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Abstract. This paper is focused mainly on nanoindentation of carbon fibers. Fibers are in form of
carbon fiber fabric that is used in larger research that is focused on reinforcing beams made of glued
laminated timber. Knowledge of this material on macro and micro level will help to understand its
behavior in this specific type of use. Nanoindentation is method used in this paper to obtain material
characteristics on micro level such as hardness and modulus of elasticity. Samples of the carbon fiber
fabric had to be prepared for this specific testing method by polishing samples of carbon fabric attached
in epoxy resin. In particular, it was found that the indentation hardness of the fibers ranges around
3.65 GPa and modulus of elasticity ranges around 26 GPa.
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1. Introduction
This paper is part of extensive research focused on
reinforcing glued laminated timber beams with use of
carbon fiber fabric. Because in nowadays civil engi-
neering is the timber very popular material, as it is
on rise again mainly because of the high demands on
energy efficiency of buildings, it is appropriate to de-
vote this material to try to find ways for its optimum
utilization. When solid timber ceased to meet the de-
mands of civil engineers, it was necessary to find a way
to improve its performance. Accordingly, there was
also first thought to remove these drawbacks by means
of gluing timber elements to create a composite ma-
terial with better properties than solid timber. That
is glued laminated timber [1]. It consists of layers of
lamellas that are glued together under pressure, using
a waterproof adhesive [2]. At present, this material
is mainly used in modern timber structures and roof
structures of halls. Despite the frequent use of this
material, the technology of production is still in de-
velopment. For this reason, the main material, which
is an essential part of this research is glued laminated
timber reinforced with carbon fiber fabric. As we
examined timber with nanoindentation before [3, 4],
there was a need for values from carbon fibers [5]. Car-
bon fibers history goes back to 1860, where Joseph
Swan produced carbon fibers for the first time, for use
in light bulbs [6]. In 1879, Thomas Edison baked cot-
ton threads or bamboo slivers at high temperatures
carbonizing them into an all-carbon fiber filament
used in one of the first incandescent light bulbs to
be heated by electricity [7]. But first real use in in-
dustry started in 1960 when Richard Millington of
H.I. Thompson Fiberglas Co. developed a process

(US Patent No. 3,294,489) for producing a high car-
bon content (99%) fiber using rayon as a precursor.
These carbon fibers had sufficient strength (modulus
of elasticity and tensile strength) to be used as a re-
inforcement for composites having high strength to
weight properties and for high temperature resistant
applications. In the coming years there were a lot of
improvement in manufacturing processes and nowa-
days the carbon fibers are used in many sectors of
industry (mostly in aviation, cars, composite mate-
rials etc.). Carbon fiber fabric combined with glued
laminated timber seems to be suitable for development
in the civil engineering.

2. Testing
2.1. Tested material
Tested material. Tested material was carbon fiber
fabric that is used to reinforce glued laminated timber
beams. This material was used for additional rein-
forcement of GLT beams on the bottom surface. Type
of used fabric is Carbon unidirectional UD CST 200
made of unidirectional carbon fiber with PES grid. It
has thickness of 0.4 mm and grammage of 200 g/m2

(Figure 1).
Samples of carbon fiber fabric were photographed

with use of a scanning electron microscope (SEM) to
verify properties such as thickness and diameter of
individual fibers. This carbon fiber fabric is made of
layer of carbon fibers that are aligned in one direction.
Figure 2 is detail of carbon fabric magnified 250× and
alignment of individual fibers is evident. At figure 3 is
bunch of individual fibers magnified 5.7k×, diameter
of each fiber is around 6 µm.
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Figure 1. Second set of Glued laminated timber
beams.

Figure 2. Carbon fiber fabric magnified 250×.

To prepare samples of carbon fiber fabric for ex-
amination on nano/micro level with nanoindentation
the polished slices had to be prepared. Before grind-
ing of samples, the fibers had to be attached with
suitable substance to avoid fraying of fibers during
sample preparation. For this purpose, a method of
vacuum impregnation with epoxy resin (EpoFix Kit)
was used. Grinded cuts were prepared with machine
Tegramin from company Struers located at University
center of energy efficient buildings. Samples were
grinded and polished in multiple steps to achieve
the best quality of sample surface. In the first step,
sandpaper with a grain size of 220 grains/cm2 was
used to eliminate the greatest unevenness after cut-
ting. In the following steps, finer sandpaper was used:
500 grains/cm2, 1200 grains/cm2, 2000 grains/cm2

and 4000 grains/cm2. Each step lasted 5 minutes
while water was used as a lubricant.

