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DEVELOPMENT OF A CARBON-CARBON SANDWICH COMPOSITE WITH A CELLULOSE
DERIVED CORE

by

MATT BROWN

Under the Direction of Chris Byrne

ABSTRACT

The development of a carbon-carbon sandwich composite with a cellulose derived core was developed
and its properties investigated. This type of hybrid composite has never been made before. The goal
was to combine the high temperature properties of carbon-carbon composites with the low weight of
sandwich composites. In order to create a material with superior thermal properties and a high specific
strength a carbon-carbon sandwich composite was developed utilizing a carbonized wood core. The
composite was successfully constructed using an industrial grade carbon glue to hold two layers of
carbon fiber weave on the top and bottom of the core. Composite samples were found to have a
maximum breaking stress ranging from 300 to 1100 psi. It was determined that a carbon-carbon
sandwich composite can be fabricated using a wooden core and that further investigation is warranted
and should focus on improving the overall strength of the composite material.
INDEX WORDS: Carbon-carbon, Composite, Engineering, Material science, Sandwich Composite
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Introduction
1.1: Overview of Carbon-Carbon Composites
Carbon-carbon composites are becoming more common as more efficient and cheaper
methods to manufacture them are developed. With increasing uses comes a need for more
advanced and application specific carbon-carbon composites. This study focuses on the
development of a carbon-carbon sandwich composite with a cellulose derived (carbon) core.
In many aerospace applications harsh conditions require use of materials with, high
specific strength and outstanding thermal properties. Carbon-carbon composites have been
used extensively in fulfilling this role. These composites have the unique ability to maintain
their mechanical properties such as at temperatures exceeding 2000 ºC in a non-oxidizing
atmosphere (1). This makes carbon-carbon composites prime candidates for leading edges of
a space shuttle or jet wings as seen in Figure-1, or for use in propulsion systems which
require excellent thermal and mechanical properties (2, 3, 4). Carbon-carbon composites also
have very good frictional and thermal properties, allowing them to be used in highperformance brake pads (2, 3).
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Figure-1: The orbiter Endeavour touching down in 1995. Note the leading edges of the
wings and the front nose is a Reinforced carbon-carbon composite.
(http://science.ksc.nasa.gov/shuttle/missions/sts-69/images/medium/KSC-95EC-1339.jpg)

These composites also have low thermal expansion coefficients and high thermal
conductivity allowing them to withstand rapid temperature changes (4). These composites
do have several drawbacks, including low oxidation resistance and high expense and
difficultly to use in manufacturing (2, 3, 4). Much effort goes into making a carbon-carbon
composite strong enough so that it can be a main component of a space shuttle nose, where it
will experience temperature ranges from -250 to 2300 ºC (3) and high stresses. Making
carbon-carbon composites in a more cost and environmentally efficient way could allow their
use in industries other than aerospace.
Carbon-carbon composites are materials made from carbon fibers embedded in a
carbon matrix (5). Carbon-carbon composites excel mechanically in high-temperature inert
(non-oxidizing) atmosphere applications because their strength does not decrease as quickly
with temperature which is typical of most metals (1, 3, 4,). Carbon-carbon composites also
2

have very low weight when compared to other materials with similar thermal and mechanical
properties such as ceramics (3, 4). There are several limitations to carbon-carbon composites
that are keeping them out of industries besides aerospace; the difficulty of fabrication, the
difficulty of creating large composites, and their cost (1). It is difficult to make large and
complex carbon-carbon components because their brittle nature makes traditional joining
methods such as, bolts, rivets, and screws very difficult to use (1).
1.2: Overview of Sandwich Composites
Sandwich composites are a unique composite structure that takes advantage of how
stress is carried through a beam. When a beam is subjected to a bending moment, the largest
tension or compression is present at the top or bottom of the beam. By placing a stronger
material on the top and bottom layer of a beam and a lighter, usually porous and thicker
material near the neutral axis, a high strength and low weight material can be made. The top
and bottom layers are often referred to as the skins of a composite and are usually composed
of fiberglass or carbon fiber weaves. The central wooden core is strong in the direction of
the wood grain, which in a living tree runs parallel to the length of the trunk, providing an
excellent column support for the large and heavy tree. Taking advantage of this property, the
grains were oriented through the thickness of the sandwich composite, providing structural
support for the skins. The core keeps the skins apart and allows for stresses to be transferred
through the cross-section. To achieve this, the core must have significant compressive
strength and be well bonded to the skin.
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1.3: Background on Carbon Fibers
Carbon fibers typically consist of two dimensional hexagonal graphite crystals arranged in a
textured pattern forming filaments that when bundled form a fiber, these filaments are very
small as seen in Figure-2 (6). Carbon fibers can be derived from three precursors: rayon,
polyacrylonitrile (PAN), and pitch (isotropic or anisotropic) (6). The different types of
carbon fibers exhibit a variety of properties, which are also dependent upon heat treatments
(2, 7).

