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Tensile properties of VGCF reinforced carbon
composites
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Carbon composites based on vapor grown carbon fibers prepared by a fixed catalyst
method were fabricated using a pitch infiltration technique. The composites have both
unidirectional and bi-directional fiber reinforcement, and different fiber volume fractions
ranging from 25% to 56%. Specimens were prepared from these composites for tensile
testing at room temperature, and tensile modulus and strength were determined. The
composite modulus was then used to estimate the fiber modulus. © 1999 Kluwer
Academic Publishers

1. Introduction Tensile tests were carried out using an Instron TTC
Growth of carbon fibers from vapor phase hydrocar-Universal Testing Machine. Straight-side tensile bars
bons was observed more than 100 years ago [1]; howwith dimensions of 25.4 mm 25.4 mmx 1 mm were
ever, methods for producing research quantities werenachined from the VGCF/C composites. Tabs for the
not developed until the early 1970’s [2—4]. More recentInstron grips were applied with epoxy; a biaxial strain
work has been directed to methods of producing thiggage was applied to the center of the sample to record
type of fibers or vapor grown carbon fiber (VGCF) with both longitudinal and transverse strain. The load and
different morphologies and in larger quantities [5—7]. strain signals were monitored with a Keithley System
For example, discontinuous VGCF can be produced70 Data Acquisition System. The signals were ana-
on a floating, gas-phase catalyst [8], while continuoudyzed and stored using a personal computer to calculate
VGCF can be produced on a catalyst-seeded substratiee ultimate stress, ultimate strain, and elastic modulus.
[9]. Unlike other carbon fibers, VGCF produced by the The cross-head speed was 0.127 mm/min. The tangent
latter technique is in a form of mat. A VGCF mat con- modulus was calculated using a linear curve fit between
sists of interwoven, semi-aligned, fibers. Due to the restrain values of 0.0025% and 0.02%. For unidirectional
stricted availability of VGCF mats, composites basedfiber reinforced composites, the load was parallel to the
on this type of fiber have been limited. Recent effortsfiber axis. For the 0/90 composite, the load was parallel
have been made to investigate the thermal properties ¢6 one of the fiber orientations.
VGCF mat reinforced composites [10, 11]. In this pa-
per, we further describe the tensile properties of VGCF
mat reinforced carbon composites. 3. Results and discussion

A total of 8 different composites were obtained. The

densities, fiber volume fractions, mechanical proper-
2. Experimental ties, and fiber architectures of these composites are
VGCF mats were grown on substrates which were pregivenin Table I. Depending on the fiber volume fraction
viously seeded with iron particles, in a flowing gas mix- and architecture, different composite densities were ob-
ture of CH, and H; at a temperature near 1000. The tained after two cycles of pitch infiltration. It appears
fibers grew in a unidirectional orientation in the direc- that the composite density increases as the fiber vol-
tion of gas flow. After removal from the reactor, VGCF ume fraction increases. It is thought that such an in-
were shaved from the substrate, and cut to the dimererease mainly came from the increasing fiber volume
sions for preform fabrication. Preforms with both unidi- fraction as the highly graphitic fiber has a higher den-
rectional (1D) and in-plane orthogonal (0/90, 1:1 ratio)sity than the pitch-derived matrix. It was found from
fiber orientation (2D) were made using furfuryl alcohol OM microstructural analysis that composite densifica-
as the binder. The as-made preforms were carbonizetibn was homogeneous, the matrix carbon remains in
at 950°C for 2 hours. These preforms were then densi-contact with the fiber.
fied by two cycles of pitch (Ashland A240) infiltration.  Tensile testing was performed on various composite
After densification, the composites were heat treatedpecimens with different fiber volume fractions, fiber
at 2800°C for 15 min. Specimens were prepared forarchitecture, and densities as shown in Table I. Re-
microstructural analysis using an optical microscopepresentative stress-strain curves for unidirectional and
(OM) under polarized light and scanning electron mi-0/90 composite specimens are given in Fig. 1. They
croscope (SEM). both resemble a typical stress-strain curve of brittle
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TABLE | Characteristics of VGCF/C compositd4.= fiber volume (|ength to diameter)_ The functioﬁ(@) is a fiber dis-
fractions,F, = fiber architecture tribution function and

