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Abstract:

Background:

st

Due to light weight, high performance and excellent mechanical properties, carbon fibers are considered a key material in the 21
century. These are extensively used in many industries for structural usages, such as aerospace, aeronautical, sporting goods
applications, and automotive and medical devices, due to their desirable strength to weight properties. Now, these are globally
accepted as a high performance and high-strength material. Most of the carbon fibers are derived from polyacrylonitrile fiber
precursor. These materials have the potential for fire hazards caused due to heat, smoke, and electric short circuit.

Objective:

To prepare polyacrylonitrile carbon and epoxy resin laminates in multilayers by hand-lay-up method and testing by ASTM
(American Society for Testing and Materials) standards.

Method:

Polyacrylonitrile carbon fiber/epoxy resin composites are prepared using the hand-lay-up method. For the non-destructive testing, the
ultrasonic type is used. For the destructive testing, a universal testing machine is used to test the tensile test, the flexural test and the
inter-laminar shear stress test, as per the ASTM standard. Subsequently, the physical properties, such as the density test and the fiber
content, the resin content and the void content tests of the laminate are carried out.

Results:

The experimental results show that the matrix laminates have good mechanical and physical properties.

Conclusion:

Preparation and testing of polyacrylonitrile carbon/epoxy resin composites are carried out and the prepared laminates exhibit good
mechanical and physical properties. Hence, the laminates can be used in many industrial and commercial applications, as a composite
material.

Keywords: PAN carbon, Epoxy resin, Composites, Mechanical properties, Testing.

1. INTRODUCTION

Due to light weight, high performance and excellent mechanical properties, carbon fibers are considered a key
material in the 21" century. These are extensively used in many industries for structural usages, such as aerospace,
aeronautical, sporting goods applications, and automotive and medical devices, due to their desirable strength to weight
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properties. Now, these are globally accepted as a high performance and high-strength material. Most of the carbon
fibers are derived from polyacrylonitrile (PAN) fiber precursor. These materials have the potential for fire hazards
caused due to heat, smoke, electric short circuit, etc. The advanced growth of composite materials finds suitable
applications in the above-mentioned areas.