Figure-2: From the bottom left to top right a 6 µm diameter carbon fiber filament on top of a
human hair running from top left to bottom right (Wikipedia Commons).

1.4: Background on Carbonization Process
In order to convert the core material, wood, into a carbon material suitable for applications in
temperatures exceeding 2000 ºC, a process called carbonization or pyrolysis is used (2).
During this process, the wood (composed of cellulose, hemicellulose, and lignin) is heated to
4

around 800 ºC in a controlled nitrogen atmosphere so that the wood does not oxidize and is
converted into a carbon monolith that retains the anatomical features of the plant precursor
(2). Since the carbonized wood retains many of the anatomical features of the precursor
plant, variable properties are attainable by simply changing the species of tree (2). There is
some shrinkage involved in the carbonization step, but now that the material is almost 100%
carbon it can be further processed without any changes in dimension (2). In order to bond
the skins to the carbonized wood cores and to hold the cores together, phenolic resins are
typically used because of the high yield of carbon with carbonization and the ease of
impregnating fibers to form a tight bond (8). When carbonized, phenolic resins have a
tendency to form large pores and cracks that does not allow the formation of a tight bond
decreasing the overall strength of the bond. The porosity can be reduced by the addition of
carbon-black or graphite powder before curing and carbonization (8)
The purpose of this study was to determine if a carbon-carbon sandwich composite
with a cellulose derived core could be made, and if so what properties would it have. If
successful, this material would be strong in high temperature, inert atmospheres, compared to
other materials. The material would also be very lightweight and have a core made from a
renewable resource. In this work we demonstrated the viability of creating carbon-carbon
sandwich composite with a cellulose-derived core. Samples mechanical properties were
made and tested for strength at room temperature, and efforts were made to maximize the
bond strength in the composite samples.

5

Experimental
2.1: Fabrication of carbon-carbon sandwich composites
Radiata Pine planks were cut into small rectangular sections (5.5”x7.5”) and carbonized in a
furnace (Rapid Temp Furnace, CM Inc.) at 800 ºC. Simplified steps of the fabrication
process can be seen in Figure-3. The carbonization cycle used was determined according to
previous research (2). These carbonized sections were then sanded and leveled before being
cut into 0.35” x 0.50” x 3-4” sticks.
Carbonize
wood

Cut carbon fiber weave
to shape

Prepare Glue

Shape carbon

Apply resin in between carbon cores and on
the top and bottom of composite

Place carbon fiber weave on top and bottom, roll flat to ensure glue
soaks completely through the weave

Cure sample

optional
Carbonize sample

Apply more
glue, cure, then
re‐carbonize

Figure-3: Carbon-carbon sandwich composite fabrication process from initial carbonization
of core precursor (wood) to the final re-carbonization of the entire sandwich composite.
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Glue (either C-34 or Phenolic resin with 12 wt. % Carbon-Black) was evenly and thinly
spread over the sides of the carbon sticks so that they could be joined together and on the
tops and bottoms to bond the carbon fiber weaves in place. The carbon sticks were glued
together with their grains facing upwards as seen in Figure-4. The wood grain refers to the
orientation of the wood fibers that make up the bulk of a tree; running parallel to the axis of
the tree. The wood grain is oriented in this manner, with the grain oriented along the
thickness of the sandwich composite, to maximize the compressive strength of the core. The
core material of a sandwich composite material must have high compressive strength to
support and withstand the forces placed upon it by the skins. Two different types of glue
were used at various stages in the composites development, a lab made mixture of phenolic
resin (Plenco Liquid Phenolic Resin 14056) with carbon-black (12 wt. %) and an industrial
grade carbon glue (UCAR C-34 Cement, containing: graphite powder, carbon-black,
phenolic resin, hexamethylenetramine, and transil oil).

7

Figure-4: Precursor carbonized wood; wood grain is oriented parallel to the long side of the
plank. B- Sectioned pieces that will form the core of the sandwich composite, grain is
oriented to be facing upwards. C, D- The four wood pieces that comprise the core, grain is
oriented parallel to the thickness of the pieces.