Density Modulus (GPa)  Strength  Strain

D kgm® (%) Longitudinal (MPa) @) Fa f (0) = 1 for perfectly aligned f_ibers, _
f (9) = 1/3 for 2D randomly oriented fibers, and
A 1650 25 430 76.6 019 1D f (0) = 1/6 for 3D randomly oriented fibers.
B 1720 37 510 69.6 016 1D
C 1790 48  57.2 66.8 015 1D ; ; ;
b 1780 55 861 072 007 1D The functiong(as) is defined as
E 1580 30 262 435 014 2D
F 1710 39 300 40.7 016 2D g(a) =1— tanhB
G 1830 48 482 37.9 010 2D B
H 1850 51  56.9 35.1 016 2D |\ hore

Gm/E
g
composite material [12]. Data obtained from tensile n(m/2V)

testing are summarized in Table I. Each datum point hereG - is the matrix shear modulus
shown in Table | represents an average value of at lead The nToduIi of VGCE have been détermined using
five sampl_es. .It IS apparent tha_t composite modulus_ "Ndirect measurements on the fiber by various research
creases with fiber volume fraction (Fig. 2). To describe roubs. The data obtained were scattered. The mod-
the relationship, a modified Cox’s model was used [13] groups. '

The model has been previously applied to predict meEJII were determined to be in the range of 360 GPa

chanical behavior of VGCF reinforced epoxy compos-t0 600 GPa [15], 225 to 465 GPa [16], or 130 to

ite [14] 196 GPa. Takinde, = 12 GPaGy, =1 GPa[17], fiber
According to the model, the composite modul length=1 cm, and fiber diameter 7 um (length and
g ’ P & diameter are based on observation using scanning elec-
can be expressed as

tron microscopy), experimental data for 1D compos-
ites are best described by Equation 1, wit(®) =1,
Ec = Em(1— W) + f(0)9(ar) Bk (1) when the fiber modulus is within a range of 100 GPa
to 150 GPa as shown in Fig. 3. For the 2D composites,
where Ep,, and E;, are the matrix modulus and fiber the modified Cox’s model describes only random 2D
modulus, respectively, anal is the fiber aspect ratio composites but not 2D orthogonal composites. From
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Figure 1 Stress-strain curves of VGCF/C composites.
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Figure 2 Composite modulus increases as the fiber loading increases.
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Figure 3 Comparison between experimental data and predited data of 2D composite modulus.

Equation 1, it is seen thaft(0) is a parameter which increasing fiber volume fraction. It is further seen that
reflects that contribution of the fiber according to theno direct correlation between the composite strength
fiber architecture. It can be shown thigp) equals 1/2  and density can be found. The strength and failure strain
approximately for 2D orthogonal composites [14, 18].data shown in Table | and Fig. 5 indicate that the com-
With f(0) =1/2, the experimental data are describedposites failed at strains below that of the reinforcing
by Equation 1 when the fiber modulus is within a rangefiber (typically~ 0.5% [9]) and did not receive any
of 110 GPa to 210 GPa as shown in Fig. 4. From thestrengthening effect from the reinforcing fiber. It has
above analysis on 1D and 2D composites, the modubeen reported in a number of brittle composite systems
lus of VGCF seems to be in the range of 100 GPa andhat the composite strength can decrease with increas-
210 GPa. ing fiber loading [19-22]. The strength behavior has
It was expected that the composite strength wouldeen attributed to matrix damage associated with the
increase with fiber loading. However, as shown inintroduction of fiber. This is thought to take place in
Table | and Fig. 5, composite strength decreases witkhe present case. Such damage is believed to occur as
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Figure 4 Comparison between experimental data and predited data of 1D composite modulus.
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Figure 5 Composite strength decreases as the fiber loading increases.

a result of the mis-match in thermal expansion. Carincreasing fiber volume fraction, the composite strength
bon fibers have a negative coefficient of thermal ex-decreases.

pansion (CTE) in the axial direction over a wide range

of temperature. As the degree of structural order of

the fiber increases, the wider is the temperature rangg. Conclusion

[23]. It has been shown that VGCF has the highest deTensile properties of carbon composites reinforced with
gree of structural order among all carbon fibers; therevapor grown carbon fiber were determined. Although
fore VFCF exhibits the widest range of temperaturecomposite modulus increased with increasing fiber
over which the CTE is negative. As a result, signifi- loading, composite strength decreased with increasing
cant thermal stresses could occur after the pitch infilfiber loading. The latter is thought to be due to matrix
tration which is then further raised when cooling from damage as a result of thermal stresses. The moduli of
the high temperature heat treatment. As a result dameomposites were also used to estimate the fiber modulus
age in the lower strain-to-fail matrix carbon occurs. based on a modified Cox’s theory. The tensile modulus
The magnitude of such damage is thought to be highesf VGCF was estimated to be in a range of 100 GPa to
as the fiber volume fraction is higher. Therefore, with210 GPa.
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