In the literature, many researchers studied the characterization and thermo-physical properties of laminar
composites. Paiva et al. [1] compared the tensile strength of various laminar composites, made of carbon fiber and
epoxy resin. The obtained results showed the adequate combination and proper reinforcement in the matrix composite.
Fu et al. [2] investigated the surface properties of carbon fiber/polyarylacetylene composites. They obtained remarkably
modified interfacial properties between carbon fiber and non-polar polyarylacetylene after removing weak surface
layers. Li et al. [3] studied the structural characteristics and flexural strength of PAN/phenolic based composites. In
their tests, they noticed improved flexural strength when the number of densification cycles was increased. Muthusamy
and Chung [4] carried out detailed studies related to the carbon fiber and cement based composites. They noticed
increment in flexural strength and modulus with increasing the fiber content. Banakar and Shivananda [5] studied the
effects of fiber orientations on the laminates of carbon fiber reinforced epoxy resin composites, to affirm the mechanical
properties. They confirmed that the fiber orientation largely affects the mechanical properties of the laminated
composites. Venugopalan et al. [6] developed the carbon-carbon composites using PAN fiber and phenolic resin matrix
for nuclear reactor applications. Their results proved that the carbon-carbon composite materials can be used in nuclear
applications even at low temperatures. Srivastav et al. [7] studied the electrical and mechanical characterization of
carbon fiber/poly-furfuryl-alcohol composites. They found that the prepared composite materials have excellent
mechanical properties, and can be used as material in fuel cells. Lu ef al. [8] studied the flexural properties of carbon-
carbon composites with situ grown carbon nanofibers. They found that the flexural strength and modulus of the
composite are higher due to the blockage of cracks by situ grown carbon nanofibers. Luo ef al. [9] investigated the
mechanical properties, the melting flowability and the size distribution of long carbon fiber reinforced polyamide
composites, prepared by injection moulding. From their results, it was demonstrated that the melting flowability
increases with an increase in the sizing concentration, while the mechanical properties achieve peak value at a specific
sizing concentration (22 wt%). Chen et al. [10] studied the mechanical properties of carbon-carbon composites,
modified with silicon carbide nanofibers. They also noticed the enhancement in thermal conductivity of the modified
composites. Jia et al. [11] studied the mechanical and flexural properties of multi-layered C/(PyC-SiC) composites,
prepared by vapour infiltration process. Their study revealed that the enhanced mechanical properties of the composites
are due to the presence of multilayers in the matrix. Ashori et al. [12] investigated the mechanical and thermo-
mechanical properties of composites of carbon fiber and polypropylene. They reported an improvement in the above
properties. He et al. [13] achieved excellence in energy storage performance and electrical conductivity by using
composites of carbon and raw form of coal. Jie et al. [14] studied the mechanical properties and microstructure of
carbon nanofiber composites. They noticed an interface layer between the fiber and the matrix. The interface layer
comprises of carbon nanofibers and high textured pyrocarbon. They noticed enhanced flexural strength after modifying
the interface layer by carbon nanofibers. Mokati ef al. [15] studied the characteristics of composites of rayon carbon and
glass fibers with PAN carbon, mixed with phenolic and epoxy resins. They prepared the laminates as per the ASTM
standards by hand-lay-up method, and studied different properties, such as mechanical, material and thermal properties.
They observed better results in these properties. Yi ef al. [16] improved the infacial adhesion properties of composites
of carbon fiber by polyamide, using phenoxy resin. Yoo et al. [17] studied the preparation and thermo-physical
properties of glass fiber reinforced polymer composites, incorporating phase-change materials. They found that the
stability (thermal and dimensional) of the composites is greatly influenced by the concentration of phase-change
materials. Yu et al. [18] studied the characteristics of modified Agl-TiO,/PAN composites. They found excellent
stability in the composites because of the intimate contact. Zhang et al. [19] investigated the influence of silica
nanoparticles on the tribological behaviour of epoxy composites, reinforced with glass fiber, carbon fiber and carbon
nanotubes. They found enhanced tribological properties for silica and short carbon fibers, and insignificant results for
silica and carbon nanotubes. However, addition of silica into short glass fibers showed deterioration results. Recently,
Jia et al. [20] studied the mechanical and electromagnetic properties of multilayered matrix composites of carbon fiber
and pyrocarbon silicon carbide. Their results showed enhancement in mechanical properties due to the increased
number of interfaces, in turn more crack deflection and propagation.

In the literature, the preparation of composites with the help of a hand-lay-up method is rare. The hand-lay-up
method is a simple and cost effective method. Carbon-carbon composites are famous for high strength and light weight
[21]. Again, the multi-layered composites have higher yield strength due to higher phase continuity [22]. Therefore, the
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present study discusses the preparation in multilayers by hand-lay-up method and the testing by ASTM standards of
PAN carbon and epoxy laminates. This research paper may be helpful for those researchers who want to prepare the
composites with the help of hand-lay-up method, and find the relevant properties of the composites.

2. PREPARATION METHOD

The direct materials are PAN carbon fiber, epoxy resin (Epofine-1555) and hardener (Finehard-5200). The
properties of PAN carbon fiber are shown in Table 1. The indirect raw materials are mould, emery paper, acetone and
wax polish. A metal split mould is prepared for this purpose. As compared to the ordinary mould, the metal split mould
is best to remove the specimen. Then, the mould surface is cleaned by using emery paper of grade 220 and 320.
Subsequently, the mould is cleaned with acetone to confirm that there is no left out resin on the mould surface.
Otherwise, it could damage the laminates. Then, releasing agent, i.e., the wax polish is applied to remove the laminate
from the mould after the curing process. The mould, after cleaning and applying the wax polish, is shown in (Fig. 1).

Fig. (1). Mould after cleaning and applying the wax polish.

The PAN carbon fiber is taken at the specified sizes for the impregnating process. The mat is weighed with and
without the resin content, after cutting into the specified sizes. For 250 mm x 250 mm laminate size, the mat weight is
25 grams without the resin and 65 grams with the resin. For 150 mm x 150 mm laminate size, the mat weight is 10
grams without the resin and 25 grams with the resin.

