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Preface

Remarkably, truly novel structures are still being found for materials made of a single
element: carbon. Perhaps there is a ‘revolution’ in carbon-only materials. Indeed, recently,
two Nobel prizes were awarded for new forms of carbon: for fullerenes in 1996, and for
graphene in 2010. And the magic and beauty of carbon nanotubes has held the attention of the
scientific world for more than a decade. Yet, there is still more to discover and to explain. In
this Special Issue, the focus is on just one area of carbon research: fibers. Even given this
relatively narrow focus there is a diversity of research that is both compelling and frustrating.
Compelling as it demonstrates the vitality of the subject, and frustrating as it makes it difficult
to organize. The topics covered include new fiber fabrication protocols, the mechanical
behavior of fiber reinforced polymers, new techniques to study the microstructure of fiber
containing composites, new uses of fiber structures, the use of carbon fibers as catalyst
supports, and studies regarding the difficulties of machining fiber structures for inclusion in
complex structures.

After some deliberation the following order was determined. The first articles consider the
mechanical properties and uses of fiber reinforced composites. These articles lead because
these materials have made the jump to broad commercial use, hence probably have the largest
audience. Indeed, these materials are employed everywhere, increasingly in aircraft, race cars,
luxury cars, oil pipelines, chemical processing structures, bridge decks, windmill turbine
blades, sports equipment, etc. Next, is an article regarding methods to better characterize these
widely employed composites. The next group of articles includes new methods of fabrication
of raw fibers, electrical and mechanical properties of raw fiber macro structures and even
novel applications. The final article group drilling fibers, a process necessary for many
applications.

Mechanical properties of composites all are concerned with changes to the fibers that might
make them interact more strongly with the polymer component of the composites, hence
reducing problems with ‘pullout’ and perhaps permitting the formation of composites with
higher fiber loadings. The Taha group (1) shows that changing the surface functionalization of
fibers added in low concentrations to epoxy structures can significantly change some
mechanical properties. The Al-Haik group (2) focused on the potential value of fiber-on-fiber
growth as a means to promote physical interaction between the polymer host matrix and
carbon fiber reinforcements. Moreover, the Al-Haik group uses the graphitic structure by
design (GSD) method to grow more fiber. This is an approach to fiber formation that this
Special Issue clearly demonstrates is finding a wider audience. Next, the Shen team (3)
explores the possibility that fiber reinforced structures could replace steel cable in major
infrastructure such as suspension bridges. Fiber reinforced polymer cables not only have
appropriate physical parameters, but are lighter and more resistance to corrosion than the
metal cables presently in use. The final paper on fiber reinforced composites regards one of
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the major difficulties: Certifying that the manufactured material has minimal void content, as
voids are detrimental to mechanical properties. Meola and Toscano (4) review the state of the
art of non-destructive testing methods, particularly flash tomography and ultrasonic.

New methods for making carbon fibers are always under exploration to see if even stronger
and less expensive fibers can be produced. Ma et al. (5) describe the characteristics of carbon
fibers generated from inexpensive cellulose. As carbonization fraction is increased strength
increases, but yield length decreases. Both the Leseman (6) and the Luhrs group (7) report on
the mechanical and electrical properties of solid, pure, ‘fiber foams’ grown catalytically in a
mold, using the GSD technique, from fuel rich ethylene oxygen mixtures at relatively low (ca.
550 C) temperatures. Both demonstrate this method can create solid fiber foams of virtually
any shape. The Leseman group points out that the study of anisotropic fiber based materials is
in its infancy relative to the behavior of 1-dimensional fibers. They successfully model the
mechanical behavior as typical for non-woven fiber composites. The Luhrs group focused on
two aspects of the behavior: i) after limited mechanical aging the fiber foams show perfect
viscoelastic behavior, and ii) the electrical conductivity is a function only of foam thickness,
thus the material can be used as a strain gauge.

The next paper illustrates the breadth of applications found for foam. Jo et al. (8)
demonstrate that carbon fibers can be employed in a chemical application. In particular, they
found that titania fibers grown on larger diameter carbon fibers (essentially catalyst supports)
had excellent activity for some common air pollutants (BTEX). They also showed that the
shape of the titania structure on the carbon, spheres vs. fibers, had a dramatic impact on
activity.

