
that are generally used to evaluate the technological
strength (weldability).

2. Any deterioration of properties occurring with
time under certain conditions of thermal-load and ad-
ditional effects on metal, which are characteristic of
welding, leads to a limiting state of metal, which causes
formation of discontinuities of an inter- or transcrys-
talline character and degradation.

3. The degradation of properties of metal of the
joint should be regarded as a universal criterion for
evaluation of the technological strength and, hence,
weldability.
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Studied was the possibility of modifying surface layers of antifriction aluminium alloy AK9 and aluminium-matrix
composite materials reinforced with particles of silicon carbide SiC and aluminium oxide Al2O3 in melting of surfaces
with arc discharge in magnetic field, as well as with pulsed laser beam. It is shown that surface melting is accompanied
by substantial dispersion of the initial surface layer structure. Samples after treatment are characterized by mechanical
and tribological properties that are superior to those of the initial material.

K e y w o r d s :  arc surface melting, pulsed laser radiation, re-
inforced composite materials, magnetic field, modified surfaces

At present designers are showing interest in alu-
minium-matrix composite materials (CM) reinforced
by refractory ceramic particles. Above-mentioned CM
are characterized by high wear resistance and tri-
bological properties, making them promising for ap-
plication in tribounits [1, 2]. A highly important di-
rection of further work is producing wear-resistant
antifriction coatings from these CM on parts operating
under extreme conditions. Studies [3—8] show the pos-
sibility of producing wear-resistant coatings from such
materials by argon-arc surfacing with application of
filler rods, the deposited coatings being characterized
by service properties close to those of cast CM of the
same composition. There is a further possibility of
improvement of service properties of surface layer of
initial CM and deposited coatings by modifying their

structure, as a change of dimensions of structural ele-
ments markedly influences the part wear resistance [9].

In [10, 11] it is proposed to apply microplasma
discharges, as well as electron beam and laser radiation
for modifying the surface. However, such methods of
CM surface treatment are not always cost-effective,
because of the low treatment speed, as well as the
need for application of complex and expensive equip-
ment. In addition, microplasma treatment in vacuum
chambers is related to limitations in product dimen-
sions, and in laser treatment it is also necessary to
take into account the reflecting properties of the
treated material. A more cost-effective and flexible
process of CM surface treatment is arc surface melting
with magnetic field impact on the arc and molten
pool, allowing high-quality dense surface layers of
homogeneous composition to be produced [12].

This work presents the results of investigation of
the possibilities of arc surface melting in a magnetic
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field, as well as surface melting by pulsed laser radia-
tion for modifying the surface layers of cast samples
from aluminium alloy AK9 and aluminium-matrix CM
strengthened by particles of silicon carbide SiC and
aluminium oxide Al2O3.

At modifying of surface layers of aluminium-ma-
trix CM, reinforced by particles of silicon carbide by
surface melting, reinforcing phase degradation due to
CM melt overheating is possible [13]. This is mani-
fested in formation of a considerable amount of inter-
phase reaction products Al4C3 and Al4SiC4, this lead-
ing to shape loss as a result of corrosion failure in the
presence of water vapours, and lowering of CM strength
and rigidity. In [3, 14] it is shown that the processes of
reinforcing phase degradation can be suppressed at ra-
tional selection of treatment modes, surfacing technique
and using alloys of Al—Si system with 11—13 wt.% Si
as matrix. Therefore, investigations were performed us-
ing CM with AK12M2MgN and AK12 matrix alloys
and modes recommended in [3—6, 14].

Experiments on modification of surface layer struc-
ture by surface melting were conducted on cast plates
of aluminium alloy AK9 (GOST 1583—93) of the fol-
lowing composition, wt.%: 9—11 Si; ≤ 1 Cu; 0.2—
0.4 Mg; 0.2—0.5 Mn; ≤ 0.3 Ni; ≤ 0.5 Zn; ≤ 1.3 Fe; Al
being the base, and dispersion-strengthened alu-
minium-matrix CM.

