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ABSTRACT: Optical microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy, and X-ray
diffraction were performed, meanwhile, tensile tests and several other test methods were used to study the
microstructure and mechanical properties of cast aluminum (Al) alloy with and without added carbon powder. The
results show that carbon powder can indeed be added into the alloy system and existed in the form of carbon
compounds. The alloy with added carbon powder exhibits elongation nearly three times compared to the one without
carbon; however, its strength do not reduce significantly. Moreover, the results indicate that silicon carbide is
generated when carbon powder was added into the molten Al alloy. It not only refines the grains, but also results in
the alternate appearance of plastic strain and elastic strain during tensile test. Furthermore, with the increase in plastic
deformation, elastic mutant cycle gradually became longer, and the material ductility is better than traditional
aluminum alloy.
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INTRODUCTION
High quality aluminum alloys are wildly applied in auto or aerospace and other important fields. But there are some
complex or huge parts that cannot be manufactured immediately. Therefore, searching aluminum alloy with high
performance that could cast parts is essential to solve these problems. In order to improve the mechanical properties of
cast aluminum alloy, various elements were added in the aluminum alloy during casting process to form a new alloy
material according to the performance requirements of special products [1-3]. During which, different types of
preparing method and process were adopted, such as vacuum casting, ultrasonic treatment process and so on, which
have already achieved desirable alloys with better performance to some extent [4-8]. Herein, carbonaceous material of
aluminum has recently attracted increasing interest, but most scholars concentrated in carbide fiber and particle
reinforced composites [9, 10]. However, the above mentioned processes that guarantee alloy with relatively high
performance normally were too complex to finished, or involved in too many requirements, thus it is difficult to
achieve large scale by using these approaches. With the aim to enhance the carbon performance like great abrasion
resistance and self-lubrication in aluminum alloy system, carbon powder were normally added into the aluminum
alloy and make them react in the system [11-13].
Therefore, carbon powder was combined to the casting aluminum system, and gravity casting was used to cast test
bars, which is a new way to change the characteristic of aluminum alloy. After that, test bars different mechanical
properties and microstructure performance were compared. Also the mechanism of carbon powder in the casting
aluminum alloy system was explored in details.
EXPERIMENTAL PROCEDURE
Preparation of Carbon Powder
(1) Carbon powder was dehydrated in oven at the treatment temperature of 100-300 °C for about 2-4 h.
(2) After dehydration, a 200 mesh screen was used to sieve the carbon powder.
Smelting
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(1) Formulation (mass%): Alloy with the following com-position was prepared: Copper (Cu) 4.0-6.5%, Silicon (Si)
2.8-4.0%, Manganese (Mn) 0.08-0.6%, Carbon powder (C) 1.5-2.5% with the remaining percent being Al ingots
(double zero). The materials were prepared according to the appropriate proportions required and cast into test bars.
(2) Melting preparation: The Al ingots (double zero) were melted in a graphite crucible at temperature range
(700-800°C). Simultaneously, intermediate alloy or metal was added into the smelting system. Carbon powder floated
on the melt as a result of its poor wettability that leads to the poor penetration into the Al alloy [14]. Thus, for the
effective infiltration of the carbon powder into the melt system, the melt was semi-solidified by cooling it down to
580-630°C, followed by stirring for 30-50 min by an electric mixer. The carbon powder was stirred and dispersed into
the semi-solid melt system. Subsequently, the melt was heated between 780-800°C and impurities like dissolved gases
and solid inclusions were removed prior to casting. The tensile specimens were prepared according to GB/T228-2002
and specimens were formed by gravity metal mold. The molds were preheated at a temperature below 300°C for 1
hour.
Heat Treatment
To enhance the mechanical properties of the alloy, the cast specimens were exposed to an appropriate solution
treatment and aging process, which are beneficial to the precipitation-hardening phase and the enhancing alloy
strength [15]. Thus, the mechanical properties of the test bars were improved by using a process of heat treatment at
temperature of 500-540°C in a heat treatment cold water (40-60°C) and cooled down for 3 min. Subsequently, the
bars underwent the aging process for 4-8 h at 130-180°C.ent furnace for 8-18 h. The bars were taken out of the
furnace, plunged into
Performance Test
The specimens were polished by a polishing machine (PG-1) and corroded by hydrofluoric acid. An electron
microscope (4XC-TV) was used to observe the microstructure of the specimen. Field emission environmental
scanning electron microscope (FEI-Quanta 400 FEG) was used to observe the surface morphology of the alloy. The
energy dispersive X-ray microanalysis (EDAX) was performed to test the particle composition of specimen. Thermo
Scientific's electron spectroscopy analyzer (XPS-ESCALAB 250Xi) was used to scan the surface element, and the
binding energy (BE) of carbon was obtained by XPS to determine the form of carbon in the alloy. X-ray
diffractometer (XRD-X'pert Pro) was used to analyze the compositions of the alloy. The mechanical tests on the
material were conducted by an electronic universal testing machine (CBW-10T) and its elongation was measured by
an electronic extensometer (Beijing Iron and Steel Institute). Fracture morphology of test bars that had been pulled off
was investigated by scanning electron microscopy (SEM, KYKY-2800B-CAS).
RESULT
Microstructure Morphology
Microstructure
Figure 1 shows the microstructure of Al alloys without (a) and with (b) added carbon, respectively. It can be clearly
seen that the morphology of alloy in these two cases is different. First of all, the distribution of dendritic form and big
band organization shown in Figure 1-a reveals that the optimized microstructure is not obtained for this sample
without adding carbon. The grain boundary portion is incomplete and the reinforcement distribution along with the
grain boundary. On the other hand, Figure 1-b shows that fine alloy grains are obtained for samples with added carbon.
In this case, most grains are round or oval. Actually, Figure 1-b demonstrates that most of the grains are evenly
distributed in the matrix, partially rendering certain linear distribution. Some black reunions are observed on the
surface and some round grains are distributed on those reunions.
Surface Morphology and Elements
SEM, XPS and XRD were performed to investigate the surface of alloy. Figure 2-a shows the morphology of the Al
alloy without added carbon powder, which displays large band blocks on the alloy matrix. The corresponding EDAX
of point C in Figure 2-a reveals that the major elements are copper (Cu), silicon (Si) and Al, as shown in Figure 3-a.
On the contrary, Figure 2-b shows the morphology of Al alloy with added carbon powder exhibiting uniform and
delicate microstructure which precipitates with round or oval tissue. Points D and E of Figure 2-b are also investigated
by EDAX and shown in Figure 3-b and Figure 3-c, respectively. It indicates that the carbon content is 7.82% (wt%)
and 9.84% (wt%), respectively, with other elements are Si, manganese (Mn), and Cu. Moreover, surface of the alloys
is scanned by XPS and the results are given in Figure 4. The values of BE indicate that the main elements of alloy are
Cu, O, C, Si, and Al. Notably, the BE of carbon shows four peaks corresponding to the carbon–metal, carbon–carbon,
and carbon–oxygen interactions, which indicates the existence of the carbon–carbon compounds and elemental metal
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in the alloy. Figure 5 shows the XRD pattern of the surface displaying a specific form of carbon in the alloy. Specially,
XRD results show that the alloy contains Al, Si, and SiC, i.e. SiC is generated in the alloy.