2.2. Testing method – static
nanoindentation

Nowadays is the static nanoindentation is widely used
and it is a very popular experimental technique for
measuring the elastic stiffness and hardness of various
materials (glass, metal, wood, ceramics). Advantage

Figure 3. Carbon fiber fabric magnified 5.7k×.

of this testing method is that it can performed on
a very small volume, so it is suitable for investigat-
ing materials at microscale. The principle is based
on imprinting a micrometer sized diamond tip into
the investigated material and recording the loading
force and the indentation depth [8]. In most of the
measurements, the indentation depth is in the order
of hundreds of nanometers. There are various tips
available for nanoindentation, e.g. Berkovich, wedge
or spherical tips. Also, several techniques can be used
to ensure that the analysis also provides information
about the plastic hardening, the viscosity or the yield
stress of the material [9]. Standardized data is based
on the assumption of perfectly homogeneous isotropic
material in offset volume, and elastic and non-elastic
material parameters are usually derived from nanoin-
dentation data using an analytical solution. The pi-
oneering work of Hertz (1882) [10] dealt with the
imprint of an elastic tip in a homogeneous medium.
Sneddon (1965) [11] derived an analytical relationship
between the loading force, the depth of an imprint
and the contact area for individual indentation tips.
Typical output of measured nanoindentations consists
of two elastic constants: hardness and stiffness pa-
rameters. The hardness parameter is defined as the
contact pressure diameter at maximum load. During
deformation, the deformed material deforms in both
the elastic and the plastic range. The plastic response
on the load-pull curve is excluded during unloading,
allowing the user to determine the stiffness of the ma-
terial in the local environment known as the reduced
modulus of elasticity (Figure 4 and 5). The value for
the reduced modulus can therefore be obtained from
the unloading part of the recorded force-displacement
diagram [12, 13].

2.3. Measurement and results
Nanoindentation was performed by using a CSM In-
struments device with wedge tip, located in at the
Faculty of Civil Engineering at CTU in Prague. The
results of the static loading are in set of nanoinden-
tation curves. This curve describes the response of
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Figure 4. Typical indentation curve – load vs. depth.

Figure 5. Scheme of the simulation under the indenter.

the material to mechanical loading, in particular the
relation between the loading force and the depth of
penetration. Loading diagram (Figure 6) of standard
controlled load test of an individual indent consisted
of three segments: loading on maximum force Fn,
holding at the peak and unloading. Applied load force
was in three steps with. Speed of loading and unload-
ing force was 40/40 mN/min and 80/80 mN/min [14].
The reduced modulus can be related to the sample
Young‘s modulus E using the derived relations [9, 15].

For forces <12 mN, indents were standard, with
no evidence of brittle fracture. The dispersion of
values is about 10%, which is acceptable due to the
not completely smooth sample and the nature of the
analyzed material. Results in form of hardness and
modulus of elasticity (Table 1) are for indentation
at the cross-section of the fiber. Evaluation of the
mechanical properties in the longitudinal section was
complicated by the high fiber hardness and their ori-
entation. There has often been a shift of the indentor
tip outside the surveyed area

3. Conclusion
The presented results obtained by the static inden-
tation in form of modulus of elasticity (Table 1) are
26.0± 2.3 GPa and hardness is 3.60± 0.35 GPa. The
values are reasonable with respect to the properties
of carbon fibers [6, 7]. It has been found that with

a loading force greater than 12 mN, a brittle fracture
of fibers occurs (Figure 7) and it is not possible to
determine the required values at these forces and the
results are misleading and disorted. However, the
results from the lower load stages are almost constant
and are usable. In the next work, these nanoindenta-
tion results will be compared to the macromechanical
properties of carbon fiber fabric and micromechanical
properties od timber.
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Loading force [mN] 5 10 15
Loading/unloading speed [mN/min] 40/40 80/80 80/80

Hardness [GPa] ∼3.6 ∼3.7 ∼1.0*
Standard error of Hardness 0.32 0.39 0.18

Modulus of elasticity Hr [GPa] ∼26 ∼26 ∼13*
Standard error of Modulus of elasticity 2.1 2.5 0.6

Contact depth hc [nm] ∼570 ∼810 ∼1970*
Standard error of contact depth 28 37 90

Note * For the vast majority of indentations
the fiber has broken through the fracture

the resulting value is misleading and distorted

Table 1. The results of indentations in the cross-section of the fibers – indented in the direction of the longitudinal
axis of the fiber.

Figure 6. Typical indentation curves for forces greater than 12 mN causing fracture failure in the sample.

Figure 7. Image from the optical microscope of the
broken fiber.

Figure 8. A sample of indent outside the fiber cut
section. Note: This is not a pure longitudinal cut, but
a diagonal cut.
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