Mechanics of Advanced and Smart Materials Journal 3(4) (2024) 466 — 490

Mechanics of Advanced and Smart

Ll\/l A-S-M_l Materials Journal

http://masm.araku.ac.ir
ISSN: 2783-4220

Mechanics of Advanced and Smart Materials Journal

University

Design and Evaluation of Mechanical Properties of Aluminum
Matrix Composites Reinforced with Continuous Carbon Fibers
Using Melting and Casting Process

Ali Alizadeh 2%, Seyed Ehsan Nasiri 2, Mohsen Heydari Beni 2

2 Faculty of Materials and Manufacturing Technologies, Malek Ashtar University of Technology, Tehran, Iran

Original Article

Use your device to scan
and read the article online Citation: Alizadeh A, Nasiri S E, Heydari Beni M. Design and Evaluation of Mechanical

Properties of Aluminum Matrix Composites Reinforced with Continuous Carbon Fibers
Using Melting and Casting Process. Mechanics of Advanced and Smart Materials.
2024;3(4):466-490.

d-)) https://10.61186/masm.3.4.466

KEYWORDS ABSTRACT

Carbon fibers, In this study, an aluminum matrix composite with continuous carbon fibers was developed using
UV SR eIy A356 aluminum alloy and PAN-based carbon fibers. Additionally, for the first time, a composite
Electroless Nickel-Phosphorus q . q q . .

el with aluminum matrix and flat carbon was produced and its tensile and flexural properties were
Continuous Fiber-Reinforced investigated. Initially, the carbon fibers were coated with a layer of nickel using the electroless
aluminum Matrix Composite, method, and the influence of nickel coating thickness on the surface condition and tensile
Squeeze Casting. strength of the fibers was examined. Subsequently, composite specimens with a volume fraction

of 30%, coated with flat carbon fibers by nickel, and uncoated carbon fibers were fabricated
using the squeeze casting method under a pressure of 30 MPa. The microstructure, tensile
strength, and flexural strength of the composites were then studied. The results from the tensile
tests of the composites produced with nickel-coated flat carbon fibers and uncoated carbon fibers
indicate that the nickel coating significantly affects the tensile strength of the composite, leading
to an approximately threefold increase in tensile strength. Furthermore, the composites fabricated
with flat carbon fibers coated with nickel exhibited the highest strength, reaching 463 MPa under
a pressure of 30 MPa for specimens with a 30% volume fraction, demonstrating the superior
performance of flat carbon in enhancing the mechanical properties of the composite.

Extended Abstract

1. Introduction

such as high specific strength, exceptional dimensional stability, high creep resistance and high fatigue

resistance. Metal base composites can be produced through different ways such as solid state, liquid
state and semi-solid state processes [1-3]. Casting is considered as a liquid process where the reinforcement is
placed into the molten metal by different methods and then mixing and casting of the composite is done [4]. The
most important processing in the liquid method is creating a link between the matrix and the reinforcement (if
there are suitable wettability characteristics), producing complex parts, high speed manufacturing procedure and
economic benefits [5]. One of the most common metal-based composites is aluminum-based composites and its
alloys. The reason for using aluminum alloys is low density, relatively low melting temperature, high strength-to-

IVI etal base composites in which the matrix is made of a pure metal or an alloy have desirable properties

* Corresponding author. Tel.: +989125184189
E-mail address: a_alizadeh@mut.ac.ir
DOI: https://10.61186 /masm.3.4.466

Received: November 27, 2023; Received in revised form: December 11, 2023; Accepted: December 13, 2023.
© Author



http://masm.araku.ac.ir/
mailto:a_alizadeh@mut.ac.ir
https://10.0.239.2/masm.3.4.466
https://10.0.239.2/masm.3.4.466

467 | Ali Alizadeh, Seyed Ehsan Nasiri, Mohsen Heydari Beni

weight ratio and good ductility and resistance to corrosion [8]. Common reinforcements include carbides, nitrides,
oxides and some pure materials such as graphite [9]. According to the study sources, in this research, in order to
increase wettability of the carbon fibers by aluminum melt, electroless nickel-phosphorus coating method on fibers
and squeeze casting method were chosen to make composite samples.

