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Abstract: Centrifugal composite castings based on aluminium alloys belong to 
a group of materials with high potential for application in the automotive and 
aerospace industries. Their use is limited by the lack of a technology enabling the 
obtainment of a permanent joint ensuring safe operation. The article presents the 
results of preliminary surfacing and welding tests of a hybrid centrifugal com-
posite casting based on the AlSi12 alloy and reinforced with silicon carbide (5% 
by weight) and glassy carbon (5% by weight) particles. Structural tests and the 
quantitative evaluation of the distribution of structural constituents indicated 
the possibility of the joining of such composites using the TIG welding process. 
It was found that overlay welds made using the filler metal having a chemical 
composition similar to that of the matrix could be treated as a buffer layer. The 
aforesaid approach should enable the joining of composite castings. The struc-
ture of the weld revealed the presence of heterogeneously distributed reinforcing 
phases, which was related to the gradient structure of centrifugal composite cast-
ings. The presence of the Al4C3 phase at the interface between the glassy carbon 
and the matrix could result in the reduction of corrosion resistance in a humid 
environment. The structural tests discussed in the article should be supplement-
ed with the assessment of the mechanical properties of the joint. As a result, it 
will be possible to implement the technology for the welding of composite cast-
ings on an industrial scale.
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Introduction 
The development of material manufacturing 
technologies has been imposed by require-
ments formulated by design engineers and con-
nected, among other things, with the necessity 

of reducing the weight of structures as well as 
with the improvement of selected mechanical 
and physical properties of materials. Certain 
trends concerning the development of materials 
are focused on composite materials including 
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light metal-based composites reinforced with 
ceramic particles (e.g. of oxides or carbides). 
Composites are defined as designed materials, 
made of two or more components, character-
ised by significantly different physical or chem-
ical properties and structure than those of the 
each of the components separately [1,2]. 

Presently, as regards the design of highly 
complex structural elements, the most com-
mon technologies used in the fabrication of 
metallic composites include liquid-phase 
methods, particularly the stir-casting meth-
od [3]. One of such technologies, enabling the 
obtainment of cylindrically-shaped elements 
characterised by the gradient of properties is 
centrifugal casting [4]. In the above-named 
technology, aluminium (AlMC), magnesium 
(MgMC) or titanium (TiMC) alloys are used 
as the matrix, whereas oxides (e.g. Al₂O₃ or 
ZrO₂), carbides (SiC, TiC, B₄C, ZrC, Cr₃C or 
TaC) or nitrides, silicates and borides [1] are 
used as the reinforcing phase.  

The use of light metals as the matrix results 
from their high specific strength, i.e. the pro-
portion of immediate strength (Rm) to density 
(ρ), where the addition of approximately 30% 
of the reinforcing phase results in an increase 
in strength of approximately 30% [1,5]. Many 
machinery elements such as pistons, sleeves 
or belt pulleys only require the improvement 
of the surface layer, i.e. of the local distribution 
of reinforcement. Particularly in terms of rein-
forcement based on ceramic particles, the afore-
said distribution is favourable as it increases the 
abrasive wear resistance and the heat resistance 
of subsurface layers without compromising the 
high mechanical and plastic properties of the 
core [4]. The foregoing results in the increas-
ingly high popularity of this group of materi-
als in the aviation and automotive industries. 
However, the design of highly complex shapes 
of castings and the need for using various ma-
terials necessitate the development of a technol-
ogy enabling the joining of composite castings 
by means of joining methods. 