The final section of the Special Edition features three articles on the special character of
drilling a fibrous material (9-11).

Prof. Jonathan Phillips
Guest Editor









Improved Strength and Toughness of Carbon Woven Fabric
Composites with Functionalized MWCNTs

Eslam Soliman, Usama Kandil and Mahmoud Reda Taha

Abstract: This investigation examines the role of carboxyl functionalized multi-walled carbon
nanotubes (COOH-MWCNTs) in the on- and off-axis flexure and the shear responses of thin carbon
woven fabric composite plates. The chemically functionalized COOH-MWCNTs were used to
fabricate epoxy nanocomposites and, subsequently, carbon woven fabric plates to be tested on
flexure and shear. In addition to the neat epoxy, three loadings of COOH-MWCNTs were examined:
0.5 wt%, 1.0 wt% and 1.5 wt% of epoxy. While no significant statistical difference in the flexure
response of the on-axis specimens was observed, significant increases in the flexure strength,
modulus and toughness of the off-axis specimens were observed. The average increase in flexure
strength and flexure modulus with the addition of 1.5 wt% COOH-MWCNTs improved by 28% and
19%, respectively. Finite element modeling is used to demonstrate fiber domination in on-axis
flexure behavior and matrix domination in off-axis flexure behavior. Furthermore, the 1.5 wt%
COOH-MWCNTs increased the toughness of carbon woven composites tested on shear by 33%.
Microstructural investigation using Fourier Transform Infrared Spectroscopy (FTIR) proves the
existence of chemical bonds between the COOH-MWCNTs and the epoxy matrix.

Reprinted from Materials. Cite as: Soliman, E.; Kandil, U.; Taha, M.R. Improved Strength and
Toughness of Carbon Woven Fabric Composites with Functionalized MWCNTs. Materials 2014,
7, 4640T4657.

1. Introduction

The use of fiber-reinforced polymer (FRP) composites has grown very rapidly over the last few
decades, due to their attractive physical, mechanical and thermal properties [1]. Some of their
common applications include civil infrastructure, composite bridge decks, oil and gas pipelines and
turbine blades in windmills. The woven fabric composite, in particular, has attracted the interest of
engineers and researchers, due to its relatively high delamination and impact resistance. However,
the failure of FRPs is complex, especially when multi-layer laminates are examined. The failure
behavior depends on many factors, such as the loading nature and direction with respect to the fibers,
the fabrication quality and the structure of the composite fabric. Typical failure modes of FRPs include
fiber fracture, matrix fracture, fiber-matrix interface debonding and interlaminar delamination [2,3].
One of the recent promising techniques to overcome the premature failure of composites due to
delamination/debonding is to reinforce the composites with nanoparticles.

Carbon nanotubes (CNTs), nano-clay, graphene nanoparticles (GNPs), and nano-silica are
common non-metallic nanoparticles used to fabricate nanocomposites [4,5]. Discovered by Ijima in
1991 [6], CNTs have attracted many scientists worldwide, because of their distinguished mechanical
properties compared with conventional structural materials. Therefore, many researchers have focused
on using the CNTs in polymer nanocomposites. Over the last two decades, various techniques have been
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developed to ensure a good dispersion of CNTs in polymeric matrices, such as non-covalent [7-9] and
covalent [10-12] functionalization. The covalent functionalization involves impregnating functional
groups on the surface of nanotubes. The functional groups are expected to react with the polymer
matrix and increase the interfacial bond significantly. A review for the use of functionalized CNTs in
polymeric matrices can be found elsewhere [13—15].

Several studies reported good improvement in FRP mechanical properties when CNTs were
used in polymer nanocomposites. The mechanism of CNTs in composite is expected to resist
the inter-fiber fracture and enhance their respective mechanical properties. The improvements of
FRP composites include the tensile and shear property of glass fiber-reinforced polymer (GFRP)
composites [16] and Mode I and Mode II fracture toughness [17,18]. For instance, Qiu et al. [16]
examined the tensile and shear behavior of (GFRP) composites. With 1.0% by weight functionalized
multi-walled carbon nanotubes (MWCNTs), they reported a 14% and 5% increase in on-axis tensile
and shear strengths, respectively. They also reported a 20% and 8% increase in tensile Young’s and
short beam shear moduli. In addition, Garcia et al. [18] examined the fracture toughness of carbon
fiber-reinforced polymer (CFRP) with nanotubes joining the prepregs, and they found a 250%
increase in Mode I and a 300% increase in Mode Il fracture toughness. Furthermore, compression
shear tests were performed to determine the interlaminar shear strength (ILSS) of glass woven fabric
composites with different dispersion techniques and showed no variation in ILSS due to the addition of
0.5 wt% MWCNTs [19].