Table 1. Properties of the PAN carbon fiber.

Parameters Test Std. PAN Based High Strength Carbon Fiber
Thickness (mm) ASTM D 1777 0.33-0.43
Specific Gravity ASTM D 792 1.7-1.95
Carbon Content (%) CHNS&O Analyser 94 (minimum)
Aerial Density, GSM ASTM D 3776 380 +20
Weave style ASTM D 4029 8 harness satin
Fabric Constljuction 24t
Warp (ends/inch) ASTM D 1682
Weft (Picks/inch) 24+ 1
Fabric breaking strength .
Warp (kginch) ASTM D 5035 200 {minimum)
Weft (kg/inch) 200 (minimum)
Width ASTM D 3774 990-1100
Structure X-ray Amorphous
(b;lf’;%r; a;‘l/(li“:l 0w | - 200 for T-300, 3K filaments
ILSS (MPa) Compatibility with Resin System ASTM D 2344 Epoxy 40 MPa (minimum)

The mixture of the resin and the hardener (equal to the weight of the fiber) is prepared. The resin and hardener are
taken in the ratio of 100:27; the mixture is taken into the beaker and stirred well, for the proper mixing of the hardener
and the resin. The Epofine resin is 600 g/cm’, and the hardener is 162 g/cm’. The mixture made is then applied to the
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fiber mat thoroughly with no gaps left, covering the fiber and leaving it for 1-2 hours, for proper impregnation.
Subsequently, the fiber mat is cut into pieces using the template of the required dimensions. Now, these impregnated
fiber pieces are placed into the mould cavity layer-by-layer, applying the mixture of the resin and the hardener in

between each layer, without dust particles and air bubbles.

Table 2. Properties of the Epofine resin.

Parameters ASTM Std. Tested Value
Specific gravity of resin (Epofine 1555) at 25°C D 891 1.17
Viscosity of resin (Epofine 1555) at 25°C D 2393 16200 cps
Volatile content of resin (Epofine 1555 0.19%
(% by wt.)
Epoxy cont(?(tl/(l)ggzsflr;e(slfr}l))oﬁne 1555) D 1652 492
Specific gravity of hardener (fine hard 5200) at 25°C D 891 1.02
Viscosity of hardener (fine hard 5200) at 25°C D 2393 152 cps
Initial mix viscosity of resin and hardener at 25°C D 2393 6350 cps
Initial mix viscosity of resin and hardener at 45°C D 2393 950 cps
Gel time of resin mix at 100°C D 2471 100 min
Percentage elongation (%) D 638 4.2

The orientation of each layer is alternatively maintained at 0° and 90°, to carry longitudinal and transverse loadings.
After the lay-up process, the mould is closed and tightened with nuts and bolts. Then, the curing process is carried out.
The mould is placed in the furnace for the first 3 hours at the temperature 120°C, and for the next 3 hours, the
temperature is 160°C. When the curing process is finished, the mould is cooled to the room temperature. Now, the nuts
and bolts are removed, and a solid component (laminate) is obtained from the mould. Then, the four sides of the
laminate are trimmed by machine and cut into the required number of pieces as per the dimensions, using a diamond
blade cutting machine. The laminate pieces cut into the required sizes (Fig. 2) are taken to the relative testing. The
properties of Epofine resin are shown in (Table 2).

Fig. (2). Laminates after cutting.

3. TESTING

Generally, two types of tests are carried out, viz., the non-destructive testing (NDT) and the destructive testing
(DT). Under the DT, mechanical tests (tensile test, flexural test and inter-laminal shear stress (ILSS)) are carried out.
The different mechanical tests with the ASTM standards and the average specimen dimensions are shown in Table (3).
At last, the physical tests of the laminate (density, fiber content, resin content and void content tests) are also done.