Dispersion-strengthened CM were produced by
mechanical mixing of reinforcing filler into the matrix
melt. CM matrix were aluminium alloys (GOST
1583—93) AK12M2MgN of the following composition,
wt.%: 11—3 Si; 1.5—3.0 Cu; 0.3—0.6 Mn; 0.85—1.35 Mg;
< 0.5 Zn; 0.05—1.2 Ti; 0.3—1.3 Ni; < 0.8 Fe; < 0.2 Cr;
< 0.1 Sn; and AK12: 10—13 Si; < 0.6 Cu; < 0.5 Mn;
< 0.1 Mg; < 0.3 Zn; < 0.7 Fe; < 0.1 Ni; < 0.1 Ti; Al
being the balance. Fillers were particles of silicon
carbide SiC and aluminium oxide Al2O3. Mean diame-
ter of SiC particles was equal to 14 and 28 μm, and
for Al2O3 it was 40 μm. Before mixing the powders
were soaked in an oven for drying, burning out acci-
dental organic contamination and oxidation of free
silicon. Powder mixing into the melt was performed

by pan-type mixer. CM plates were produced by pour-
ing the composite melt into the mould.

Surface melting by arc discharge in magnetic field
of surface layer of cast samples was performed by an
arc running in argon between tungsten electrode and
item at straight polarity direct current in the center
of a four-pole magnetic system [12]. Arc current was
Ia = 100 A, surface melting rate – vs.m = 14 m/h,
magnetic induction b = 0.048—0.120 T.

Surface melting by pulsed laser radiation was per-
formed in QUANT-15 unit with pulse power Wp =
= 815, 1500 and 2250 W and degree of defocusing (or
distance from beam focus to sample surface) Δf = 1,
3 and 5 mm, providing heated spot diameter ds = 0.3,
0.9 and 1.5 mm at lens focal distance of 0.5 mm. Pulse
time tp was set at 4 ms, and pulse frequency Fp =
= 1 Hz. Surface melting rate was selected so as to
ensure point overlap factor Kov = S/ds = 0.5, where
S is the step at superposition of individual spots, argon
being used as shielding gas.

Modified surface structure was studied in Leica
DMILM optical microscope using image analysis pro-
gram Qwin, as well as in scanning electron micro-
scopes Leo 430i and FEI Quanta 3D FEG fitted with
attachments for X-ray microprobe analysis
(XRMPA).

Mechanical properties were determined by meas-
urement of microhardness by depth of deposited metal
in Wilson Wolpert 432SVD instrument at the load of
0.5 N, as well as measurement of Brinell hardness in
an all-purpose Wilson Wolpert 930 N instrument by
indendation of 2.5 mm sphere at 620 N load.

To assess modification effectiveness dry sliding
friction tests of as-cast initial samples and those after
surface melting by an arc in magnetic field were con-
ducted. Friction was performed in MTU-01 unit (TU
4271-001-29034600—2004) by the following sche-
matic: rotating bushing (counterbody from steel 40Kh
with more than HRC 45 hardness) over washer (sam-
ples from CM with modified surface) at 18—60 N load
and sliding velocity of 0.39 m/s. Testing included
registering the moment of friction and mass change

Figure 1. Microstructures of AK9 alloy in the initial (cast) condition (a), of upper part of modified layer (b) and fusion line (c) after
treatment by an arc in the magnetic field (b = 0.048 T)
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by weighing each sample before and after testing with
the accuracy of ±(0.5⋅10—3) g. First stage of triboloading
of 15 min duration at the load of 18 N and sliding velocity
of 0.39 m/s was regarded to be running-in one.

Sample behaviour during dry sliding friction was
assessed by bulk intensity of wear IV, friction coeffi-
cient ffr, wear coefficient K and stability coefficient
αst. Values of these parameters were determined by
the following formulas [15, 16]:

IV = 
Δm
ρL

; (1)

ffr = 
M

RmFl
; (2)

K = 
IVH
Fl

; (3)

αst = 
fm

fmax
, (4)

where ρ is the sample metal density, g/mm3; L is the
friction path, m; M is the moment of friction, N⋅m;
Rm is the mean radius of the counterbody, mm; Fl is
the applied load, N; H is the sample metal hardness,
MPa; fm, fmax are the mean and maximum friction
coefficients.

Stability coefficient αst is a dimensionless value
and characterizes stability of the process of dry sliding

friction. Wear coefficient K, which is also a dimen-
sionless value, expresses the probability of worn par-
ticle separation at friction.