Few studies examined using nanoparticles to improve the flexure behavior of FRP composites,
such as increasing the ultimate strength, the flexural modulus or the energy absorption under flexural
loads. Hossain et al. [20] reported a 49% and 31% increase in the flexural strength and modulus of
on-axis woven E-glass/polyester composites reinforced by 0.1-0.4 wt% carbon nanofibers (CNF). In
addition, 1.5 wt% aligned MWCNTs are used to improve on-axis flexure strength and modulus for
(CFRP) composites by 74% and 75%, respectively [21]. To date, the effect of using functionalized
MWCNTs on the flexure behavior of carbon woven fabric composites has not yet been reported.
In this investigation, a carboxyl functionalized multi-walled carbon nanotube (COOH-MWCNTs)
epoxy nanocomposite is used to improve the on- and off-axis flexural behavior of woven carbon
fiber composites.

2. Experimental Methods
2.1. Materials

The carbon fiber and the epoxy were supplied by U.S. Composites, Inc., Florida, FL, USA. The
fabric is FG-CARBS5750, a balanced plain bidirectional (0°-90°) weave, PAN-based fiber, a 3 k tow
size and 254 pm-thick. The tensile strength of the raw carbon fibers is 4.48 GPa and the tensile
modulus is 231 GPa. The bi-directional plain weave fabric was selected over the other types of
weaves (i.e., twill or satin), because it provides the largest number of interlaces between the warp and
filling threads. Such a large number of interlaces maintains the geometry of the woven fabric cloth
and minimizes any weaving of the fiber bundles that might occur due to rolling the epoxy during the
fabrication process of the FRP composites.
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The epoxy used in fabrication is the commercially available EPOTUF® 37-127 epoxy system.
The epoxy resin is a diluted liquid based on bisphenol-A and contains diglycidyl ether (DGEBPA),
while the hardener is an aliphatic amine. The resin to hardener mixing ratio was 2:1; the pot life was
30-45 min at 80 °F (26.7 °C); the set time was 5-6 h, and the curing time was 24-28 h at room
temperature. This type of epoxy has relatively low viscosity, which facilitates the impregnation of
the carbon fibers during the fabrication process. Furthermore, the epoxy pot life is relatively long to
allow adequate time for the impregnation and the application of the vacuum environment before the
epoxy hardens partially. The tensile strength and tensile elongation for the epoxy are 65 MPa and
25%, respectively.

Carboxyl functionalized COOH-MWCNTs were supplied by Cheap Tubes, Inc., VT, USA.
According to the manufacturer’s data, the outer diameter of the CNTs is 20-30 nm, the inner
diameter is 5-10 nm and the length is 10-30 pm with an aspect ratio ranging from 500 to 1000. The
nanotubes were manufactured using the catalytic chemical vapor deposition technique with the purity
being greater than 95 wt%. The functionalization was performed by the manufacturers using a
mixture of non-organic acids. According to the manufacturer, the functionalized MWCNTs had
(COOH) functional groups of 1.23 wt%.

2.2. COOH-MWCNTs/Epoxy Nanocomposite Fabrication

Two different types of treated epoxies were produced to fabricate the carbon woven composites in
this study. The first type was a neat epoxy prepared by mixing the resin with the hardener and
applying the mixture directly to the carbon fabric during the impregnation process. The second type was
prepared by reinforcing the epoxy with functionalized COOH-MWCNTs. The COOH-MWCNTs
were added first to the resin, and the mixture was sonicated for 1.0 h at 40 °C, as shown in
Figure 1a. In order to ensure the chemical reaction between the functional groups on the surface of
the nanotubes and the resin chains, the dispersed mixture was stirred for 2.0 h at 80 °C. The hardener
was added after cooling the resin, and the COOH-MWCNTs/epoxy nanocomposite was further
homogenized by mechanical mixing for 10 min and then used in the composite fabrication. Figure 2a
shows the Scanning Electron Microscope (SEM) images for well-dispersed 1.0 wt% COOH-MWCNTs
in the epoxy matrix. The image shows the absence of aggregates/agglomeration of MWCNTs as an
indication of the effectiveness of the dispersion process using sonication and mechanical stirring. A
close view is shown in Figure 2b confirming the diameter and their good dispersion of the
MWCNTs.

