagnetic force [1]




The electromagnetic force with the resulting liquid metal
circulation is instrumental in the process of mixing in the
weld pool. This affects the homogeneity of structures in the
weld pool. With the increase of electromagnetic force, the
liquid metal circulation rate is getting bigger. The effect is
that the effective value of thermal conductivity of liquid
weld metal (kL) becomes larger so that the weld pool tem-
perature becomes lower [15]. If the weld pool temperature
drops, the post-welding cooling rate will also decrease and
the weld toughness increases.

Increasing the electromagnetic force by increasing the
welding current increases the heat input and creates residual
stress, distortion, and changes in the microstructure [2].

4. 2. The rate of fatigue crack propagation

Cracks are assumed to develop through quasi-static
incremental processes through crack propagation zones
[16]. Internal pressure will decrease as cracks grow from
the stress field [17]. According to Irwin, cracks can only
propagate when the stress concentration factor (K) is
the same as the critical stress concentration factor (Kic)
in the event of failure [18]. The crack growth will create
two new surfaces and result in increased surface energy
[19], and the new surface area produced at each fatigue
cycle is proportional to the crack propagation rate [20].
In a ductile material, the plastic zone will develop at the
tip of the crack. As the load increases, the plastic zone
will increase in area until the crack grows and the ma-
terial behind the tip of the crack opens. The plastic zone
opening cycle near the crack tip causes the dissipation
of heat energy [16]. So, crack propagation is an energy
conversion process where the stress concentration factor
or voltage intensity factor is a unique parameter that
represents the magnitude of the stress field near the
crack tip [6].

In the case of the loading of the crack, there are three
models of crack openings occurring on the metal caused
by three different loading patterns. Opening mode or
mode I due to normal loading pattern to crack, sliding
mode or IT mode due to sliding loading pattern to crack
and tearing mode or 11T mode due to loading pattern tear-
ing crack [21].

The stress intensity factor (AK) in normal loading
(mode 1) for CT (Compact Tension) specimens, using the
following equations,

AP (2+q) 5
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with K — voltage intensity factor (MPa.m'/?); P — outer
force (tensile force) (Pa); B — plate thickness (mm); W —
plate width (mm); a=a/W where a/W=>0.2.

The applications of the LEFM concept describe the
growth behavior of cracks in area II. Crack propagation in
this area can be explained by the Parisian equation. Accord-
ing to Paris, the crack growth will be generated when the
applied load varies, even though the maximum voltage is
lower than the critical duty. Paris formulates that the crack
growth of each load cycle is a function of the stress intensity
factor (AK), by the formula [21]:

da n
N C(AK)" (mm/cycle), 2)
with n — exponential coefficient; C — material constant; a —
crack length (mm); N — number of loading cycles (cycle);
AK — fluctuation of stress intensity factor (MPa-m'/?);
da/dN - rate of fatigue crack propagation (mm/cycle).

In this case, C and n are experimentally determined
constants. The smaller n price indicates the lower crack
propagation rate and the greater C price indicates the ma-
terial resistance to the increasingly larger cracks. AK is the
difference between the maximum stress factor (Kmax) and
the minimum stress factor (Kmin) written,

AK=K,, —K,, (MPam!?). (3)

The loading pattern used is sinusoidal with a constant
amplitude cyclic load of Pmax and Pmin. Then the existing
voltage is omax and omin and the voltage area is,

A(Sz(jmax _Gmin’ (4)

with the comparison of this voltage with a test only required
variable voltage or maximum load. The ratio or voltage
ratio (R) can be calculated by the equation
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4. 3. Experimental study

This study is an experimental study to analyze the effect
of external magnetic flux (EFM) on the fatigue crack prop-
agation rate of QTS welding area. External magnetic fluxes
were added by passing DC electrical currents of 0, 3, 6,9 and
15 Ampere through the solenoid transversally from two sides
during the welding process. The number of coils of solenoid
wire was 150. The DC currents flowed into the solenoid
produce magnetic flux at the welding center of 0; 0.9; 1.7;
2.3 and 3.1 mT. The type of welding used was GMAW brand
ESAB type Origo TM Mig C340 PRO with a CO2 protec-
tor. Welding current of 140 the existence of voltage 20 V for
the type of flat position welding 1 layer. Electrode wire used
was ER 70S-6 diameter 1 mm. Average welding speed of
15 cm/min and CO; flow rate of 12 liters/min. The thickness
of the tensile test specimen and the fatigue crack propaga-
tion test was 5 mm.