Structure and mechanical properties of surface
layers melted by arc discharge in the magnetic field.
Microstructures of samples from AK9 alloy and dis-
persion-filled CM AK12 + 10 % Al2O3(40) and
AK12M2MgN + 12 % SiC(14) in the initial condition
are shown in Figure 1, a and Figure 2, a, d, respec-
tively. It is seen from the Figures that the cast struc-
ture of AK9 alloy consists of coarse cellular-dendritic
crystals of α-Al of thickness λ = 30—50 μm and inter-
dendritic eutectic interlayers. According to XRMPA
these interlayers, in addition to α-Al and eutectic sili-
con also contain nickel, iron and copper aluminides.
Thickness λ of α-Al crystals of CM initial (cast) struc-
ture is equal to 13—15 μm (AK12 + 10 % Al2O3(40))
and 20—25 μm (AK12M2MgN + 12 % SiC(14)), which
is somewhat smaller than in AK9 aluminium alloy.
This is the consequence of the influence of reinforcing
Al2O3 and SiC particles, limiting the volumes of melts,
in which liquation occurs.

Samples obtained after arc surface melting in a
magnetic field are characterized by a sufficiently
smooth surface. Influence of magnetic induction on
the shape of surface layers, obtained by arc melting
under the impact of magnetic field on the arc, was

Figure 2. Microstructures of CM AK12 + 10 % Al2O3(40) (a—c) and AK12M2MgN + 12 % SiC(14) (d—f) in the initial (cast) condition
(a, d), of upper part of modified layer (b, e) and fusion line (c, f) after treatment by an arc in a magnetic field (Iw = 110 A; Ua =
= 16 V; b = 0.048 T)
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studied on transverse macrosections of surface-melted
samples. Measurements of geometrical dimensions of
welds showed that all the materials are characterized
by increase of width B and surface melting zone at
increase of magnetic induction (Table 1), as a higher
degree of arc defocusing is achieved. Change of pene-
tration depth h depending on magnetic induction is
not so evident, but the tendency to its decrease is
preserved.

Microstructures of samples from AK9 alloy after
modifying treatment by an arc discharge in the mag-
netic field are shown in Figure 1, b, c. The Figures
show a considerable dispersion of the initial structure
caused by high rates of cooling of the thin layer of
molten metal. Parameter λ decreases to 5—7 μm (Fi-
gure 1, b). Near the fusion line the dispersity of the
surface melted layer structure is somewhat lower as
a result of partial inheritance of substrate structure
at epitaxial solidification, as well as lower initial rate
of melt solidification (Figure 1, c).

Figure 2, b, c, e, f shows microstructures of samples
from dispersion-filled CM of AK12 + 10 % Al2O3(40)

and AK12M2gN + 12 % SiC(14) compositions, respec-
tively. Surface treatment of samples by arc melting
with the impact of magnetic field on the arc results
in refinement of the initial matrix structure (thickness
is equal to 3—4 and 4—5 μm, respectively). Volume
fraction and size of reinforcing Al2O3 and SiC particles
do not change.

SiC particles in treated surface layers of a sample
of AK12M2MgN + 12 % SiC(14) CM preserve their
initial cleavage faceting, which is indicative of an
absence of intensive interphase interaction between
filler and matrix melt during arc surface melting (Fi-
gure 2, b, e). In addition, redistribution of reinforcing
particles occurs during surface treatment. The high
cooling rate, inherent to this technological process,
leads to a uniform distribution of reinforcing particles
in the matrix (Figure 3).

As a result of treatment the composition across the
surface layer thickness changes. Near the fusion line
silicon content in the layer decreases, and the zone
adjacent to the sample surface is noticeably enriched
in silicon compared to the initial structure (Table 2).
This is caused by liquation characteristic for direc-
tional solidification of the surface-melted layer from
the fusion line towards the layer surface.

Refinement of matrix structure and increase of uni-
formity of filler distribution in the surface layers of
dispersion-filled CM after modifying treatment leads
to increased hardness of surface layers compared to
the initial state of AK9 alloy and dispersion-filled CM
(Figure 4). Change of magnetic induction values from
0.048 up to 0.120 T practically does not affect the
hardness of surface-melted layer.

Modification of the structure of aluminium alloys
and CM by surface treatment by arc melting in a mag-
netic field improves their wear resistance and tribological
characteristics. Values of bulk intensity of wear Iv and
wear coefficient K, both for AK9 model sample and for
dispersion-filled CM decrease significantly, particularly
at increase of the load (Figure 5). This may be due to
refinement of dimensions of silicon crystals and relative
dimensions of sections of aluminium-based solid solu-
tion, increasing the resistance to abrasive and adhesion
wear of samples [9]. Absence of degradation of reinforc-

Figure 3. Macrostructure of AK12 + 10 % Al2O3(40) CM after treat-
ment by an arc in a magnetic field (Iw = 110 A; Ua = 16 V; b =
= 0.120 T)