2. Problem definition

The wettability of carbon fibers by aluminum melt and the interface reactions between fibers and melt are the
main problems in the production of this type of composites. In this research, aluminum base composites reinforced
with carbon fiber preforms (which are coated with nickel-phosphorus electroless to prevent harmful reactions in
the interface) were prepared using the squeeze casting method and properties such as tensile strength, bending
strength, hardness and porosity have been studied in comparison with aluminum alloy A356. In the following, the
materials and equipment needed to make the sample and the steps of the research are presented.

2.1. Materials

The alloy used in this research is aluminum alloy 356A. The desired alloy was prepared in the form of 6-7 kg
ingots with the name NOVIN and the NGA logo from the manufacturing and industrial company of non-ferrous
alloys of Novin Godaz Amin. These ingots have been subjected to spectrometer or in some cases of Atomic
Absorption, and degassing and impurity operations have been carried out in the process of production. The carbon
flat used in this research is of T300 type with three layers and one half layer arranged perpendicularly to the three
layers of fibers with interwoven texture. Plain weave carbon fiber (T300), produced by the Institute of Coal
Chemistry in the Chinese Academy of Sciences, was used as the composite reinforcement. The physical and
mechanical properties of this fiber provided by the manufacturer are shown in Table 1.

Table 1. Properties of carbon fibers.

Type T300
Tensile strength (GPa) 35
Elastic Modulus (GPa) 220
Elongation (%) 15
Density (gr/cm®) 1.76 - 1.79
Number of fibers per bundle 3000
Diameter (um) 7-8
Sizing Amount (%) 1.2
Weight per unit length (gr/m) 0.56
Fiber bundle thickness (mm) 0.5

2.2. Equipment for coating operations

PH meter paper; Thermometer; Oven; Beaker; Volumetric balloon; Heater and magnetic stirrer.

2.3. Equipment for producing composites

KIA Electronic digital scale model BL2 was used to weigh the flat and carbon fibers as well as aluminum
separated from ingots and materials for covering fibers and flat. This scale measures up to four decimal places.
Two resistance furnaces were used to melt the alloy and carry out composite operations. These furnaces are
cylindrical and their maximum temperature capability is 1100 degrees Celsius. In this research, aluminum
composite materials reinforced with long and flat carbon fibers were made with the compositions specified in
Table 2.

Table 2. Composition of manufactured samples.

Sample Composition
1 Aluminum alloy A356 without reinforcement by gravity casting method.
2 Aluminum alloy A356 without reinforcement by squeeze casting method with a pressure of 30 MPa.

Aluminum alloy A356 with 30% by volume of long carbon fibers T-300 with phosphorus-nickel coating, by

8 squeeze casting method with a pressure of 30 MPa.

4 Aluminum alloy A356 with 30% by volume of T-300 long carbon fibers without coating, by squeeze casting
method with a pressure of 30 MPa.

5 Aluminum alloy A356 with 30% by volume of carbon felt with phosphor-nickel coating, by squeeze casting

method with a pressure of 30 MPa.
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3. Construction of experimental sample and research method

3.1. Composite manufacturing

According to previous researches, the heat treatment of fibers and flat has a significant effect on their
wettability, and in addition, the use of fibers without heat treatment causes rapid freezing of the matrix melt on the
surface of the fibers and prevents the melt penetration process in lower layers. Due to the extent of this project, a
complete research was done on heat treatment temperature and to avoid parallel work with similar works, the
optimal heat treatment temperature of fibers and carbon flat was chosen to be 673 K. After the end of the carbon
fiber coating and heat treatment stage, the composite slurry was made and the samples were cast.

3.2. Microstructure study

In this research, the microstructure of the cast samples and the fracture sections of the samples were studied.
For this purpose, an optical microscope and a scanning electron microscope (SEM) model XL30 VEGA-III
manufactured by TESCAN company, equipped with an EDS spectrometer and a field emission electron gun of
lanthanum hexaboride LaB6, were used. In order to prepare the samples, the surface of the parts was first sanded
with 100, 200, 400, 600, 800 and 1200 grits and polished with 3 and 1 micrometer alumina. Then the samples were
etched in commercial solution of Keller for 20 to 40 seconds.