Furthermore, the first tensile test was done to obtain
the ultimate tensile strength of weld material. Tensile
specimens were made according to AWS 4.0 standards.
The ultimate tensile strength data was used to determine
the maximum load on the fatigue crack propagation test.
Testing of fatigue crack propagation rate using servo-hy-
draulic fatigue test was conducted. The fatigue crack propa-
gation rate test was made based on ASTM E 647 standard.
The crack initiation (ag) was made 2 mm. The maximum
load (Pmax) was taken 0.3 from the ultimate stress mul-
tiplied by the cross-sectional area of the test specimen.
While the minimum load (Pmin) was taken 0. Fatigue
load frequency 11 Hz. Test microstructure used Scanning
Electron Microscope (SEM) with Nital etching solution.
The percentage of welded defects was calculated from the
microstructures photograph of the specimen on the weld
area using the Image J software.



teristic shown in the low number of cycles at the beginning
of the crack opening. Furthermore, the EMF addition of
2.3 mT and 3.1 mT resulted in the higher number of cycles
at the beginning of the crack opening than the specimen
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2. Electrode addition of 2.3 mT and 3.1 mT leads to QTS elasticity at the
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5. Results the crack opening

Tensile test results from each specimen due to the addi-
tion of magnetic flux and without the addition of magnetic
flux (0 mT) can be seen in Table 2.

Table 2
Tensile Test Result Data

Magnetic Flux (mT) Ultimate Tensile Strength (N/mm?)
0 653.385
0.9 532.484
1.7 357.554
2.3 490.522
3.1 260.046

The ultimate tensile strength value from the tensile test
results was used to determine the amount of load to be ap-
plied to the fatigue crack propagation test of each specimen.
Testing the crack propagation rate was done by observing
the number of load cycles and the change of crack length.
Changes in crack lengths were observed using a digital mi-
croscope.

5. 1. The influence of EMF addition on the number of
fatigue load cycles

The difference in a number of load cycles at the be-
ginning of the crack opening shows the difference in the
elasticity of the specimen until the beginning of the crack
opening (Aay). In this case, Aa; is taken 10 % of the ini-
tial crack length of the test specimen (@) which is about
0.1x2 mm=0.02 mm. Specimens with a high number of load
cycles at the beginning of the crack opening indicate a high
degree of stiffness or elasticity.

From Fig. 3, it appears that the EMF addition of 0.7 mT
and 1.7 mT causes the number of cycles to be lower than the
specimen without the EMF addition (0 mT). This shows
that the EMF addition of 0.9 mT and 1.7 mT during welding
causes the QTS specimen to decrease the elasticity charac-
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Fig. 4. The chart of the total number of load cycles (N)
change due to the addition of magnetic flux (mT)

Fig. 4 shows that the EMF addition during welding
causes the total number of fatigue load cycles to increase,
which means the EMF addition causes the QTS specimen
to be more resistant to crack propagation. The number of
fatigue load cycles is increased by adding external magnetic
flux from 0.9 to 2.3 mT, then it decreases again in the EMF
addition of 3.1 mT.

5. 2. Main relation of EMF, length of cracks and num-
ber of fatigue load cycles

Fig. 5 shows that the EMF addition causes the fatigue
crack propagation rate to be lower than the specimen with-
out the EMF addition (0 mT). At the same crack length, the
EMF addition of 0.9 to 2.3 mT causes the number of fatigue
load cycles to increase and decrease again in the EMF addi-
tion of 3.1 mT.

The EMF addition of 3.1 mT resulted in liquid metal
circulation in the weld pool too quickly. The fast convec-
tion rate causes inclusions of slag and rising oxides to be
pulled back into the weld pool and trapped inside during
the solidification process. In addition, the EMF addition
that is too large during welding causes the welder diffi-
cult to control the rate of electrodes during the welding
process.
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5. 3. The relation of fatigue crack propagation rate
(da/dN) to stress intensity factor (AK)

In Fig. 6, it appears that the EMF addition of 1.7 mT and
2.3 mT produces a graph that tends to slope. This indicates
that the crack propagation rate of the QTS specimen is lower
and resistance to the crack propagation is higher. Converse-
ly, graphs that tend to upright show high crack propagation
rate with low crack resistance.
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Fig. 6. The Chart of da/dNvs AK due to magnetic flux
addition (mT)

Fig. 7 shows the fatigue crack propagation graph (da/dN)
vs. the stress intensity factor (AK) as described in equa-
tion 1. From Fig. 7 and Table 3, it appears that on QTS
specimens with the addition of flux 0.9; 1.7; 2.3; and 3.1
mT showed a trend graph with a lower n value and a higher
C value than the specimen without the addition of EMF
(0 mT). This indicates that the addition of EMF results
in slower fatigue propagation rates and toughness against
crack propagation higher than QTS specimens without
additional EMF.