Reference publications contain little infor-
mation about the joining of composite casings 
based on light metal alloys. Authors Ogonowski 
K., Wysocki J. et al. performed tests involving 
the TIG welding (using ER5356 (AlMg5) as the 
filler metal and without the use of the filler met-
al) of a composite based on alloy AC-44400 
(AlSi9) and reinforced with silicon carbide 
(SiC) [6]. In the above-named publication, the 
authors informed that it was possible to join 
the above-named composite, yet the joint was 
characterised by numerous welding imperfec-
tions including soot present on the surface of 
the crater. The soot originated from the decom-
position of silicon carbide particles, the heter-
ogeneous decomposition of carbide particles 
and pores. The article also indicates that the 
filler metal should improve the wettability of 
the reinforcing phase, be characterised by good 
castability and enable the control the flowing 
power of metal in the weld pool [6]. The re-
searchers also confirmed their observations in 
work [7], presenting results of a static tensile 
test involving a joint. The strength of the weld 
was by 20% lower than that of the base materi-
al (AlSi9+20%SiCp composite). Publication [8] 
presents the analysis concerning the friction 
welding-based joinability of AlSi9/SiC/21(p) 
and AlSi11/SiC/15(p) composites with alloy 
AlSi11. Related test results revealed the trans-
fer of particles from the composite to the al-
loy, which, in the Authors’ opinion, indicates 
the favourable stirring of welded materials and 
their joinability. Jitai Niu et al [9] attempted to 
obtain a laser joint of a composite based on al-
loy AW6061 and reinforced with silicon car-
bide. Based on metallographic test results, the 
Authors confirmed the laser welding-based 
joinability of the composite. It was found that 
reactions occurring at the matrix/reinforcing 
phase interface could be controlled by reduc-
ing beam energy and increasing the content of 
silicon in the pool. Similar research was con-
ducted by Bonollo F., Tiziani A. and Penasa M. 
from Italy, who used a CO₂ laser [10].
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Another group of scientists led by Tjahjan-
ti, P. H. tested the gas welding-based joinabil-
ity of an AlMg10-based composite reinforced 
with silicon carbide (15%) [11]. The research-
ers revealed the joinability of the above-named 
composite, yet they also found that the joint 
contained microcracks and porosity. 

There are no works concerned with the join-
ing of centrifugal composite castings based on 
aluminium alloys and reinforced with silicon 
carbide and glassy carbon. It is necessary to 
identify the joinability and claddability of such 
composites in relation to their unique proper-
ties (if compared with those of the base mate-
rial) including significantly increased material 
strength and abrasive wear resistance (SiC addi-
tion) without compromising the relatively low 
friction coefficient (spherical glassy carbon). 

Test material 
Surfacing and welding tests involved the use of 
a sleeve having a diameter of 46 mm and a wall 
thickness of 10 mm. The sleeve was made of 
a composite based on aluminium alloy grade 
AlSi12 reinforced with silicon carbide particles 
and globular glassy carbon (GC). Similar to 
glassy carbon, the volume fraction of the SiC 
phase amounted to 5%. The technological cast-
ing of the composite sleeve was performed in 
two stages. At the first stage, in accordance with 
a technology discussed in publication [12], it 
was necessary to prepare slurry having the total 
fraction of the reinforcing phase amounting to 
10%. At the second stage, the heated composite 
slurry was stirred and cast into the metal mould 
having a diameter of 46 mm and rotating at a 
rotation rate of 3000 rpm (in accordance with 
a technology discussed in publications [13,14]). 
The exemplary composite sleeve is presented 
in Figure 1a. 

Because of the manufacturing technology, 
centrifugal composite castings are characterised 
by the variable structure along the cross-section 
[4,15,16,17]. The macrostructure of the casting in 
cross-section is presented in Figure 1b. 

Technological welding and surfacing 
tests 
Technological surfacing tests involved the 
sampling of 10 mm thick specimens out of the 
composite sleeve (along its axis). Technologi-
cal welding tests involved specimens sampled 
along the sleeve and subjected to Y-groove joint 
preparation (on the internal side), leaving the 
welding threshold having a height restricted 
within the range of 2 mm to 3 mm. The bevel 
angle on the external side of the sleeve amount-
ed to 30°. After cleaning in acetone, the spec-
imens were subjected to TIG surfacing and 
welding using parameters presented in Table 1. 
The filler metal used in the welding and surfac-
ing process was in the form of wire grade AlSi12 
having a dimeter of 2 mm. The argon–shielded 
surfacing process was performed using an AC 
of 120 A and the low rate of argon (99,995%) 
amounting to 10 l/min; the welding process was 
performed using an AC of 140 A (Fig. 2).