Figure 1. Microstructure of alloys without (a) and with (b) added carbon.

Figure 2. SEM images of the surface morphology for alloys without (a) added carbon and with (b) added carbon.

Figure 3. The correspond EDAX analysis from different points as marked in Figure (2): (a) is the C point, (b) is the D
point, and (c) is the E point.
Mechanical Properties
Table 1 lists the values of tensile strength and elongation of alloy with and without added carbon powder. The values
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Figure 4. Surface element binding energy peaks: (a) is the peaks of BEs of alloy with carbon and (b) is the zoomed
carbon peaks.

Figure 5. XRD analysis displays a specific form of carbon in the alloys.
listed in Table 1 indicate the fact that addition of carbon powder does not affect the strength of the alloy; however, its
elongation is significantly improved. Figure 6 displays the stress–strain curves. Compared to the traditional materials,
the elastic stage of Al with carbon ended early, meanwhile, plastic stages appeared early as well and the yield point
dropped (only 100 MPa). An increase in the plastic deformation led to the occurrence of a phenomenon that is
dis-similar to the alloy without added carbon. When the strain of 2% is achieved, significant increase in stress is not
observed; however, sudden increase in strain is clearly observed. More-over, a brief elastic stress–strain mutation is
observed and after the mutation plastic deformation is resumed. This process continues until the material is
completely pulled off. Figure 6 clearly shows the mutations: a shorter plastic period (start 0.5% strain) is observed in
the beginning, and the elastic mutations gradually extend the period (end 1.2% strain) with the deepening of plastic
deformation. The internal stress drops suddenly in the latter period of plastic deformation (fake fracture appears, as
shown in point F in Figure 6), followed by the continuous occurrence of sustained plastic strain until it is completely
ruptured. Figure 7 shows the dis-placement–time curve displaying several platforms, which indicates that the platform
becomes longer with the increasing stretch.
Table 1. Tensile stress, displacement, and elongations vs. different material.
Content

Displacement

Tensile stress

Elongations

Material

(mm)

(MPa)

(%)

A(No carbon powder)

0.650

292.879

2.601

B(with carbon powder)

1.654

288.360

6.615

Fractography
Figure 8 shows the images of the fracture morphology for the pulled off test bars. In details, Figures 8-a and 8-b
shows the fracture morphology of the Al alloy without and with added carbon powder, respectively. The images in the
Figure 8 reveal that the fracture tissue of the alloy with car-bon was fine and uniform with some transgranular dimples,
showing the fracture toughness. In contrast, without added carbon, alloy shows more hills and gullies lines, and the
dimple size also becomes bigger. Figure 8-c shows the enlarged image of Region A from Figure 8-b. It shows a
central large hole in the tensile breaking region. Along the direction of the tensile fracture, some smooth platforms
contain certain microspores are distributed (region B).
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Figure 6. Stress– strain curves.