Table (3) Different mechanical tests with the ASTM standards and the average specimen dimensions.
3.1.NDT

NDT is a wide group of analytical techniques used in science and industry, to evaluate the properties of materials
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without causing any damage to the specimen. The ultrasonic type is used, and no visual defects are observed. It uses
high frequency and short wavelength of mechanical waves (vibrations). The manual type is used. The ultrasonic testing
system consists of a transducer, pulser/receiver and display unit. A pulser/receiver produces electrical pulses of high
voltage to the transducer. Then, the transducer generates ultrasonic sound energy of high frequency into the material
surface in the form of sound waves. If there are discontinuities in the sound path, a fraction of sound energy is reflected
from the discontinuities and received by the transducer. In the display unit, the intensity of the transformed electrical
signal from the sound wave signal is shown. For the testing, five random points are marked on the laminate. The two
probes are used to test the selected points. If the result of the laminate at the selected point is above 90% (‘A’ grade),
the test piece is good and ready to use. ‘A’ grade is obtained at all the selected points, which means that the specimen is
good.

Table 3. Different mechanical tests with the ASTM standards and the average specimen dimensions.

Type of Test ASTM Std. Average Specimen Dimensions (LxWxt)
Tensile Test D3039 250x25x3 (mm”)
Flexural Test D790 68x10x3 (mm®)

ILSS Test D2344 40x10x6 (mm®)

3.2.DT

The DT tests are carried out using an electromechanical universal testing machine (UTM) to the specimen's failure,
in order to understand the specimen's structural behaviour, under the application of loads. A UTM machine, with makes
‘Fuel Instruments and Engineers Pvt. Ltd. (Maharastra), model UTN-20 (maximum capacity 200 kN)’, is used in this
study. Generally, these tests are much easier to carry out and provide more information than the NDT. The
electromechanical UTM is used to test the tensile test, the flexural test and the ILSS test. The dimensions of the
specimen are taken using a digital vernier caliper (brand: Mitutoyo; range 0-300 mm).

3.2.1. Tensile Test

Tensile test is a commonly used material science test, in which the specimen is subjected to a controlled tension
until it fails. For the composite materials biaxial tensile testing is used. The test pieces of required dimensions are
placed in the jaws of the electromechanical UTM; slowly, the tensile load is applied. The ASTM standard is D3039, the
gauge length is 150 mm, and the cross head speed is 2.5 mm\min. During the test, an extensometer of gauge length 25
mm is used, to measure the strain of the laminate. The laminates, before and after the tensile test, are shown in (Fig. 3).

Before the tensile test After the tensile test

Fig. (3). Laminates, before and after the tensile test.

The tensile testing of five laminates is carried out, and the tensile strength, the tensile modulus and the failure mode
are tabulated in Table 4. In Table (4), the specimen failure mode is represented by three-part code letter as per ASTM
D3039 standard. The first letter indicates the failure type, the middle letter indicates the failure area, and the last letter
indicates the failure location.
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Table 4. Tensile test data of the laminate.

Dimensions, Wxt (mmxmm)| Max. Displacement (mm) [Max. Load (kN)| Tensile Strength (MPa) Tensi:z;ll:’{l(;dulus Failure Mode
25.08 x 3.05 8.9 46.38 606 54 LGM
25.25x3.06 9 53.12 688 54 LAB; LAT
25.32x3.06 10.1 50.97 656 54 LAT; LAB
25.31x3.07 8.46 52.90 680 54 LGM; LAB
25.29x3.10 9.17 50.53 644 54 LAT; LAB

Using the stress-strain data, the tensile modulus is calculated. The tensile strength is calculated as

Maximum load

Tensile st th = ——— 1
ensile streng Wit @

Where, W and t are the width and thickness of the specimen, respectively. The average tensile strength and average
tensile modulus of the laminate are found to be 654.8 MPa and 54 GPa, respectively.

3.2.2. Flexural Test

A three point flexural test is conducted. In the flexural test, the test pieces of required dimension are placed in the
electromechanical UTM roller support, at a distance of span length of roller supports. The ASTM standard is D790, the
support spam length is 48 mm (16xt = 16x3 = 48, where t is the thickness), and the cross head speed is 2 mm\min. Fig.
(4)shows the laminates, before and after the flexural test. In Fig. (4), arrow marks indicate the failure area.

Before the flexural test After the flexural test

Fig. (4). Laminates, before and after the flexural test.

