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ABSTRACT Carbon microfibers were deposited using laser-
assisted chemical vapor deposition at atmospheric and sub-
atmospheric pressures. Precursor pressures and incident laser
powers were varied. Fibers were cast in acrylic resin and pol-
ished to allow nanoindentation of the cross sections. Cross-
sectional roughness was examined by optical profilometry. A ra-
dial change in mechanical properties was observed. The local
elastic modulus (Young’s modulus) and hardness for the edge
and core regions are reported. These mechanical properties were
investigated with respect to deposition parameters and corres-
ponding fiber microstructure.

PACS 81.15.Fg; 81.05.Uw; 46.55.+d

1 Introduction

The interest in the laser-assisted chemical vapor
deposition (LCVD) process is explained by its ability to pro-
duce a variety of three-dimensional microscale deposits di-
rectly from the gas phase. The flexibility in product nature and
shape [1], the process control recently achieved by various
feedback systems [2, 3], and the high growth rates compared
to other CVD techniques [1] make it an attractive processing
tool.

Carbon has been used to produce rods [4], lines [5],
trussed structures [6], and microsolenoids [7]. Carbon can be
deposited from cheap, easily available, and stable precursor
gases. A variety of solid-state arrangements (from amorph-
ous carbon to graphite) having different thermal, electrical,
and mechanical properties can be obtained by changing the
process parameters.

With respect to mechanical applications, the interest in
carbon lies in its high strength-to-weight ratio. Mechanical
testing of carbon whiskers and fibers has shown the advan-
tage of such fibers over conventional metals. Carbon fibers
have high elastic moduli between 200 GPa and 800 GPa [8].
Also, high-pressure LCVD-produced fibers have tensile
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strengths approaching those of commercial intermediate-
modulus fibers [1].

As far as low-pressure LCVD fibers are concerned, a re-
cent Raman investigation has shown a radial change in mi-
crostructure [9]. To the authors’” knowledge, no measurement
of the local mechanical properties of such fibers has been done
so far. Hence, a radial analysis of the mechanical properties,
achieved by nanoindentation, is presented in this paper.

Nanoindentation has been an invaluable tool in recent
years to investigate the mechanical properties of amorph-
ous carbon films (DLC, a-C) [10, 11] and various carbon-
containing coatings [12, 13]. Its high spatial resolution and
accepted reliability make it an easy way to investigate me-
chanical properties on the microscale.

The main contribution of this work is that it directly re-
lates the mechanical properties to the process parameters that
determine the characteristic microstructure of the deposit.

2 Experimental
2.1 The LCVD experiment

Cylindrical carbon microfibers were deposited on
a glassy carbon substrate from ethylene at different precursor
pressures and laser powers using an LCVD system. A system
schematic is shown in Fig. 1. The light source used was a Co-
herent model Innova 90 continuous-wave argon-ion laser with
a Gaussian intensity profile, operated at 514.5 nm, with a spot
size of 88 wm. Tracking of the focus with a three-axis micro-
positioning system allowed steady-state growth and uniform
fibers.

2.2 Deposition parameters

A first set of fibers was produced at an average
pressure of 985 mbar with laser powers ranging from 0.2 W
to 1.25 W. Another set of fibers was produced at a constant
laser-power setting of 0.75 W with pressures ranging from
233 mbar to 813 mbar. These different powers and pressures
produced fiber diameters of 35—135 pm.

23 Sample preparation

The fibers were removed from the substrate, cast in
acrylic resin, and then polished perpendicularly to the growth
axis to show the cross section. The polishing was first done
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FIGURE 3 Scanning electron micrograph of the internal structure of a fiber,
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FIGURE 1 LCVD system schematic the core region

with silicon carbide papers and then with diamond particles
down to 1 pm in size. The samples were cleaned with ethanol
and placed in an ultrasonic bath. A WYKO optical profilome-
ter was used to examine the cross sections and to assess the
fiber diameters. All the samples were adequate for nanoinden-
tation with a maximum surface roughness of 1-4 um, which
is below the indenter’s 10-pm approach-height limit. Also,
a measurement of a single fiber’s surface was done. It was se-
cured on its side in acrylic resin and indented along the growth
axis. Figure 2 shows a typical fiber cross-sectional profile after
polishing.

2.4 Nanoindentation

A Berkovich diamond tip was used and the in-
dents, approximately 150 nm deep, were placed 2 jum apart in
a straight line across the center of the fiber. The indenting was
started 1 wm from the fiber’s surface and was stopped prior to
the opposite edge to avoid indenting past the fiber.

