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1- Introduction

In metal-matrix composites, a wide range of metals and
alloys such as aluminum, titanium, magnesium, copper
and nickel are used, and in applications where weight is
not a critical parameter, alloys and metals such as iron,
nickel, copper, cobalt, silver and zinc are used as metallic
matrix. Among these, one of the most common metal-
matrix composites is aluminum-based composites and its
alloys. Reason for using aluminum alloys could be
summarized as low density, relatively low melting point,
high strength to weight ratio, good ductility and good
corrosion resistance (1).

Common reinforcement phase of aluminum alloys
includes carbides, nitrides, oxides, and some pure
materials such as graphite. The main parameters in
determining the effectiveness of the reinforcement phase
are as follows: the shape, size, distribution and connection
to the matrix are in the interface. In general, continuous
fiber reinforcements have a greater effect on improving the
mechanical properties than particle or short fiber
reinforcements (2,3).

The pressure used for diffusion metallizing is also one
of the parameters that strongly affects the final properties
of the composite. Using pressure to diffusion metallizing
is one way to overcome the problem of non-wettability in
aluminum-carbon composites while if the pressure used
for diffusion metallizing is low, the aluminum melt will
penetrate only between the main bundles of fibers and the
filaments within the bundles will not be impregnated by
the melt, which will cause defects and loss of composite
properties.

According to the above, the most important challenges
in the manufacturing of aluminum-matrix composite pipes
with ceramic continuous fiber are wetting of the fibers with
the melt and penetration of the melt into the fibers during
the squeeze casting process.

2- Experimental

A356 alloy is used as the aluminum composite matrix.
T300 carbon and E-glass fibers used as reinforcement.
Each bundle of fibers contains approximately 3000
filaments, the thickness of the braided fiber bundle is about
0.5 mm, and each filament has an average diameter of 7-8
pum. Table 1 shows the properties of the fibers used.

Table 1. Properties of the used carbon and glass fibers

Fibers T300 | E-glass
Properties
Tensile strength (GPa) | 3.5 2
Elastic modulus (GPa) | 230 76
Elongation (%) 1.5 4.7
Density (gr/cm®) 1.76 2.54

In order to prevent harmful reactions and also to resolving
the weakness of wettability between carbon fibers and the
matrix, nickel-phosphorus coating was applied on carbon
fibers by electroless method. The glass fibers were not
coated. Preheating the fibers has a significant effect on
their wettability and in addition, the use of fibers without
preheating causes rapid freezing of the melt on the surface
of the fibers and prevents the process of penetration of the
melt on the lower layers. The fiber preheating temperature
is 500 °C.

Two resistance furnaces were used to melt the alloy
and perform composite operations. These furnaces are
cylindrical with a maximum temperature capability of
1100 °C. In one of these furnaces, aluminum ingots were
melted, and in the other, the mold and preform were
preheated. After carbon fiber coating and heat treatment,
aluminum mandrel with a diameter of 4 cm was prepared.
Then, according to the percentage of final reinforcement
in the composite, the fibers were wrapped around the
mandrel and placed inside the mold. After preparing the
conditions, the casting process began. In order to prevent
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cold welding of the part to the mold and also to control the
temperature of the mold as one of the constant parameters
of the process, before casting each sample, pre-heating of
the mold, ramrod and fibers (so that the fibers are
embedded in the mold) were performed. An electric heater
equipped with a thermostat and precision thermocouple
was used for preheating. The preheating temperature of the
mold in aluminum squeeze casting is about 500 °C and it
was kept at this temperature for one hour so that the mold
and the preform of the fibers are at the same temperature.
Lubricant was used to prevent damage to the mold surface
due to contact with the melt and also to facilitate the exit
of parts. The A356 ingot was melted at 800 °C. As soon as
the preheating process of the mold and fibers was
completed, the aluminum melt was poured into the mold
and immediately the ramrod was placed in its place and the
required pressure was applied on the surface of the melt.
After 2 minutes, the pressure was removed from the mold
and after cooling the mold, the sample was removed. With
this method, one A356 alloy pipe, two composite pipes
reinforced with 30 wt.% of carbon fibers with nickel-
phosphorus coating and without coating and four
composite pipes reinforced with glass fibers in the
30,40,50,60 wt.% were produced.