The QTS specimen with the EMF addition of 2.3 mT
results in the lowest crack propagation rate and the highest
crack propagation resistance compared to other specimens
indicated by the highest number of cycles, the smallest
exponential graphic slope, the least n value and the biggest
C value.
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Fig. 7. Trendline of the relationship graph in da/dN vs AK

Table 3

The values of C and n of the trendline exponential (Fig. 7) of
each specimen

Magnetic Flux (mT) C n Equation
0 7E-13 6.5858 Y0=7E—13 X6-5858
0.9 5E-13 | 6.1498 | Y0,9=5E-13 X614
1.7 1E-11 4.3957 Y1,7=1E—11 X397
2.3 3E-10 | 3.2692 | ¥2,3=3E-10 X>26%2
3.1 7E-13 6.5192 Y3,1=7E—13 X65192

3. 4. Analysis of structure of fracture section of fa-
tigue crack propagation test result

Fig. 8 shows the effect of EMF addition on the structure
of fracture section. Fig. 8, a presented the SEM image of
fracture specimen 0 mT 2200x zoom. The presence of gaps
or cavities that are still occurring and many inclusion defects
in the weld metal specimen without the EMF addition is
demonstrated.
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Fig. 8. SEM image of fracture specimen:
a— 0 mT (without EMF); 56— 2.3 mT; ¢ — 3.1 Mt

The porosity and inclusion defects in this specimen are
3.311 % and more than in the specimen with the EMF addi-
tion. The largest percentage of defects is the number of load
cycles possessed by the specimen without the EMF addition
of 65246 cycles.

Fig. 8, b shows the SEM image of the microstructure of
the specimen weld metal with the EMF addition of a 2.3 mT.



It appeared that the image still shows a little gap or cavity
which is a porosity defect and inclusion defects with a per-
centage of 1,200 %. However, compared to other specimens,
fewer defects occur. The number of cycles of load on the
specimen with the EMF addition of 2.3 mT is the highest,
which are 205,988 cycles. Fig. 8, b also shows fatigue stria-
tion that indicates the fault occurring is due to the fluctuat-
ing dynamic loads that occur over a long period of time and
repeatedly experienced by the specimen.

Fig. 8, ¢ shows the SEM photo of the specimen weld met-
al microstructure with the EMF addition of 3.1 mT. From
the image, it appears there is still a gap or cavity which is a
porosity defect and inclusion defects. Percentage of defects
estimated 1.997 % formed at the time of crack formation is
still lower than the specimen without the EMF addition. The
crack opening is along the columnar crystal boundary, and
fractures porosity defect, inclusion, as shown in the SEM
images. The fatigue load cycle reached 131,875 cycles lower
than the specimen with the EMF addition of 2.3 mT. Fig. 7
confirmed that the addition of EMF reduces defects in the
weld metal.

6. Discussion of the effect of external magnetic flux field
in the QTS weldment on the change of fatigue crack
propagation behaviors

The EMF addition causes the electromagnetic forces
acting on the weld pool to increase so that the liquid metal
circulation rate also increases. The effect is that the mixing
of the base metal and filler metal is more effective and the
release of gas from liquid metal to the surface is also easier.
The increasing number of fatigue load cycles indicates that
the ductility of QTS specimens also increases. However,
when the external magnetic flux is increased from 2.3 to
3.1 mT, the number of fatigue load cycles even decreases
again. This is because the electromagnetic force which is
too large causes the liquid metal circulation to be too fast
compared to the speed of electrode feeding and it makes that
the mixing of liquid metal between the base metal with filler
metal becomes less effective.

Adding the EMF during welding will increase the
electromagnetic force which impacts on increasing the cir-
culation rate of liquid metal in the weld pool. As the rate in-
creases, convection of liquid metal causes gas and inclusions
can be lifted to the surface of the weld before solidification
to reduce porosity defects and inclusions on welding met-
als. The lower welding defects and the more homogeneous
welded structure make the specimen more resilient to crack
propagation as indicated by the increasing number of fatigue
load cycles and slower fatigue crack growth.