The measurements were conducted using a XP Nanoin-
denter (Nano Instruments, Oak Ridge, TN, USA). The hard-
ness (H) and elasticity modulus (E) were calculated from the
load—displacement curves according to the Oliver and Pharr
procedure [14]. The equipment was calibrated between every

measurement by indentation of a fused-silica reference sam-
ple. An uncertainty of 5% in the measurements was found
based on the standard deviation of the measured values for the
fused-silica reference and for a glassy carbon test sample.

2.5 Microstructure

The fibers are graphitic in nature [9]. A Raman-
spectroscopy analysis [15] has shown that there exist three
distinct fiber regions. The exterior surface of the fiber, ap-
proximately 1-pm thick, is made of amorphous carbon. The
edge region is layered nanocrystalline graphite. The core re-
gion is well-crystallized graphite with crystal sizes as high as
80 nm. This radial change in microstructure is induced by the
laser’s Gaussian power distribution [9]. There is a clear inter-
face between the edge and core regions. The different regions
are shown in Fig. 3.

3 Results and discussion
3.1 Radial change in mechanical properties

For all samples indented, the local elastic mod-
ulus value decreases, from edge to center, as the structure
changes from nanocrystalline to near-microcrystalline graph-
ite. A symmetrical behavior is observed. Figure 4 shows
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FIGURE 4 Elastic modulus vs. fiber radius. Fiber deposited at 985 mbar
and 1.0 W
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FIGURE 5 Hardness vs. fiber radius. Fiber deposited at 985 mbar and
1L.OW

the typical trend of elastic modulus as a function of ra-
dius. A fourth-degree polynomial was fitted to emphasize the
trend.

The trend in modulus is a direct consequence of the radial
change in microstructure. The elastic modulus is an indica-
tor of bond structure and strength. In the case of solid-state
carbon, preferred-oriented crystals (graphite) have lower elas-
tic modulus than more randomly ordered crystals (amorphous
carbon). Although graphite has strong planar carbon—carbon
bonding, which maintains a high degree of order and gives it
high in-plane strength, a weaker -bond linking the individual
sheets reduces the overall strength of the structure.

For LCVD fibers, the surface and the edge regions deposit
at lower temperatures and are less graphitized. This explains
why they have higher values of elastic modulus. Lower values
of modulus are found at the center where maximum graphiti-
zation occurs.

The observed trend for hardness is different. The hard-
ness decreases going from the edge to the interface of the core
region, where it then increases gradually until it attains a max-
imum at the center of the fiber. This can be seen in Fig. 5.

This behavior is due to a shift in deformation mode in
the core region. In the edge region, the material is deformed
both elastically and plastically giving rise to accurate values
of hardness and elastic modulus. Due to the graphitic nature
of the core region, the material is only ‘flexing’ under the load
with very minor plastic deformation. The hardness values at
the center are too high and unreliable since the load was in-
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FIGURE 6 Evolution of the load—displacement curves with radius

sufficient for plastic deformation to occur. In this case, the
maximum load required to reach the target depth represents
the force required to both deform the planes and to penetrate
the material. For this reason, only the maximum and minimum
values of hardness in the edge region are reported in this work.
These local maximum and minimum values are used to show
a trend rather than being absolute values of hardness.

The load—displacement curves presented in Fig. 6 illus-
trate the radial change in deformation mechanism. From the
curves, as the radius decreases the load required for the tar-
get displacement decreases. This implies a softer material at
the center. Also, the very elastic response of the core region is
seen from the lack of significant hysteresis between the load-
ing and unloading curves. Nevertheless, there is some form
of plastic deformation occurring since a non-zero area is ob-
served between the curves.

3.2 Parameter dependence of mechanical properties

In the LCVD process, as we increase the laser
power at a constant pressure we increase the temperature and
the growth rate [16, 17]. At a constant laser power, increasing
the reactor pressure increases the linear growth rate. An in-
crease in temperature increases graphitization since a higher
crystalline order needs more energy to be formed. An in-
crease in growth rate hinders graphitization since it reduces
the residence time of the focal point at a specific area of the
fiber. The effects of pressure and laser power on the local
mechanical properties are now presented since they affect
the microstructure of the deposit, hence its local mechanical
properties.

3.2.1 Variable pressure and constant power. Four different
pressures were used to deposit fibers at a constant power. Fig-
ure 7 shows the elastic modulus at the edge (1 pm from the
surface) and at the center of the fibers as a function of pres-
sure. Figure 8 shows the maximum and the minimum values
of hardness in the edge region as a function of pressure. The
maximum value reported is taken 1 um from the surface and
the minimum is taken at the interface of the core region.