The microstructure of the composites was determined
by X-ray diffraction (XRD, PW 1730, Philips) with Cu Ka
radiation (1.54060 A) and field emission scanning electron
microscopy (FESEM, TESCAN MIRA3) augmented with
energy-disperse spectroscopy (EDS). Thermal analysis
was accomplished through thermo gravimetric and
differential scanning calorimetry (TGeDSC) (STA504,
Jupiter, NETZSCH). The samples (approximately 6e10
mg) were heated to 800 °C at a heating rate of 10 K/min in
a high-purity argon atmosphere (40 mL/min). Dynamic
compressive tests were performed using compression test
(at the strain rate of 0.6 mm/min) and Split-Hopkinson
Pressure Bar (equipped with 14.5 mm diameter steel bar at
the strain rate of 10° s?) at least three samples were tested
repeatedly. In this study, the microstructure of the cast
samples and the failure sections of the samples were
examined by scanning electron microscopy made by Te-
scan. The density of the samples was measured by
Archimedes method according to ASTM B962 standard.
In order to investigate the mechanical properties of the cast
samples, three-point bending and Brinell hardness tests
were used. Three-point bending test was performed under
ASTM D790 standard. In the bending test, the bending
specimens are 4 mm thick and 6 mm wide. The movement
speed of the jaw is 1 mm/min and the distance between the
two fixture stands is 23 mm. Bending test was performed
with universal the device. The ring test was performed
under ASTM D2290 standard. In this test, the samples are
in the form of a ring with a width of 13 mm. Jaw movement
velocity is 3 mm/min. The ring test was performed with
universal device.

3-Results and Discussion

Figure 1 shows the SEM images of uncoated and coated
carbon fibers. The surface of the fibers is almost
completely covered by the elements nickel and
phosphorus, and the structure of the coating is an island,

which is one of the properties of the nickel-phosphorus
electroless process.

2
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Fig.1 Scanning electron microscopy (SEM) images of the
surface of fibers a) without coating and b) with nickel-
phosphorus coating.

Fig. 2 shows the microstructure of uncoated and coated
carbon fiber reinforced composite pipe. Despite the
pressure during the casting process, the aluminum melt did
not penetrate into the uncoated carbon fiber due to the lack
of carbon fiber coating and therefore the inadequacy of the
wetting angle of the aluminum melt with the carbon fiber,
and only covers the surface of the carbon fiber (Fig 2-a).
Fig. 2-b shows the microstructure of a coated carbon fiber-
reinforced composite pipe in the longitudinal and
transverse sections. Aluminum melt is completely
penetrated between the carbon fibers by applying pressure
during the casting process.

The hardness of the cast pipes was calculated in Brinell
(Table 2). In pipes with glass fibers, with increasing the
weight percentage of fibers to 50%, the hardness of the
samples increased from 71 to 135 Brinell and then in pipe
with 60% by weight of glass fibers, due to compaction of
fibers and increased porosity in the microstructure, the
hardness of the casting tube has been reduced to 105
Brinell.

100pm 25um
Fig.2 SEM images of composite pipe reinforced with a)

uncoated carbon fiber and b) uncoated carbon fiber

Table 2. Hardness of cast pipes.