Methodology and test results 
Specimens subjected to metallographic tests 
were sampled in perpendicular to the direction 

Fig. 1. Composite sleeve (AlSi12/SiC/GC): a) main view 
and b) macrostructure revealed in cross-section 
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of surfacing and welding. The 
specimens were next ground and 
polished using diamond paste. 
Afterwards, the metallograph-
ic specimens were subjected to 
observations performed using 
a light microscope (LM) and 
a magnification of 500x in the 
bright field technique and a scan-
ning electron microscope (SEM) 
in the secondary electron (SE) 
technique and in the backscat-
tered electron (BSE) technique. 
The SE images made it possible 
to observe the topography of the 
specimen, whereas the BSE im-
ages revealed the differences in 
the chemical composition of in-
dividual structural components. 
Exemplary structures of the cen-
trifugal AlSi12/SiC/GC compos-
ite casting are presented in Figure 3. 
In turn, Figures 4 and 5 present the 
structure of the overlay weld and 
that of the welded joint respective-
ly. The structural tests were sup-
plemented with the EDS-based 
microanalysis of the chemical 
composition of revealed struc-
tural components (Fig. 6).  

Table 1. Parameters used during the surfacing and welding of the centrifugal AlSi12/SiC(5%)/GC (5%) composite casting

Alloy Process Current
[A]

Arc voltage
[V]

Welding rate 
[cm/min]

Gas flow rate 
[l/min]

Gas nozzle 
diameter

[mm]

AlSi12/SiC/
GC

Surfacing 120 14 20 10 12
Welding 140 16 20 10 12

Fig. 3. Microstructure of the centrifugal AlSi12/SiC/GC composite casting: 
a) structure of the composite with visible reinforcing phases and numerous 
pores (LM), b) SiC, GC and the remaining phases revealed in the structure

Fig. 4. Microstructure of the AlSi12/SiC/GC overlay weld: a) structure of the 
overlay weld with the visible heterogeneously distributed reinforcing phases 
(LM) and b) structure of the overlay weld in the area of glassy carbon con-

centration (SEM)  

Fig. 5. Structure of the AlSi12/SiC/GC composite weld: a) area of the uni-
form distribution of the reinforcing phases in the weld (LM) and b) glassy 

carbon and silicon carbide in the weld (SEM)
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The structure of the centrifugal metal ma-
trix-based composite reinforced with silicon 
carbide and glassy carbon was heterogeneous. 
For this reason, to evaluate the effect of the 
welding process on the structure of the joint it 
was necessary to perform the quantitative as-
sessment of the surface content of individual 
phases. The tests involved the preparation of 
five specimens sampled along the axis of the 
sleeve and weld cross-sections corresponding  

to the aforesaid specimens (Fig. 7a). The tests 
involved the cross-sections being unetched  
metallographic specimens. The analysis of the 
structure was performed using the METILO 
software programme, developed at the Facul-
ty of Materials Engineering of the Silesian Uni-
versity of Technology [18]. The methodology 
of transformations from the grey image into 
the binary measurement image is presented in 
Figure 7b. The results are presented in Figure 8. 

Fig. 6. Results of the microanalysis of the chemical composition of the phases revealed 
in the AlSi12/SiC/GC composite structure 

 

 

 
 

Wt%   C-K  Mg-K  Al-K  Si-K  Fe-K  Ni-K  Cu-K
W-base-mat.(1)_pt1     0.3    91.3     6.5     2.0
W-base-mat. (1)_pt2    54.1     2.8    17.5    25.6
W-base-mat. (1)_pt3    29.2     1.5    38.3    31.1
W-base-mat. (1)_pt4     0.2    31.0     0.4    37.4    31.0
W-base-mat. (1)_pt5    35.7    19.2    45.1
W-base-mat. (1)_pt6  30.0S    70.0
W-base-mat. (1)_pt7    43.4    56.6