The flexural testing of five laminates is carried out, and the flexural strength, the flexural modulus and the failure
mode are tabulated in Table 5. In Table 5, ‘C’ means compression and ‘T’ means tension. Using the stress-strain data,
the flexural modulus is calculated. The flexural strength is calculated as

3
Flexural strength = (Ex Pxs)/(Wxt) ?2)

Where, P is the load, s is the span length, W is the width of the specimen, and t is the thickness of the specimen. The
average flexural strength and flexural modulus of the laminate are found to be 704.2 MPa and 60 GPa, respectively.

Table 5. Flexural test data of the laminate.

Dimensions, Wxt (mm’)|Max. Displacement (mm)| Max Load (kN) Flexural Strength (MPa) |Flexural Modulus (GPa) |Failure Mode

10.46x3.10 1.64 0.97 697 56 C failure
10.45x3.06 1.69 0.98 721 62 T failure
10.47x3.04 1.8 1.02 758 59 C; T failure
10.05x2.97 1.9 0.86 670 60 C failure

10.48x3.00 1.9 0.88 675 63 C failure
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3.2.3. ILSS Test

ILSS is the source of failure, a unique characteristic of the composite structure. The presence of ILSS in the
laminate leads to breaking of the lamination. The ILSS arises due to the various reasons. One is the material property
between the layers. The ILSS would tend to shear apart the interface in the corresponding directions.

In this test, the load is applied tangentially on the surface of the laminate; when the load reaches the maximum, the
first layer of laminate breaks. The ILSS tests are performed by using a rigid three-point bending fixture in the UTM.
The span-to-thickness ratio is 10 mm, which is very short. This tends to high shearing forces and relatively low bending
moments in the laminate. The ASTM standard is D2344, support span length is 24 mm (4 x t =4 x 6 = 24, where t is the
thickness), and the cross head speed is 1 mm\min. Fig. (5) shows the laminates, before and after the ILSS test. In (Fig.
5) arrow marks indicate the failure area.

Before the ILSS test After the ILSS test

Fig. (5). Laminates before and after the ILSS test.

The ILSS testing of five laminates is carried out, and the ILSS values are tabulated in Table (6). The ILSS is
calculated as

ILSS = (Z X Prax) / (Wx 1) ®

Where, P is the load, W is the width of the specimen, and t is the thickness of the specimen. The average ILSS
strength is found to be 34.51 MPa.

Table 6. Flexural test data of the laminate.

Dimensions, .

Wit (mm?) Max. Displacement (mm) Max Load (kN) ILSS (MPa)
10.71 x 5.93 0.420 2.93 34.60
10.72 x 6.02 0.399 3.07 35.67
10.74 x 5.68 0.323 2.87 35.28
10.79 x 5.54 0.369 2.68 33.62
10.8 x 5.82 0.326 2.30 33.40

3.3. Physical Tests of the Laminate

3.3.1. Density of the laminate

The density of the laminate is unknown as we do not know the mass occupied by the volume of the fiber and can be
calculated by Archimedes’ principle. Three specimens (10x10, mm’) are taken into the Accurate Sartorius weighing
machine. The weight of each specimen is measured in air. Now, the specimens are placed in a crucible with distilled
water for 2 minutes to remove the air bubbles. Subsequently, the weight is measured with distilled water. The difference
between the two measured values gives the weight loss in water by Archimedes’ principle.
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LA W, (W.-W,) Density (g/cm’)
0.6627 0.1772 0.4855 1.3650
0.4856 0.1325 0.3531 1.3752
0.5358 0.1390 0.3752 1.3500
The density of the laminate is calculated as
Density of the laminate = L x Density of water (C))
(Wa - Ww)

Where, W, is the weight of the solid laminate in air, W, is the weight of the laminate in water, and (W, - W,) is the
weight loss of the laminate in water. Table (7). shows the density test data of the laminate. The average density of the
laminate is found to be 1.363 g/cm’.