2.3. Fabrication of the Multi-Scale Woven Fabric Epoxy Composite

Fabrication of the woven fabric composite plates was performed in accordance with ASTM
D5687 [22]. The vacuum-assisted hand lay-up technique was implemented to fabricate the composite
plates. Ten layers of fabric were used to fabricate the specimens. The average dimensions of the
composite specimens were 40 mm-long, 19 mm-wide and 2.7 mm-thick. Peel plies, non-porous and
porous release films, breather plies and an aluminum plate were used to ensure straight and
compacted composite sheets and to facilitate the peeling off of the composite after curing. Adequate
epoxy impregnation was achieved using a roller, and a breather ply was placed to form the uniform
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air paths once the vacuum was applied. The same epoxy/carbon fabric weight ratio was used during
the fabrication of all composite specimens in order to maintain the same epoxy weight fraction. The
epoxy weight fractions were obtained by measuring the change in weight between the original carbon
fabric before and after epoxy impregnation and ranged between 30% and 33%. It is important to note
that the addition of COOH-MWCNTs increased the viscosity of the epoxy during the fabrication;
therefore, the limitation on the upper bound of the COOH-MWCNTs content was set as 1.5 wt% of
epoxy. The vacuum bag contents were maintained at a vacuum level of 2.3 x 10 % Torr for 24 h. This
relatively high level of vacuum applied for long time period ensures the elimination of all air bubbles.
Furthermore, to ensure the consistent production of the composite with different levels of nanomaterials,
ASTM D3171 was used for determining the fiber weight fraction, and the fiber volume fractions for the
different composite materials were found to be 54.3%, 55.5%, 53% and 52.4% for the neat, 0.5%, 1.0%
and 1.5% COOH-MWCNTs epoxy woven fabric composites, respectively, confirming the acceptable
consistency in production [23]. Relatively high void contents of 2%, 2.3%, 1.5% and 3% were observed
in 0, 0.5 wt%, 1.0 wt% and 1.5 wt% COOH-MWCNTs, respectively, due to the use of the
vacuum-assisted hand layup technique in the fabrication process. The variation in void content is +0.8%,
and the variation in the fiber fraction is £1.7%. Such variation in void and fiber fractions within £2.0%
was reported in the literature to have an insignificant effect on the mechanical properties of composites
[24-26]. Therefore, the above variations would not affect our ability to examine the significance of
COOH-MWCNTs on the strength and toughness of carbon fiber composites.

Figure 1. Fabrication of multi-scale epoxy/carbon woven fabric composite specimens:
(a) sonication of COOH-MWCNTs in the epoxy resin; (b) stirring of the COOH-MWCNTs
in the epoxy resin; and (¢) the vacuum environment applied to the composite specimens

during the curing of the epoxy.

2.4. Mechanical Testing

Three-point bending tests were conducted to examine the on- and off-axis flexure behavior of the
composite specimens. The flexure test setup and geometry of the specimens are shown in Figure 3a,b.
In the on-axis test, the orientation of the fibers was in the span direction, while the fibers were
oriented at a 45° angle with respect to the span direction in the off-axis test. On the other hand, the
short-span shear test was conducted on the on-axis composite plates via four-point bending. The
shear test setup is shown in Figure 3c. The flexure and shear tests were performed on the composite
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plates using an MTS" Bionix servo hydraulic system. The machine has a load cell with a capacity of
25 kN and a maximum stroke of 130 mm. The sampling rate for all of the experiments was 50 Hz,
and the data was collected by the FlexStar MTS® 793 data acquisition system. In each test, the load
and displacement were measured and recorded.