3.3. Mechanical properties

In order to check the mechanical properties of the cast samples, uniaxial tensile, three-point bending and Brinell
hardness tests were used. Tensile test of flat samples was performed according to ASTM E8/E8M standard and at
a speed of 1 mm/min, and three-point bending test was performed according to ASTM E90 standard. In the bending
test, belt samples with a length of 50 mm and a square section with a side size of 5 mm were cut. The movement
speed of the upper jaw was 2 mm/min and the length of the supports was 22 mm. Tensile and bending tests were
done with Santam STM 150 machine, made in Iran.

4. Results and discussion
4.1. Results of light microscope images

Carbon fabric fibers in two coated and uncoated states were imaged by optical microscope. After imaging the
fibers, it was observed that there is no significant difference in comparing the optical microscope images of coated
and uncoated fibers. The only difference between these images was the rainbow state on the coated fibers, which
was not observed in the image of the uncoated carbon fibers. It seems that the rainbow state was probably due to
the existence of a metal coating on these fibers. This situation was also true for carbon flat fibers and no noticeable
difference was observed in the light microscope images for coated and uncoated carbon flat.

4.2. Results of characterization of nickel-phosphorus coating

A scanning electron microscope equipped with an EDS analyzer was used to ensure the achievement of
electroless phosphorus-nickel coating on carbon fibers and also to examine the element of electroless phosphorus-
nickel coating. Figure 1 shows the scanning electron microscope images before and after coating. As it was
predicted and based on the scanning microscope image, it is clear that the fiber surface is almost completely
covered by nickel and phosphorus elements and the structure of the coating is in the form of islands, which is one
of the properties of the electroless nickel-phosphorus process. The island structure in this coating increases the
mechanical engagement in the interface between the carbon fibers and the base alloy and, as a result, increases the
mechanical properties. Also, the uniformity of the coating and covering the entire surface of the fibers reduces the
formation of the Al4C3 phase.

4.3. Results of thermal treatment of phosphorus-nickel coating

Figure 2 shows the carbon fiber coated by EN without heat treatment and heat treated at 400 degrees Celsius,
in this form, the continuous deposit of nickel-phosphorus on the carbon fiber can be seen. Thermal processing of
EN (electroless nickel) coatings can cause significant changes in its properties and structure. It is well known that
heating the EN deposit to a temperature between 300 and 400 degrees Celsius and keeping it at that temperature
for one hour increases the hardness of the coating, which is caused by the formation of nickel phosphide. One of
the most important reasons for the heat treatment of these coatings (EN) is to increase the adhesion of these
coatings to the sub-base and increase its stability.
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Figure 2. Scanning electron image of crane fibers covered by EN: a) No heat treatment. b) thermal operations at a temperature of
400 degrees.

4.4. Results of images of control and composite samples

Figure 3 shows a sample made using uncoated and nickel-coated carbon fibers. As it is clear in Figure 13 a, in
the composite sample with uncoated fibers, the action of the molten metal and the penetration of the melt into the
fiber bundles did not take place, and the aluminum melt was only introduced into the empty space between the
fiber bundles. And it has not penetrated into the fibers. The non-entry of the melt into the bundles of uncoated
carbon fibers can be attributed to the insufficient contact time between the fibers and the melt.

(b) @
Figure 3. Composite sample with carbon fibers a) without coating. b) with electroless coating.

4.5. Porosity and density results

Table 3 shows the density value measured for composite and non-composite samples that were cast under
pressure and without pressure. As it is known, by applying pressure on the melt in the process of squeeze casting,
the density increases. Applying pressure will improve the feeding of the remaining melt to the freezing parts of
the sample. Also, applying pressure causes an increase in the dissolution of gases in the melt. That is, the gases
that could turn into gaseous defects during cooling and reducing the gas dissolution limit in the melt remain in the
melt with the application of pressure and no longer have a destructive effect. Applying pressure also affects the
germination of holes and removes or shrinks the holes.
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Table 3. Measured density for composite and non-composite samples.

A356-As cast Trljegseitt';al Actual density  Relative density percentage  Porosity percentage
A356-squeeze cast 2.68 2.62 97.76 2.23
-309 “Ni
A356-30%vol feltcaNslt_p coated squeeze 268 266 99.25 0.74
A356-30%vol Ci-Ni_p coate squeeze cast 2.60 2.57 98.85 1.15
A356-30%vol Cissqueeze cast 2.60 2.55 98.07 1.92
A356-As cast 2.49 2.33 93.57 6.43

4.6. Tensile strength of aluminum control samples

Table 4 shows the results of the tensile test of two aluminum control samples at a pressure of 30 MPa using
gravity casting and squeeze casting methods.