At. %   C-K  Mg-K  Al-K  Si-K  Fe-K  Ni-K  Cu-K
W-base-mat. (1)_pt1     0.3    92.5     6.3     0.8
W-base-mat. (1)_pt2    70.3     3.5    11.0    15.3
W-base-mat. (1)_pt3    47.5     2.3    28.7    21.5
W-base-mat. (1)_pt4     0.4    50.0     0.6    27.7    21.3
W-base-mat. (1)_pt5    38.8    18.8    42.4
W-base-mat. (1)_pt6    50.0    50.0
W-base-mat. (1)_pt7    44.4    55.6
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Analysis of test results and 
conclusions 
Aluminium alloy-based metal composites be-
long to the group of the most advanced mate-
rials applied, among other things, in structures 
and elements used in the automotive and avia-
tion industries. The increasingly high interest in 
the aforesaid materials is connected with their 
unique properties combined with light weight. 
Such composites are usually cast, which limits 
their application potential and, consequently, 

necessitates the development of technologies 
enabling the joining of these materials and in-
creasing their scope of application, among other 
things, by joining individual castings or join-
ing castings with other elements. 

Because of the system of their fabrication 
[4, 5], centrifugal composite castings based on 
aluminium alloys and reinforced with silicon 
carbide particles and glassy carbon are charac-
terised by the heterogonous complex structure 
both of the matrix and of reinforcing phases. 
Such materials of the inhomogenous chemical 
composition and complex structure are difficult 
to weld. The research work involved the surfac-
ing and welding of the AlSi12 alloy-based cen-
trifugal composite casting containing silicon 
carbide (5% by volume) and glassy carbon (5% 
by volume). The composite having the form of 
a sleeve (ø46 mm) was cast at the Faculty of 
Materials Engineering of the Silesian University 
of Technology (Fig. 1). The argon-shielded sur-
facing and welding processes were performed 
using the TIG method (141), AC and the filler 
metal in the form of a AlSi12 wire having a di-
ameter of 2 mm (Table 1). The visual tests of the 

Fig. 7. Methodology of the assessment of the surface content of individual phases in the joint structure: 
a) sampling area and b) exemplary images after transformations in the METILO analyser 

Fig. 8. Comparison of the surface composition of the 
primary phases in the structure of the base material (BM) 

and in the structure of the weld (WS) in the joint of the 
centrifugal AlSi12/SiC/GC casting 
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overlay weld face revealed the proper and uni-
form face containing reinforcing phases on the 
surface (having reached the surface of the liq-
uid metal pool (Fig. 2a)). The welded joint was 
characterised by the non-uniform face with sin-
gle pores and discontinuities, which was con-
nected with the heterogeneity of the welded 
material (Fig. 2b). The analysis of the base ma-
terial structure revealed the presence of nu-
merous voids, particularly between reinforcing 
particles (Fig. 1b and Fig. 3a), responsible for 
the formation of pores in the overlay weld and 
in the weld. The detailed analysis of the number 
and the arrangement of the voids in the base 
material (Fig. 3b), overlay weld (Fig. 4) and in 
the weld (Fig. 5) indicated the partial degassing 
of the welding area during the welding pro-
cess. The number and the size of the voids in 
the overlay weld and in the weld were smaller, 
which indicated the more favourable filling of 
the space between the reinforcing phases and, 
consequently, the continuity of the joint. The 
foregoing was also confirmed by SEM-based 
observations (Fig. 3b, Fig 4b and Fig. 5b). It 
was noticed that, both during surfacing and 
welding, despite the significant amount of gas-
es coming from the casting, the joint between 
the reinforcing particles and the matrix materi-
al in the pool was proper and sufficient for the 
obtainment of structural continuity. However, 
further research (necessary to identify the me-
chanical properties of the joints) is needed in 
order to practically apply the welding technol-
ogy for the joining of composites.