Table 2. Composition across the depth of treated layer of
AK12M2MgN + 12 % SiC(14) CM (XRMPA)

Measured section Al, wt.% (at.%) Si, wt.% (at.%)

Base metal 91.58 (91.88) 8.42 (8.12)

Near the fusion line (from
modified layer side)

96.30 (96.44) 3.70 (3.56)

Near the surface 83.08 (83.63) 16.92 (16.37)

Figure 4. Hardness of samples from AK9 alloy and dispersion-
strengthened CM AK9 (I), AK12 + 10 % Al2O3(40) (II) and
AK12M2MgN + 12 % SiC(14) (III) in the initial condition (1) and
after treatment by the arc in a magnetic field at b = 0.048 (2) and
0.120 (3) T

Table 1. Geometrical dimensions of welds made on samples from
different materials and at different values of magnetic induction

Sample material
B, mm h, mm B, mm h, mm

b = 0.048 T b = 0.120 T

AK9 7.00 1.20 8.50 0.50

АK12 + 10 % Al2O3(40) 6.73 1.27 9.27 1.67

AK12M2MgN + 12 % SiC(14) 6.60 2.00 8.07 2.40
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ing particles in the deposited layers of dispersion-filled
CM also has an important role.

Normalized friction coefficients of samples
(fmod/fin is the ratio of friction coefficient of modified
sample to friction coefficient of initial sample) de-
pending on the applied load are given in Figure 6. It
is seen from the Figure that in the entire range of
triboloading modified samples from AK9 model alloy
have equal or smaller values of friction coefficient
compared to cast samples (Figure 6, a). Modified dis-
persion-filled CM feature a somewhat higher friction
coefficient at the initial stages of testing at up to 39 N
load compared to the initial condition. However, at
high loads the values of friction coefficients become
similar (Figure 6, b, c) that may be related to forma-
tion of a transition layer close in composition and
dispersity during dry sliding friction process.

During dry sliding friction the subsurface layers
are exposed to strong plastic deformation, traces of

which in the form of rotation of dendrite axes in the
sliding direction can be observed on transverse mi-
crosections of the samples after friction tests (Fi-
gure 7, a). Width of plastic deformation zone of CM
cast samples is equal to about 250 μm, and that of
modified samples decreases to 150 μm. At testing at
axial load of 60 N a transition layer formed during
friction is clearly visible on contact surfaces of the
modified sample. According to XRMPA it is a me-
chanical nanostructured mixture of the material of
counterbody and tested sample, as well as their oxides
(Figure 7, b). Appearance of iron or its oxides can be
due to abrasive impact on the counterbody of rein-
forcing dispersed particles of Al2O3, SiC, as well as
silicon crystals in the composition of AK9 and
AK12M2MgN alloys. The more finely-dispersed is the
microstructure of the sample tested by friction, the
more intensive are the processes of nanostructuring in
the transition layer, which promotes lowering of fric-
tion coefficient and protects the sample from wear.

Initial samples, as well as samples after modifying
treatment, are characterized by the coefficient of sta-
bility of the process of sliding friction without lubri-
cation close to a unity (Table 3), which is inherent
to antifriction materials and is indicative of friction
process stability. It is seen that surface melting by an
arc in the magnetic field leads to an increase of the
coefficient of stability of samples from dispersion-
filled CM, its high values (not lower than 0.9) being
preserved even at maximum axial loads.

Structure and mechanical properties of surface
layers melted by pulsed laser radiation. Surfaces

Figure 6. Change of normalised friction coefficient fmod/fin of sam-
ples of AK9 (a), CM AK12 + 10 % Al2O3(40) (b) and AK12M2MgN +
+ 12 % SiC(14) (c) after modifying treatment depending on applied
axial load at b = 0.048 (1) and 0.120 (2) T

Figure 5. Change of bulk wearing intensity Iv and wear coefficient
K⋅10—4 of samples from AK9 alloy (a), CM AK12 + 10 % Al2O3(40)
(b) and AK12M2MgN + 12 % SiC(14) (c) depending on load Fl
under the conditions of dry sliding friction: 1 – initial state; 2,
3 – after modification of the surface layer at b = 0.048 and 0.120 T
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melted at the smallest value of beam defocusing (Δf =
= 1 mm or ds = 0.3 mm) have pronounced roughness
and a multitude of dents in the entire range of studied
values of pulse energy. Such a state of melted surface
is indicative of exceeding the optimum density of laser
radiation Eopt. Such exceeding results in formation of
a considerable fraction of vapour-gas phase, leading
to considerable spattering and evaporation of base
metal. Melted surfaces, obtained at defocusing Δf =
= 3 and 5 mm, have a smooth surface. Width of the
strip molten in one pass is not more than 1.5 mm.