The elastic modulus and the hardness increase with pres-
sure in every region of the fiber. The mechanical properties
increase since higher linear growth rates, brought about by
higher pressures, increase amorphization.
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The elastic modulus at the center and at the edge doubles
in value with a three-fold increase in pressure. With respect to
hardness, the maximum value slightly increases with pressure
whereas the minimum value increases five-fold.

Elastic modulus and crystalline order. Raman studies [15]
of samples grown using the same experimental parameters
showed that the crystal size decreases with pressure. The crys-
tal size was estimated from the Ip/Ig ratio according to the
Tuinstra—Koenig equation [18]:

D) C()
IG) L,

with C (514.5) ~ 44 A, (1)

where I(D) and I(G) are the D and G peak intensities, L,
the crystal basal plane length, and C a function of the laser
wavelength.

Plotting the elasticity modulus against crystal size as seen
in Fig. 9 shows how the mechanical properties improve with
decreasing graphitization.

3.2.2 Variable power and constant pressure. A total of six dif-
ferent laser-power settings were used with a constant pressure.
Figure 10 shows the elastic modulus at the center and at the
edge as a function of laser power. Figure 11 shows the hard-
ness in the edge region with respect to laser power. Again, the
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FIGURE 7 Elastic modulus at the center and at the edge as a function of
pressure
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FIGURE 8 Extreme values of hardness in the edge region as a function of
pressure

maximum value reported is taken 1 pm from the surface and
the minimum is taken at the interface of the core region.

From Fig. 10, it can be seen that the center’s modulus de-
creases with increasing laser power between 0.2 W and 0.5 W,
after which it increases again. At the edge, the values attain
a minimum at 0.3 W instead of at 0.5 W before increasing
again with laser power. This is due to an indent-position mis-
alignment for the 0.3-W sample. Indenting was started further
away from the fiber’s surface, hence making the modulus
value at the edge lower than it should be.

As seen in Fig. 11, in the edge region there is a decrease
in hardness between 0.2 W and 0.5 W. Above 0.5 W, it in-
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FIGURE 9 Crystal size vs. elastic modulus at the center
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FIGURE 10 Elastic modulus at the edge and at the center as a function of
laser power
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creases with increasing power. The trends in elasticity and
hardness are explained by the different degrees of graphitiza-
tion achieved in the samples [15].

Therefore, the local mechanical properties result from
laser-power dependence and change according to the degree
of graphitization reached during deposition.

33 Fiber surface

A Raman analysis showed that the amorphous fiber
surface was very similar for all samples [15]. Indenting of
a single fiber’s surface produced average elastic modulus and
hardness values of 20 GPa and 2.8 GPa respectively.

34 Comparison of mechanical properties

Other carbon specimens were indented for compar-
ison. A plate of highly oriented pyrolytic graphite (HOPG)
had an elastic modulus and hardness of 5 GPa and 0.2 GPa
respectively. The fiber’s center region modulus and hardness
approached these values. A V20-grade glassy carbon plate
had modulus and hardness values of 25 GPa and 3.7 GPa re-
spectively. The maximum modulus and hardness in the edge
region and at the surface approached these values.

4 Conclusion

Polycrystalline graphite microfibers produced by
LCVD at atmospheric and sub-atmospheric pressures have
low hardness and elastic modulus. For the nanocrystalline
edge region, local elastic modulus values of 9 to 22 GPa
and hardness values of 0.1 to 1.6 GPa were measured. For
the core, local elastic modulus values of 5 to 13 GPa were
obtained. Hardness measurements at the center were incon-
clusive. The local mechanical properties are directly related
to the microstructure induced by the Gaussian laser inten-
sity distribution. The elastic modulus decreases, from edge to
center, as the structure changes radially from nanocrystalline
to near-microcrystalline graphite (L, < 100 nm). Varying the
deposition parameters showed that the local elastic modulus
and hardness increased with amorphization. This is achieved

by increasing the pressure and increasing the laser power
above a specific turning point. The LP-LCVD (Low Pressure
Laser Chemical Vapor Deposition) fibers have poor mechan-
ical properties when compared to other forms of carbon. The
fibers are expected to be structurally weak due to their layered
graphitic nature [19]. Even so, the material’s elasticity could
prove useful in certain micromechanical applications, espe-
cially in the design of low-load highly sensitive microcoils.
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