3.3.2. Fiber Content and Resin Content Tests

Three specimens are chosen to know the amount of fiber and resin in the laminate of size 10 mm x10 mm. First, the
weight of the laminate is measured. Subsequently, these are taken into a beaker which is filled with nitric acid (about
50ml). The beakers are placed on the heater surface for 2 to 3 hours, at a temperature 50°C to 60°C. On contact with
nitric acid, the resin in the laminate gets dissolved. The fiber gets separated, and the filtration process is carried out.
Before the filtration process, the empty crucible is placed in the furnace at a temperature 110°C for 1 hour, to remove
the moisture content in the crucible. Then, the weight of each crucible is measured, and the values are noted down.
Cleaning is furnished by alternately applying acetone and distilled water for about three times. The separated fiber from
the resin is placed into the muffle furnace at about 110°C for an hour. Now, the weight of the crucible with fiber is
measured. The difference of the two gives the actual weight of the fiber. Egs. 5 and 6 define the percentage of the fibre
content and the resin content in the laminate, respectively.

(We — Wp) <100 5)

a

Percentage of the fiber content in the laminate =

Percentage of the resin content in the laminate 6
(

= 100 — (percentage of the fibre content in the laminate)

Where, W, is the weight of the solid laminate in air, W, is the weight of the empty crucible, W_ weight of the
crucible with fiber, and (W W,) is the weight loss of the fiber content. Table (8). shows the test data of the fiber
content and the resin content in the laminate. The average fiber content and the average resin content are found to be
47.61% and 52.39%, respectively.

Table 8. Fiber content and resin content in the laminate.

W, W, W, (W-W,) Fiber Content (%) Resin Content (%)
0.6627 64.8600 65.1669 0.3069 46.31 56.69
0.4856 62.6904 62.9245 0.2341 48.21 51.79
0.5358 63.5436 63.8025 0.2589 48.32 51.68

3.3.3. Void content

The void content is calculated as per eq. 7.

Void content = 100 — (Viiper + Vriesin) ™
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Weight of the fiber X pcomposite

Pfiber
()
52.39x1.363

= — = 0,
178 40.11 %

where Viper

Weight of the resin X pcomposite
Presin )
47.61x1.363
N 12

and Viesin =

= 54.07 %

Therefore, void content = 100 - (40.11 + 54.04) = 5.82%

4. RESULTS AND DISCUSSION

The summary of the test results is shown in Table (9). The requisite average values are compared with the obtained
average values, considering various test parameters. From Table (9), it is observed that the obtained average values of
the laminate are higher than the requisite average values. Hence, the laminates can be used in many industrial and
commercial applications as a composite material.

Table 9. Summary of test results of the laminate.

Test Parameters No. of Laminates Avg'l;z‘:lg:lue
Tensile strength 5 654.8 (MPa
Tensile modulus 5 54 (GPa)
Flexural strength 5 704.2 (MPa)
Flexural modulus 5 60 (GPa)
Inter laminar shear stress 5 34.51 (MPa)
Density 3 1.363 (g/em’)
Resin content 3 52.39 (%)
Fiber content 3 47.61 (%)
Void content 3 5.82 (%)

CONCLUSION

Experiments are carried out to prepare PAN carbon fiber/epoxy resin composites, using the hand-lay-up method.
Epofine-1555 is used as the epoxy resin. The mixture of the resin and hardener (equal to the weight of the fiber) is
prepared. The resin and hardener are taken in the ratio of 100:27. The different processes, such as cleaning, pre-preg,
curing and cutting, are carried out to produce the matrix laminates. The composite matrix laminates are in size 250 mm
x 250 mm and 150 mm x 150 mm. The PAN carbon/epoxy laminates are in good condition.

Then, two types of tests, i.e., the non-destructive testing and the destructive testing are carried out. For the non-
destructive testing, the ultrasonic type is used, and no visual defects are observed. For the destructive testing, a UTM is
used to test the tensile test, the flexural test and the ILSS test, as per the ASTM standard. Subsequently, the physical
properties, such as the density test and the fiber content, the resin content and the void content tests of the laminate are
carried out.

The experimental results show that the matrix laminates have good mechanical and physical properties. Due to
multiple layers, the differences in structure and composition give the desired properties to the laminates [21]. The
correlation of the above results emphasizes the significance of adequate combination and proper reinforcement in the
matrix composite. Hence, the laminates can be used in many industrial and commercial applications, as a composite
material.
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