Table 4. The results related to tensile test of aluminum control samples.

Specimen state Applied pressure (MPa) Ultimate tensile strength (MPa)
As cast - 153
Squeeze cast 30 204

4.7. Mechanical properties of composite samples
4.7.1. Hardness results

Table 5 shows the hardness of cast samples. In the following, the effect of squeeze casting and the effect of
carbon fibers on the hardness of the samples will be discussed. The squeeze casting sample has more hardness
than the same non-squeeze casting sample. As mentioned before, the use of pressure in the squeeze casting process
reduces defects and improves the structure of the composite part. Therefore, squeeze castings are expected to be
harder.

Table 5. Hardness of cast samples.

Number Sample Hardness (BHN)
1 A356-As cast 59
2 A356-squees cast 81
3 A356-30%vol Cis-Ni_P coated squeeze cast 98
4 A356-30%vol Cirsqueeze cast 57
5 A356-30%vol felt-Ni_p coated squeeze cast 107

4.7.2. Tensile strength

Table 6 shows the final tensile strength of different samples according to the type of reinforcement and the
presence or absence of coating on the reinforcement. As specified in this table, the ultimate tensile strength of
A356 aluminum alloy in gravity casting is 153 MPa. The low tensile strength of A356 aluminum alloy in gravity
casting can be attributed to the presence of pits and holes in its structure.

Table 6. Examining the tensile strength of the samples in different states.

Number Sample Hardness (BHN)
1 A356-As cast 153
2 A356-squees cast 204
3 A356-30%vol CIf -Ni_P coated squeeze cast 372
4 A356-30%vol CIf squeeze cast 151
5 A356-30%vol felt-Ni_p coated squeeze cast 463

4.7.3. Bending strength

Table 7 shows the results of the bending test. As can be seen, the bending strength has increased despite the
pressure and coating of the fibers. The reasons for the increase in flexural strength correspond to the reasons
mentioned for the increase in final strength of all samples, because the flexural strength is the result of the tensile
stress created on the lower surface and the compressive stress created on the upper surface of the sample by the
applied force.

Table 7. Bending strength of cast samples.

Number Sample Hardness (BHN)
1 A356-As cast 197
2 A356-squees cast 245
3 A356-30%vol CIf -Ni_P coated squeeze cast 473
4 A356-30%vol CIf squeeze cast 185
5 A356-30%vol felt-Ni_p coated squeeze cast 537
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4.8. Results of tensile test failure

By examining the SEM images, two mechanisms of fiber cutting and fiber pulling out from the background
can be seen on the failure surfaces. The better the impregnation of the fibers by the field, the stronger the bond
between the fibers and the field, and the force applied to the composite is transferred to the fibers and more strength
is obtained. In other words, the dominant mechanism in high strength composite failure is fiber cutting.

5. Conclusion

The most important results obtained in this research are as follows:
1) Using the electroless method, nickel metal can be uniformly coated on the carbon fiber surface.

2) In the case of carbon fiber coating with nickel, during deposition from the solution, initially nickel metal is
deposited on the places of the fiber surface that have a higher surface energy, up to a thickness of about 0.2 um.
And then, with the continuation of depaosition, the nickel metal spreads over the entire fiber surface.

3) According to the above result, the minimum thickness of the coating to obtain a uniform coating on the
fibers is about 0.2 pum.

4) Nickel coating causes a decrease in the tensile strength of carbon fibers.
5) Aluminum composites with continuous carbon fibers can be produced by using squeeze casting method.

6) Nickel coating has a great effect on the tensile strength of aluminum-based composites with continuous
carbon fiber, so that the composite samples made using carbon fiber coated with nickel have a tensile strength of
about 2 to 3 They are equal to the tensile strength of the samples made by uncoated carbon fibers.

7) In the case of composite samples that are made in 30% volume fraction using carbon fiber covered by nickel,
the highest strength is related to the sample with carbon felt reinforcement with tensile strength of 463 MPa. .

8) Using coated carbon fibers along with applying pressure during freezing improved the mechanical properties
of the parts, including the hardness by about two times and the final strength by more than two times compared to
the non-composite sample frozen without applying pressure.
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