Figure 8 shows microstructures of samples from
AK12M2MgN + 5 % SiC(28) CM surface-melted by
pulsed laser radiation. In CM melted surface layer the
reinforcing phase is present and the particles preserve
their dimensions and cleavage faceting in the entire range
of the studied modes. λ values in different modes of laser
surface melting for Δf = 1/3 mm are given below:

Wp, W 812.5 1500 2250

λ, μm 1.90/1.90 1.80/1.70 1.54/1.60

Treatment by laser beam results in refining of the
initial structure of the matrix by an order and more
(in as-cast condition CM has λ = 30 μm).

In addition to metallographic investigations of the
metal of beads produced by surface melting, their
hardness measurement was also performed at the de-
gree of defocusing Δf = 1 mm, and also in the base
metal at 5 mm distance from the fusion line (it is
equal to HV 130 MPa). Results of hardness measure-
ment are given below:

W, W 815 1500 2250

HV, MPa 161 175 180

Obtained results show that microhardness in-
creases with increase of pulse power, which is the
consequence not only of refinement of matrix alloy
structure after laser surface melting, but also addi-
tional alloying of the matrix by the reinforcing phase.

Degree of refinement of the structure of alu-
minium-matrix CM at surface melting by pulsed laser
radiation is higher than in surface melting by an arc

Table 3. Values of stability coefficients αst of dry sliding friction of samples in the initial condition and after treatment by welding
arc in a magnetic field

Sample material Treatment state and mode
αst at applied axial load Fl, N

18 28 39 50 60

АK9 Initial 0.87 0.91 0.92 0.93 0.90

Treatment at b = 0.048 T 0.93 0.84 0.85 0.82 0.85

Treatment at b = 0.120 T 0.87 0.81 0.82 0.85 0.84

AK12 + 10 % Al2O3(40) Initial 0.94 0.93 0.86 0.88 0.81

Treatment at b = 0.048 T 0.81 0.85 0.95 0.95 0.97

Treatment at b = 0.120 T 0.95 0.87 0.98 0.94 0.98

AK12M2MgN + 12 % SiC(14) Initial 0.98 0.91 0.91 0.88 0.85

Treatment at b = 0.048 T 0.98 0.91 0.95 0.94 0.89

Treatment at b = 0.120 T 0.96 0.94 0.93 0.95 0.93

Figure 7. Microstructure of modified sample from AK9 alloy after friction tests (a) and elemental composition of the transition layer
according to XRMPA (b)
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discharge in a magnetic field. However, the efficiency
of arc surface melting is much higher (minimum width
of surface melted strip at arc melting is equal to
6.6 mm with the above treatment method at the speed
of 14 m/h, and at laser treatment at the speed of
2.7 m/h it is 1.5 mm).

CONCLUSIONS

1. Possibility of modification of surface layers of alu-
minium alloy AK9 and aluminium-matrix CM at arc
melting of the surface in magnetic field and surface
melting by pulsed laser radiation is shown.

2. At treatment of AK9 alloy by arc surface melting
in a magnetic field, parameter λ decreases more than
7 times, for AK12 + 10 % Al2O3(40) CM – 4 times,
at treatment of AK12M2MgN + 12 % SiC(14) CM –
more than 5 times. Application of four-pole magnetic
system allows adjustment of geometrical dimensions
of surface melting zone (width and depth) and dis-
persity of the produced structure.

3. At surface melting by pulsed radiation a greater
refinement of CM structure is observed. λ parameter
for AK12M2MgN + 5 % SiC(28) after laser treatment
decreases 16 times, however, surface melting process
efficiency is much lower than at arc treatment.

4. Treated surfaces acquire mechanical and tri-
botechnical characteristics superior to those of the
initial material. 

5. Process of arc surface melting with impact of a
magnetic field on the arc and the melt can be applied
to produce high-quality wear-resistant surface layers
from aluminium-matrix CM of a uniform composition.
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Figure 8. Microstructures of AK12M2MgN + 5 % SiC(28) CM after treatment by pulsed laser radiation (Δf = 1 mm; Wp = 2250 W): a,
b – fusion line; c – central part
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