Figure 7. Displacement – time curve.

Figure 8. Fracture morphology of different materials: (a) Without carbon, (b) With carbon, (c) is enlarged regional
marked as A.
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DISCUSSION
(1) XPS and XRD results confirmed the incorporation of carbon powder into the Al alloy matrix. Peaks with different
carbon BEs were detected using XPS. The BE peaks showed that C1s Scan A and B, which correspond to C–metal
and C–C bonds respectively. Moreover, C1s Scan C and D peaks were attributed to the carbon and oxygen BEs,
which were mainly due to the oxidation effect. Therefore, the carbon in the alloy was mainly in the form of carbides.
XRD result showed the existence of SiC particles in the material, which indicated that the carbon could form
compounds in the al-loy system. SiC particles were generated in situ when the carbon powder was added into the
molten casting systems. Combined with the mechanical properties, these fine SiC particles generated in situ, not only
acted as nucleation sites for crystallization, but also enhanced the strength of the alloy [16].
(2) Addition of carbon powder results in the dramatic in-crease in the elongation of Al (nearly three times). Alloy with
added carbon consists of more delicate grains, more uniformly distributed strengthening phase, and forms circular or
oval enhanced phases as shown in Figure 2. The above mentioned result is due to the lighter carbon atoms and SiC
particles generated in situ, which acted as nucleation sites for effective grain refinement during the solidification of
the melt, forming a circular or oval tissue. Fracture morphology of the alloy with carbide showed significantly ductile
fracture characteristics. Large holes and some layered smooth platforms were formed in the direction of tensile
strength due to the carbide, which weakened the binding force between carbide and material matrix. Under the tension,
small holes were formed, expanded, and eventually formed larger holes. Carbide existed in the alloy system, which
played a key role of tie nail for the sliding grain boundary. Therefore, the grain boundaries could be made longer
along the slipping path, which enhanced the plasticity of the material. The tension in the region of holes resulted in
nucleation, expansion, polymerization, and ultimately the formation of large holes. However, the alloy without carbon
exhibited better strength due to the hindered dislocation of Cu and Mn strip phases. Therefore, the alloy had high
strength, which was introduced during the stretching process. However, due to larger pieces of strip phase, material
tissue became fragmented and the strengthening bond between the matrix and phase was weakened, which resulted in
intergranular fracture and de-creased ductility.
(3) Effect of carbon on the ductility of Al alloy
Tensile testing indicated that under an increasing tension, the plastic deformation of carbonaceous material was not
complete; instead cyclic elastic stress–strain appeared at the beginning of the plastic deformation. Studies have shown
that the composite material would not make plastic deformation uniform under stress when system had rigid ceramic
SiC particles, which resulted in serious uneven deformation inside the material. In that case, SiC particles underwent
just elastic deformation and Al alloy matrix exhibited significant plastic deformation [17]. SiC particles were
generated in the alloy system when carbon powder was added into the melt and the phenomenon related to the above
mentioned result was reappeared: SiC particles underwent only the elastic deformation during the tensile test. After
elastic deformation of SiC, plastic deformation was permitted in Al alloy matrix. Alloy system used elastic
deformation of SiC to offset the external stress. The fracture slip platforms clearly indicated the gradual slip of the
macro material. With the growing ten-sion, the elastic deformation stage reduced progressively and materials
exhibited enhanced plasticity due to the limiting strength and content of SiC. F point in Figure 6 demonstrates that
fake fracture appears before the appearance of the actual fracture because of slipping and detaching of SiC from the
Al matrix. Thus, SiC and Al were completely sepa-rated and finally the material is completely pulled off under tensile
stress.
The plastic reinforcement led to a decreased degree of integration between SiC and alloys, resulting in the gradual
extension during its mutation period. More numbers of cycles indicated better ductility due to greater stretch
displacement.
CONCLUSIONS
Take integrated analysis of the above test results, and the following conclusions can be drawn:
(1) Cast Al alloy with added carbon powder consisted of carbon compounds, which significantly improved the
ductility of the Al alloy.
(2) Carbon powder with particles of specific size could effectively enhance the elongation of Al (elongation rate
in-creased nearly three times); however, the strength of material need be further improved.
(3) Addition of carbon in the alloy resulted in the alternate appearance of plastic strain and elastic strain. With
in-creasing plastic deformation, elastic mutant cycle gradually became longer, and these mutations reflected the
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ductility of the material to some extent.
Addition of carbon improved the elongation of the alloy significantly, and the plastic of material was significantly
enhanced, which will expand the scope of applications of aluminum alloys. The follow up research needs detailed
study the structure of carbon and its distribution in the alloys.
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