Once both layers of carbon fiber weave were in place on either side of the carbon sticks core
(See Figure-5), a small rod was rolled across each layer until the glue had completely soaked
through the fiber weave.
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Figure-5: Sandwich composite structure.
The composite sandwich was then cured in a furnace (Vulcan 3-1750 NDI) for a twenty hour
and eight minute cycle as directed for curing of Phenolic resin. The curing was done in three
steps; the furnace was initially heated up to 115 ºC at a rate of 5 degrees per minute and held
at this temperature for 10 hours. During the second stage, the furnace was heated to 130 ºC
at a rate of 0.1 degrees per minute and held at this temperature for 2 hours. The final stage of
the curing brought the furnace to 150 ºC at a rate of 0.1 degrees per minute and held for
another 2 hours. After this initial curing, three samples had another layer of C-34 glue spread
onto the skins. These samples were then cured again using the same cycle. Once the curing
cycle had been completed, the furnace was allowed to cool to room temperature before the
samples were removed and later carbonized. Cured and carbonized samples had excess
carbon fiber weave cut off to clean up the sample and make visual observation easier during
mechanical testing.
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2.2: 3-point bend test to determine core to core strength
A three-point bend test was utilized in order to determine the relative strength of the
bond between the carbon cores. Two carbonized wood cores were glued together using
either the lab mixed glue or the industrial grade carbon glue. The sticks were attached end to
end so that the samples could be used in a three point bend apparatus and to simulate the
bonding surfaces that would be used in the final composite material. The samples were
cured and then carbonized; some samples remained un-carbonized for comparison. A small
container was attached to the joint of the two sticks and sand was slowly added until the
sample broke. The container was then weighed to determine the amount of weight that the
joint could support before failing.
2.3: Flexure testing specifications
In order to test the strength of the sandwich composite material a computer controlled
load frame three-point bend test was used. A United load frame was used along with data
acquisition software to record sample data while the test was being performed. Testing
specifications were as follows: Force: 2000, Break Sense: 500, Strain: 0, Speed: 2.
Composite samples were loaded into the apparatus as seen in Figure-6.
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Figure-6: 3-Point bend apparatus used to test mechanical properties of composite samples.
Results and Discussion
3.1: Fabrication of carbon-carbon sandwich composites
Twelve sandwich composites were successfully fabricated (see Figure-7), using the
methods described in the experimental section.
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Figure-7: Fabricated sandwich composites before testing, top row of composites have had
an additional layer of C-34 glue added.

For both of the glues used, the phenolic resin mixed with carbon-black and the C-34 glue, it
was determined that the resulting bond strength increased when the glue was allowed to sit in
air for 24 hours prior to application as seen in Figure-8 for the phenolic resin glue. The glue
was exposed to air for 24 hours before use to allow time for it to thicken up because some of
the solvent (furfuryl alcohol) would evaporate. During the curing process most of the solvent
evaporates out, creating bubbles and voids, having less solvent in the glue at the time of
curing results in a tighter bond.
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Figure-8: Breaking weight in a 3-point bend test of core-to-core bond strength with phenolic
resin and carbon-black with no set time and 24 hours set time prior to carbonization; Results
are averages ± SD, n ≥ 3.

Applying force using small steel bars to the sandwich composite edges while initially curing
resulted in a stronger and tighter bond. These small steel bars held the uncured composite
together while the glue was curing. This benefit was also seen in vacuum composite
fabrication methods that hold the entire composite in place while curing (9). This happens
because gas bubbles form while curing the phenolic resins, causing the composite to bond
poorly or not at all. Three samples had an additional C-34 glue layer added so that a denser
and stronger skin could be achieved.
3.2: Testing of core to core bond strength
A plain phenolic resin was initially used to glue the composite together. Phenolic
resin was chosen because of its high carbon yield when carbonized and its ability to infiltrate
13

the carbon fiber weaves with relative ease (8). During the initial mechanical testing of the
core to core bond, samples glued together with only phenolic were either too fragile to test or
did not stay together at all after carbonization. In order to get higher carbon content and
smaller pores after carbonization, thus strengthening the bond, carbon black was added to the
phenolic resin. To determine the optimal amount of carbon black needed, various weight
percents of carbon black were added to phenolic resin and samples were tested in a 3-point
bend to determine which had the strongest bond. A twelve weight percent was found to be
sufficient and supported by previous research (8), this homemade glue was used until an
industrial grade carbon glue was obtained.
3.3: Flexure testing of final composite material
After successful fabrication of a complete sandwich composite, flexure testing was
performed to determine the strength of the overall composite (Figure 9).