The EDS-based tests of the chemical com-
position of the individual phases revealed, in 
addition to the primary reinforcing phases (sil-
icon carbide and spherical glassy carbon), also 
the presence of phases containing iron as well 
as phases containing nickel and copper (Fig. 6). 
These phases were observed in the composite 
structure [4,19] and passed to the weld in the 
molten base material. Both in the structure of 
the base material as well as in the structure of 
the overlay weld and of the weld it was possible 

to observe the significant amount of the phase 
containing carbon and aluminium (probably 
Al4C3 carbide) [19]. The above-named phase, 
located primarily between the glassy carbon 
and the matrix, was brittle and unstable in a 
humid environment. The presence of such a 
phase could be responsible for low corrosion 
resistance.  

The overlay weld structure revealed local-
ly heterogeneous distributions of reinforc-
ing phases (Fig. 4a), primarily silicon carbide, 
whereas glassy carbon was observed primari-
ly on the surface of the overlay weld face. This 
fact was connected with the mixing of the ma-
terial in the liquid metal pool. The aforesaid 
phenomenon could be used when developing 
a technology enabling the joining of castings 
with other aluminium alloys, where an over-
lay weld could be treated as a buffer layer. The 
weld was characterised by the higher homoge-
nisation of the material (Fig. 5a). However, the 
results of quantitative tests revealed the inho-
mogenous surface content of the primary re-
inforcing phases in the structure (Fig. 8). The 
welding process resulted in a decrease in the 
content of silicon carbide and an increase in 
the content of glassy carbon in the weld (Fig. 8). 
This fact resulted from the heterogonous distri-
bution of silicon carbide in the casting and the 
filler metal not containing reinforcing phases. 
The increased surface content of glassy carbon 
resulted from the passing of globular particles 
to the pool and their movement towards the 
face (because of lower density (1.5 g/cm3) in 
relation to the matrix). 

The above-presented test results and their 
analysis justified the formulation of the follow-
ing conclusions:
 – It is possible to perform the surfacing and 
welding of composite castings based on alu-
minium alloys reinforced with silicon carbide 
particles and glassy carbon. The initial tech-
nological tests indicated the necessity of fol-
lowing the guidelines concerning the welding 
of the matrix material. 
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 – The layers surfaced using the filler metal, the 
chemical composition of which was similar 
to that of the matrix could be treated as buff-
er layers constituting the substrate for joints 
of two castings or of a casting with another 
structural element.

 – Similar to the base material, the weld struc-
ture contained reinforcing phases as well as 
phases containing iron or phases containing 
copper and nickel. A dangerous phase re-
vealed at the interface of glassy carbon and 
the matrix was the phase of Al4C3, brittle and 
unstable under humid conditions.

 – The above-presented tests constitute the rea-
son for the performance of technological 
welding tests. Such tests will enable the deter-
mination of mechanical properties of joints 
and will constitute the basis for the use of el-
ements made of centrifugal composite cast-
ings in the automotive and aviation industries.

The research work has been funded within 
the PBL Programme “Development of a 

Technology for the Welding of the Al-SiC 
Centrifugal Composite Castings” financed 

by the Silesian University of Technology.  

References 
[1] Posmyk A.: Tribologia materiałów kom-

pozytowych w pojazdach samochodowych. 
Wydawnictwo Politechniki Śląskiej, Gli-
wice, 2020.

[2] Composite Materials Handbook. 
MIL-HDBK-17, Department of Defence of 
USA, 700 Robbins Avenue, Philadelphia 
2002.

[3] Pradeep R., Schultz B.: Solidification 
During Casting of Metal-Matrix Compos-
ites. ASM Handbook, Volume 15: Casting 
ASM Handbook Committee, 2008 ASM, 
pp. 390–397.

[4] Dolata A. J.: Hybrid Composites Shaped 
by Casting Methods. W: Light Met-
al and their Alloys III – Technology, Mi-
crostructure and Properties. Solid State 

Phenomena, 2014, vol. 211, pp. 47–52, 
DOI:10.4028/www.scientific.net/SSP.211.47.

[5] Myalski J., Wieczorek J.: Kompozyty o os-
nowie metalowej zawierające cząstki węg-
la szklistego wykorzystane do pracy w 
warunkach tarcia. Trybologia, 2010, no. 6, 
pp.79–86.

