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ABSTRACT

Carbon fiber reinforced thermoset composites such as carbon fiber epoxy composites are widely used in
aircraft and aerospace, and are being increasingly used in automotive applications because of their light-
weight characteristics, high specific strength, and stiffness. The carbon fiber content in the composite
plays a critical role in enhancing structural performance. The carbon fibers contribute to the strength
and stiffness; therefore, the mechanical properties of the composite are greatly influenced by the carbon
fiber content. Measurement of carbon fiber content is essential for product quality control and process
optimization. In this work, a novel carbonization-in-nitrogen (CIN) method is developed to characterize
the fiber content in carbon fiber thermoset composites. A carbon fiber composite sample is carbonized in
a nitrogen environment at elevated temperatures, alongside a neat resin sample. The carbon fibers are
protected from oxidization while the resin (the neat resin and the resin matrix in the composite sample)
is carbonized under nitrogen environment. The neat resin sample is used to calibrate the resin carboniza-
tion rate and calculate the amount of the resin matrix in the composite sample. The new method has been
validated on several thermoset resin systems, and found to yield accurate estimation of fiber content in

carbon fiber thermoset composites.

Published by Elsevier Ltd.

1. Introduction

Carbon fiber reinforced thermoset composites have been widely
used in many high-performance applications because of their
widely described advantages, especially high specific strength,
stiffness and stiffness-to-weight ratios, and many other advantages
[1-4]. It is known that the carbon fiber content, as one of the most
important parameters, determines the mechanical and other prop-
erties of carbon fiber composites. Smith et al., Chen et al. and
Simon et al. have studied the effect of fiber content on resulting
properties of composite materials [5-7]. Carbon fibers act as the
primary reinforcement to provide strength and stiffness for fiber
reinforced composites.

Traditionally, standard methods established by ASTM D3171-
Standard Test Methods for Constituent Content of Composite
Materials are applied for determining fiber content in carbon fiber
composites [8]. These methods require that the resin matrix be
completely removed from a carbon fiber composite either by acid
digestion or burn-off in air and only the carbon fibers remain in
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the residue. Despite widespread use, the acid digestion and burn-
off-in-air methods are not without limitations. The acid digestion
method has been restricted to certain resin systems, such as
polypropylene and epoxy, which could be dissolved completely
in acids. Highly hazardous acids such as hydrochloric and sulfuric
acids used in the acid digestion method could pose potential haz-
ards to the operator, as well as the environment. In addition to the
excessive time required for acid digestion, there are several semi-
crystalline resins (e.g. polyimide) that cannot be dissolved in sol-
vents (e.g. hydrochloric acids) [9]. The burn-off-in-air method is
only applicable for resins that are easy to degrade at elevated tem-
peratures. High temperature resins, such as epoxy (decomposition
temperature >400 °C) typically used in aircraft and automobile
applications, will only totally degrade in air at temperatures that
will also cause the carbon fibers to oxidize [10]. In addition, air-
borne carbon particles from matrix burn-off in air pose potential
hazards to the operator and the environment.

Another method used for measuring carbon fiber content is
Thermogravimetric Analysis (TGA), as reported by Polis [11]. In this
method, a sample weighing less than 0.1 g is used. This small sam-
ple size is not sufficiently representative of carbon fiber composite
structures. The TGA method has not been widely adopted because
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of low confidence level which is derived from using small sample
size (0.1 g) to represent large composite structures.

Optical microscopy is another method which has been reported
by Purslow et al. and Cohen et al. [12,13]. The fiber content is
measured through optical image analysis, with the image obtained
from a polished composite sample. The accuracy of this method is
highly dependent on sample preparation, number of cross-sections
being examined, and image filtering. In addition, a sufficient
number of cross-sectional surfaces should be examined in order
to obtain a fiber content representative of the whole sample. This
may also lead to misrepresentation of studying three-dimensional
features (fiber volume/weight content) using two-dimensional
characterization method.

In this paper, a generalized method is developed to measure the
carbon fiber content in carbon fiber reinforced thermoset
composites.

2. Experiment
2.1. Procedure description

A carbonization-in-nitrogen (CIN) method is developed to
characterize carbon fiber reinforced thermoset composites. A
carbon fiber reinforced thermoset composite is carbonized in a
nitrogen-purging tube furnace along with a reference neat (unrein-
forced) resin. The reference neat resin is the same as that used in
the carbon fiber reinforced composite. However, it may be difficult
to procure the neat resin sample in some cases, which could be
the drawback of this method. During carbonization in nitrogen,
the resin matrix in the carbon fiber composite and the reference neat
resin are carbonized under high temperature (400-600 °C) and inert
atmosphere. The inert atmosphere is required to avoid oxidation of
the carbon fibers. The products of the carbonization of the neat resin
and the resin from the composite include both gaseous fumes that
are vented and carbonized residue that remains in the furnace.
The carbonized residue from the reference neat resin provides the
percentage of carbonization of the resin. This residue information
can be used to calculate the amount of resin matrix in the composite.
Fig. 1 illustrates the procedure. Carbonization rate (CR) of the neat
resin can be estimated from the neat resin sample (m) and its
residue (mq—m,) in accordance with Eq. (1):

CR = (Mg — Mc)/m (1)

where CR - carbonization rate (a value between 0 and 1) of the
reference neat resin, m¢, - residue mass from the reference neat
resin sample in its crucible, m. - the crucible mass and m - refer-
ence neat resin sample mass.

The carbon fiber content (weight fraction), Wy, in the composite
sample could be calculated in accordance with Eq. (2) that is devel-
oped for the first time:

Reference » Carbonized neat resin
neat resin
sample Carbonization rate (CR) |
Carbon fiber
composite | Carbonized resin matrix
sample
N
Tube Furnace | Carbon fiber

N3, 400-600°C for 1hr

Fig. 1. The carbonization-in-nitrogen flow chart. Note that the carbonization rate is
used for calculating the amount of resin matrix in the composite sample. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 2. TGA plot of the mass fraction loss of epoxy resin at 600 °C. Note that the
resin still has residue after 60 min in nitrogen. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. TGA plot of the mass fraction loss of vinyl ester resin at 600 °C. Note that the
resin still has residue after 60 min in nitrogen. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4. TGA plot of the mass fraction loss of carbon fiber at 600 °C in nitrogen. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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