Figure-9: Sandwich composite sample, after subjected to a 3-point bend test. Sample
dimensions are 2.10” x 3.66” x 0.420”.
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It was difficult to observe both the sample being tested and the live force vs. displacement
curve being generated during the testing. From observation, it was determined that the large
drop-offs in the Force vs. Displacement curves generated for each sample indicate the
carbonized wooden core cracking as seen in Figure-10. Each time a crack would form in the
core material, the force would drop off temporarily until the core began to support the
loading again. This cracking would occur several times during the testing of each sandwich
composite (at 0.04, 0.06, 0.07 and 0.08 in), until the core was unable to support any more
load and the composite completely failed (as seen in the very large drop-off of force on the
right hand side of Figure-10 at 0.1 in). The cracking phenomenon is typical of brittle
materials, which usually have high compressive strengths and fail before plastically
deforming. The wooden cores almost always failed in the middle of the sample, as seen in
Figure-9, in which the crack was not initially through the entire thickness of the sample but
had propagated through by the completion of the test. The carbon fiber skins of the
composite material never failed during the test, but did rip slightly at one bottom support in
the samples with an additional application of C-34 glue. The samples with two applications
of C-34 glue showed no significant increase in maximum breaking force when compared to
the samples with only one application of C-34 glue. Applying C-34 glue layers sufficient
enough to make a hard thick layer would be necessary in order to increase the strength of the
composite. A comparison of the breaking force for three different composites can be seen in
Figure-11 and Table-1.
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Figure-10: Typical Force vs. Displacement curve from flexure testing of sandwich
composite material. Each sudden drop-off in force indicates a crack forming in the core
material, with the largest drop-off indicating complete failure of the composite.

Figure-11: Full composite flexure testing of 3 different composite types; A single application
and curing of the C-34 glue, a double application and curing of the C-34 glue, and the
mixture of phenolic resin with carbon-black; Results are averages ± SD, n=3.
16

Max Breaking Force (in lbs) for Three Different Types of
Carbon-Carbon Sandwich Composites
Sample

One
Application of
C-34 Resin

Two Applications of
C-34 Resin

Mixture of Phenolic Resin and
Carbon Black (12 wt%)

1

165

129

48

2

176

151

56

3

123

167

44

Average

154.67

149.00

49.33

Standard
Deviation

27.97

19.08

6.11

Table-1: Breaking force in pounds for the three different sandwich composites tested in a 3point bend test. Force vs. Displacement curves for each test can be seen in the Appendix.

The industrial grade carbon glue, C-34, was shown to result in stronger composites but no
difference was seen when an additional layer of C-34 glue was added to the skins and cured
prior to carbonization. Samples were measured and weighed prior to testing in order to
determine their specific strength; these results can be seen in Table-2.
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Table-2: Measurements taken on carbon-carbon sandwich composite samples prior to
testing, max stress values calculated from highest breaking force in 3-point bend test. “C34”
indicates samples with only one application and curing of C34 glue prior to carbonization,
“2x-C34” indicates samples with two applications of C34 glue and curing before
carbonization, “P” indicates samples held together with a mixture of Phenolic Resin and
carbon-black (12 wt. %).

A comparison of the specific strength of the carbon-carbon sandwich composites fabricated
to other common materials can be seen in Table-3 and the sandwich composite compares to
Poco Graphite in specific strength but has a lower density.
Density

Material

Specific Strength
(kN*m/kg)

Carbon fiber with phenolformaldehyde and 1.5 wt
% needle coke

277.9

1.63

Vitreous Carbon (glassy carbon)

48.5-133.3

1.45-1.50

Poco Graphite

11.1-50.7

1.35-1.78

Carbon Nanotube

46268

1.3-1.4

(g/c^3)

Table-3: Specific Strength and density values for several common carbon materials.
Conclusions
In this work we determined that a carbon-carbon sandwich composite can be
fabricated using a cellulose-derived core and shows great promise for further research. The
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composite was shown to have a much lower density than more common carbon-carbon
composites and be comparable to Poco graphite in specific strength, further testing would be
needed in order to compare thermal properties. This research serves as a building block for
the completion of a carbon-carbon composite with a cellulose derived core; while more
research is still needed to further enhance the composite materials properties.
Future plans for this research involve thickening the skin material so that the
overall strength of the composite is enhanced. An ASTM (American Society for Testing and
Materials) peel test (ASTM D3807-98) could also be used in order to quantify the strength of
bond between the carbon fiber weave and the carbon core. The carbon fiber itself could be
changed; various different fiber architectures or orientations could be investigated for use as
skins such as randomly arranging the fibers instead of using a weave. The effects of varying
the core material by using different types of wood could also be investigated to determine
what effects on strength occur. Once the composite structure has been improved upon, more
specialized testing can be done to determine the properties of the sandwich composite at
higher temperatures. Determining the mechanical properties of the composite at high
temperatures, around 600 ºC with an oxygen atmosphere and around 1800 ºC in a nonoxidizing atmosphere would allow for a better understanding of how the material will
perform in more realistic situations, such as bearing load while experiencing high
temperatures. The carbon-carbon sandwich composite could then be more easily compared
to other materials currently used in aerospace applications. Orientation and patterns of the
carbon core material or carbon fiber weave could be investigated to determine their effect on
strength. Instead of laying the cores of equal length adjacent and parallel a staggered length
19

pattern could be implemented to eliminate continuous seams between the core materials in
one direction. Additionally, another layer of core material could be added in between the
skins to eliminate another continuous seam and increase thickness if desired.

20
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