[6] Ogonowski K, Wysocki J., Gawdzińs-
ka K., Przetakiewicz W.: Próba łączenia 
kompozytów metalowo-ceramicznych 
za pomocą spawania metodą TIG. Prze-
gląd Spawalnictwa, 2018, vol. 90, no. 5, pp. 
51–54.

[7] Wysocki J., Gawdzińska K., Lenart S.: 
Weld microstructure in cast AlSi9/SiC(p) 
metal matrix composites. Archives of 
Foundry Engineering, 2009, vol. 9, no. 2, 
pp. 173–176.

[8] Wysocki J., Grabian J., Przetakiewicz W.: 
Continuous drive friction welding of cast 
AlSi/SiC(p) metal matrix composites. Ar-
chives of Foundry Engineering, 2007, vol. 7, 
no. 1, pp. 47–52.

[9] Ji Tai Niu, Zeng Gao, Dong Feng Cheng, 
Xi Tao Wang, Si Jie Chen: Welding of Alu-
minum Matrix Composites. Materials Sci-
ence Forum, 2013, vol. 762, pp. 476–482.

[10] Bonollo F., Tiziani A., Penasa M.: CO2 la-
ser welding of aluminium matrix compos-
ites. International Journal of Materials and 
Product Technology, 2002, vol. 17, no. 3–4, 
pp. 291–302.

[11] Tjahjanti P. H.; Hermansyah F.; Praset-
ya L. H.; Sulistyanto M. P. T.: Casting and 
Welding of Aluminium Matrix Composite 
Materials Reinforced by SiC Particles. IOP 
Conference Series: Materials Science and 
Engineering, 2018, vol. 434, no. 1 pp. 1–7.

[12] Śleziona J.: Kształtowanie właściwości 
kompozytów stop Al-cząstki ceramiczne 
wytwarzanych metodami odlewniczymi. 
ZN PŚ 41, Gliwice, 1994

[13] Sui Xiandong, Luo Chemping, Luo 
Zhuoxuan, Ouyang Liuzhang: The Fabrica-
tion and properties of particle reinforced 

http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/


BIULETYN INSTYTUTU SPAWALNICTWANo. 2/2021 15

cast metal matrix composites. Journal of 
Materials Processing Technology, 1997, vol. 
63, pp. 426–431. 

[14] Gao J.W., Wang C.Y.: Modeling the solidi-
fication of functionally graded materials by 
centrifugal casting. Materials Science and 
Engineering, 2000, A292, pp. 207–215.

[15] Śleziona J.: Wpływ zwilżania na zjawiska 
segregacji zbrojenia w odlewanych kom-
pozytach Al-cząstki ceramiczne. II Kon-
ferencja nt. Zjawiska powierzchniowe w 
procesach odlewniczych, Poznań-Koło-
brzeg, 1994.

[16] Śleziona J., Grosz A., Wieczorek J.: Wy-
twarzanie odlewów zbrojonych warstwo-
wo cząstkami Al2O3, IV Międzynarodowa 
Konferencja nt. Zjawiska powierzchniowe 
w procesach odlewniczych, Poznań-Koło-
brzeg 1998.

[17] Dolata A.J., Dyzia M., Wieczorek J.: Tri-
bological Properties of Single (AlSi7/
SiCp, AlSi7/GCsf) and Hybrid (AlSi7/SiCp 
+ GCsf) Composite Layers Formed in 
Sleeves via Centrifugal Casting. Materials, 
2019, vol. 12, no. 17, Article Number 2803; 
DOI: 10.3390/ma12172803.

[18] Szala J.: Nowoczesne metody oceny 
struktury materiału, W: Praca zbiorowa 
pod red. E. Hadasika: Przetwórstwo metali 

– Plastyczność a struktura. Wydawnictwo 
Politechniki Śląskiej, Gliwice, 2006, pp. 
43–70.

[19] Park J.K., Lucas J.P.: Moisture effect on 
SiCp/6061 AL MMC: dissolution of inter-
facial Al4C3. Scripta Materiala, 1997,no. 37, 
pp. 511–515. 

http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/