Sample code | Hardness (BHN)
Al 68
C30 83
G30 71
G40 116
G50 135
G60 105

Fig. 3 shows the results of the theoretical and experimental
bending modulus. As expected, the flexural modulus of a
carbon fiber-reinforced composite pipe is higher than other

pipes.
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e The hardness of composite pipes reinforced with

Theorical flexural modulus glass fibers, with increasing the weight
160 B Experimental flexural modulus percentage of fibers to 60%, decreases 28% and
140 | 135.00 the hardness of 105 Brinell is achieved.
= 10| e The flexural modulus of composite pipes
2 el reinforced with glass fibers, with increasing
;;” w0 | 724 45 s 7azs 74sl weight percentage of fibers, has decreased from
El ss.53 [ 6037 60.37 GPa to 12.98 GPa.
_é 60 e e With increasing the weight percentage of glass
g 40 | 29.63 fibers of composite pipes, the flexural strength
a9 | 12.98 has decreased from 340.82 MPa to 79.31 MPa.
0 M e The tensile strength under the nol ring test, with
Al Cc30 G30 G40 G50 G60

increasing the weight percentage of fibers, has
decreased from 314.46 MPa to 50.75 MPa due to
the lack of proper penetration of aluminum melt.

Sample code

Fig.3 theoretical and experimental flexural modulus
composite pipe reinforced with carbon and glass fibers.

The results of flexural strength of cast pipes are given
in Table 3. Reinforced composite pipe with 30 wt.% of
carbon fiber is 257.82 MPa and for composite pipe
reinforced with 30 wt.% of glass fiber is reported 334.47
MPa. This is due to the better wettability of the glass fibers,
the stronger adhesion strength, resulting in a strong
interface between the glass fiber and the aluminum matrix
and a weak interface between the carbon fiber and the
aluminum matrix.

Table 3. Flexural strength of cast pipes.

Pipes | bending strength (MPa)
Al 193.36

C30 257.82

G30 334.47

G40 340.82

G50 171.85

G60 79.31

Table 4 shows the tensile strength results under the ring
test. Tensile strength of carbon fiber reinforced composite
pipe with 314.46 MPa has the highest tensile strength. In
glass fiber-reinforced composite pipes, the tensile strength
decreases with increasing fiber weight percentage, so that
in 60 wt.% glass fiber-reinforced composite pipes, the
tensile strength reaches 50.75 MPa.

Table 4. Flexural strength of cast pipes.

Pipes | Tensile strength (MPa)
Al 180.47

C30 314.46

G30 257.22

G40 227.79

G50 121.82

G60 50.75

4- Conclusions
The most important results obtained in this research are as
follows:

e By applying nickel-phosphorus coating on
carbon fibers, the wettability of carbon fibers is
improved by the aluminum melt and causes the
aluminum melt to penetrate into the carbon fibers.
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Investigation on Microstructure and Mechanical Behavior of Carbon and
Glass Reinforced Aluminum Composite Pipes

Ali Alizadeh Shahab Poloee Mohammad Reza Zahmatkesh Mehdi Abdollahi Azghan

Abstract In this research, for the fabrication of metal composites, A356 aluminum alloy serves as the matrix, and T300
carbon fiber and E-glass serve as reinforcements, in a squeeze casting process. Carbon fibers were first coated with a
layer of nickel-phosphorus using the electroless method. Then, aluminum alloy 356 pipe and composite pipes with 30
weight percent of carbon fibers and 30,40,50 and 60 weight percent of glass fibers were cast at 75 MPa and 500 °C. After
casting, the microstructure, and mechanical properties of composite samples were investigated. Nickel-phosphorus
coating on carbon fibers has a significant effect on the wettability of carbon fibers with aluminum melt and thus the
penetration of aluminum melt into carbon fibers. The hardness of composite pipes reached approximately 2 times that of
alloy pipe and the density decreased to 9.5% with increasing weight percent of fibers. The highest bending strength was
obtained at 340.82 MPa, which is related to the reinforced composite pipe with 40 weight percent of glass fibers. Tensile
strength was measured by the nol ring test, in which a composite tube with 30 weight percent of carbon fiber had the
highest tensile strength with a 76% increase over the alloy pipe. The predominant mechanism in the failure of carbon
fiber-reinforced composite pipe was fiber pull-out and in the failure of glass-fiber-reinforced composite pipes, the fibers
were cut.

Keywords Carbon fibers, Glass fibers, Nickel-phosphorus coating, Squeeze casting, Nol ring test
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