Adding a magneto-fluid dynamics mechanism to welding
can alter the liquid metal stream conditions and increase the
rate of liquid metal circulation in the weld pool [22]. The
magnetic field strength affects the effect of protective gas,
causing the penetration depth of the weld pool to increase
by 7 % while the weld pool width of the change is not signifi-
cant [23]. Adding an external magnetic field during the spot
welding resistance process (EMS-RSW) can improve the
performance of steel welding so that it increases the strength
of the weld and plasticity [12].

Several studies related to the effect of magnetic field on
the quality of welding results, among others, are done by
Kern, et. al. 2,000 [22], which states that adding a magne-

to-fluid dynamics mechanism to laser beam welding can
change the liquid metal lithium condition and increase the
rate of liquid metal circulation in the weld pool. The use of
low magnetic intensity during GMA welding on stainless
steel 304 can increase HAZ corrosion resistance, increase
the redistribution of Cr into austenite during thermal cy-
cling, decrease sedimentation and growth of carbide chrome,
Cr redistribution occurs continuously and films that in-
crease HAZ corrosion resistance will be formed. In some
of these studies, the electromagnetic force is magnified by
increasing the welding current or welding current density
D [22].

The effect of magnetic field on plasma control during
COj laser welding shows that magnetic field strength effect
on protective gas effect, magnetic field strength causes weld
pool penetration depth increase by 7 % while the width of
weld pool is-not significantly changed [23].

Adding an external magnetic field during the spot weld-
ing resistance process (EMS-RSW) can improve the weld-
ing performance of DP780 thus increasing the weld strength
and plasticity [25].

The electromagnetic force in the center of the weld pool
will push the hot welding metal down to the bottom of the
pool, so the heat transfer which occurs will result in the
bottom of the weld pool melt and the weld pool deeper. The
electromagnetic force with liquid metal circulation produced
is very instrumental in the process of mixing (mixing) in
the weld pool. This has an effect on the homogeneity of the
composition in the weld pool [1].

When the magnet is placed in the longitudinal position
against the welding, the magnetic force forces the electrons
and ions in the arc causing the arc to be deflected from the
normal arc path. As a result, there is a deflection in the
welding arc that can change the nature of the weld bead. The
penetration of the weld pool decreases and the width of the
weld bead increases so that it affects the process parameters.
Welded hardness decreases in the longitudinal direction and
increases in the transverse direction. The EMF added longi-
tudinally during welding affects the movement of electrons
and ions in the welding arc, which causes the welding arc
to be deflected from the direction of the normal arc. Weld-
ing arcs can be deflected forward, backward, or sideways
depending on the direction of electrode displacement and
weld direction due to the EMF effect. The impact of welding
defects is reduced, hardness and tensile strength of weld
metal increased due to grain structure improvement, weld
toughness increased. While the EMF directed transverse
causes hardness, tensile strength and toughness of the weld
metal to decrease. An increase in EMF causes welding ten-
sile strength to increase [25].

Electromagnetic stirring in the weld pool can signifi-
cantly reduce the porosity of the weld bead, promote the
growth of columnar grains and is able to withstand the tense
cracks caused by sulfide [26]. Enlarging the electromagnetic
force by increasing the welding current will increase the
weld heat input, which is certainly not the right solution as
it will raise the peak temperature of the weld and the cooling
rate which can produce large thermal stresses. Enlarging
the electromagnetic force by adding magnetic flux from the
outset may be an alternative to increasing the circulation
rate of liquid metal and lowering the weld peak temperature
without being followed by an increase in thermal stress. In-
creasing rate of liquid metal circulation is supposed to able
to repair the welding microstructure and HAZ, minimize



welding defects, minimize weld crack and increase fracture
toughness.

Adding EMF during welding improves electromagnetic
forces which impact on increasing the circulating rate of lig-
uid metal in weld pools. The increasing rate of convection of
liquid metal in the weld pool causes the gases and inclusions
to lift the surface of the weld before solidification so as to
reduce porosity defects and inclusions in welding metals.
Lower welding defects and wider homogeneous welding
structures cause the specimen to be more resilient to crack
propagation as indicated by increasing number of fatigue
loading cycles and slow crack growth, which means lower
crack propagation rates.

With the addition of EMF of 3.1 mT, the convection
rate at the weld pool is too fast. The fast convection rate
allows inclusions of slag and rising oxides to be pulled
back into the weld pool and trapped inside during the so-
lidification process. Moreover, the addition of a magnetic
flux which is too long after the welder has difficulty in
controlling the electrode rate during the welding process.
This is also confirmed by the description of the micro-
structural picture and the macro photo of the fracture
surface in Fig. 8, a—c.

6. Conclusions

1. The effect of EMF is more sensitive to decrease the
tensile strength and the fatigue crack propagation rate of

the weld area. The result shows that the electromagnetic
force on the weld pool increases. It causes the liquid metal
circulation rate to increase and welding defects to decreas-
es. This indicates that the liquid metal and filler metal are
easily mixed, the release of gas from liquid metal to surface
before solidification easily happens. The finding shows that
the effect of EMF is more efficient. Percentage of defects
of addition 3.1 mT estimated 1.997 % formed at the time
of crack formation is still lower than the specimen without
the EMF addition. The crack opening is along the columnar
crystal boundary, and fractures porosity defect, inclusion.
The fatigue load cycle reached 131,875 cycles lower than the
specimen with the EMF addition of 2.3 mT.

2. QTS specimens with the EMF addition of 2.3 mT
produces the smallest exponential slope graph, the smallest
n value, and the greatest C value. This indicated low crack
propagation and high toughness. The number of cycles of
load on the specimen with the EMF addition of 2.3 mT is the
highest, which is 205,988 cycles.
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Hocnioxncerno enaue pobouux napamempie niazmo-
80-ENIEKMPONIMUUH020 OKCUOYBAHHA Y Oupochamnomy
K0OAIbMEMICHOMY eNleKmpoimi Ha npoyec popmysean-
M oOKCcuonux noxpueis na cnaaei AJI25. Bcmanosneno,
wo cxaa0 ma mMopPoozis noeepxmi 00epHcanUx wapie
AlL0s3-Co0,. 3anexcamv 6i0 zycmunu cmpymy o6pod-
Ku ma wacy oxcuoyeanns. Bapirosanus napamempie
ITEO 0ozeons€ enyuxo Kepysamu npouecom iHKopno-
pauii KamanrimuuHozo KOMNOHEHMY 8 MAMPUUIO OKCU-
0y ocnoenozo memany. Q0zpynmosarno pauioHa vHul
pexcum 006poodKU NOpuHeB020 CuNYMiny 0 hpopmyean-
M 30azanenux Ko0aIbMoOM OKCUOHUX NOKPUBLE

Knrouosi crosa: nopwnesuii cunymin, AJI25, nnas-
MOBO-esleKmponimuune OKCUOY8AHHA, OKCUOHUL NO-
Kpus, mophooeis nosepxmi

[m,

Hccnedosano enusnue pabouux napamempos nias-
MEHHO-IEKMPOSIUMULECK020 OKCUOUPOBAHUSL 6 OU-
docpamnom robansmcodepicawem 3nexmposume
Ha npouecc PopmMuposanus OKCUOHLIX NOKPLIMULL HA
cnaase AJI25. Yemanoeneno, wmo cocmas u mopghono-
2UsL NOBEPXHOCMU CPHOPMUPOBAHHBIX OKCUOHBIX CJI0CE
Al 03-Co0,. 3a6ucam om naommnocmu moxa oopadoom-
KU u epemenu oxcuoupoeanus. Bapvuposanue napa-
Mmempoe I190 noszeonsiem 2udko ynpasismv npoyec-
COM UHKOPNOpAuUU KAmaiumu4ecKkozo KOMnoHeHma
6 mampuuy oxcuoa ocHoéHoz0 memanna. Obocrosan
PAUUOHATILHBLL PEACUM 00PAdOMKU NOPUWHEB020 CULY-
Muna Ol noayueHust 0002aueHHbLIX KOOANLMOM
OKCUOHBIX NOKPLIMULL

Kntouesvie cnosa: nopwnesoii cuaymun, AJI25,
NAA3MEHHO-ITIEKMPOTUMUsEeCcKoe oKcuouposanue, ox-
cuoHnoe noxpvimue, MOpPoao2us nosepxXHoOCmu
o o

u]

1. Introduction manufacturing parts of a cylinder-piston group of internal

combustion engines (ICE) [1, 2].

Alloying of silumins with additional components allows
great expansion of the scope of their application. Al-Si alloys
are successfully applied in various industries, specifically for

Additional techniques of surface modification are ef-
fectively used for improvement of mechanical properties of
silumins. One of the approaches involves electrochemical