Figure 2. SEM image showing the dispersion of 1.0 wt% COOH-MWCNTs in the epoxy
matrix. (a) The general view with the marked area shown at high resolution in (b); (b) the
high resolution view of COOH-MWCNTs in epoxy showing individual carbon nanotubes.
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Figure 3. on- and off-axis arrangements for a flexure test: (a) on-axis flexure test;
(b) off-axis flexure test; (c¢) on-axis shear test.
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The flexure stress-strains G, —€, were then obtained using Equations (1) and (2) following

ASTM D790-10 [27].

L _3PL 1
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&= @)

where P is the applied load, L is the span length, b is the width of the specimen, d is the depth

of the specimen and D is the deflection of the mid-span. On the other hand, the average shear
stress-strains t—y were obtained according to Equations (3) and (4).
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where a is the shear span. In addition to the neat epoxy, three loadings of COOH-MWCNTs
were examined. They are 0.5, 1.0 and 1.5 wt% of epoxy. Three specimens were tested for each
COOH-MWCNTs loading. The flexure and shear strength, modulus and toughness were then
evaluated and compared. Statistical analyses were performed on the test results and the statistical
significance of the difference between the specimens was evaluated using the Student’s #-test
assuming a 95% level of significance.

2.5. Microstructural Investigation

To explain the role of functionalized COOH-MWCNTs on the behavior of carbon fibers, Fourier
Transform Infrared Spectroscopy (FTIR) measurements were conducted on 25.4 mm X 25.4 mm
samples cut from CFRP specimens. Three types of samples were compared: neat CFRP samples, CFRP
samples incorporating 0.5 wt% COOH-MWCNTs and CFRP samples incorporating 1 wt%
COOH-MWCNTs. Furthermore, COOH-MWCNTs powder was separately measured. All of the
samples were analyzed with biconical reflectance Nicolet Nexus 670 micro-Fourier Transform Infrared
Spectroscopy (Micro-FTIR) (Thermo Fisher Scientific, Waltham, MA, USA). The FTIR has a
continuum microscope with a Globar source, an XT-KBr beam splitter and a MCT-A detector over a 100
% 100 micron area with a 4 cm-1 resolution. Spectra were background corrected using a reflective gold
slide and converted to absorbance using the Kramers-Kronig equation, as per the standard FTIR analysis
method after Stefanie ez al. [28].

2.6. Micromechanical Modeling

In order to understand the failure mode of the on- and off-axis flexure tests, a micromechanical
finite element model is developed under ANSYS® APDL modeling environment (Pennsylvania, PA,
USA) coupled with micromechanical Autodesk® composite simulation analysis (California, CA,
USA). The micromechanical model is based on multi-continuum theory (MCT) for composite
analysis. In MCT, continuum-based (phase-averaged) stresses and strains can be predicted for each
constituent (e.g., fibers or matrix) in finite element (FE) analysis. In addition, the failure criterion for
each constituent of the composite is predicted and displayed separately, allowing a progressive failure
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to take place. Previous research proved the failure analysis by MCT to be fairly close to experimental
observations, since it takes into account matrix damage and the associated reduction in stiffness
[29-31]. Two 3D FE models for flexure test specimens were constructed. The two models consist of 10
layers of woven fabric composite with an equal fill and wrap fiber volume fraction and a thickness of
0.27 mm. In the first model, the fill fibers were set in the span direction, while in the second model, the
fill fibers were set at a 45° angle with respect to the span direction. 3D SOLSH190 elements are used to
model the laminated composite. Table 1 lists all material properties used in the FE simulations. The
material properties of the constituent materials are obtained experimentally [32], from the
manufacturer’s data or using classical lamination theory (CLT).

Table 1. The material properties of woven fabric composite laminates used in FE simulation.

Designation E11, GPa Ezz, GPa Gu, GPa +S11, MPa _Sll, MPa Slz, MPa V12

Lamina 40 * 40 * 39% 555 * -310 ¥ 70 * 0.20 ¥
Fibers 230 507 - - - - -
Matrix 2.0 * 0.74 1 — — — 0357

* The material properties obtained experimentally from [32]; { the material properties obtained from the
manufacturer’s specifications and other sources; f the material properties computed using classical
lamination theory (CLT); E4;: elastic modulus in the fill fiber direction; E»,: elastic modulus in the wrap
fiber direction; G;: in-plane shear modulus; +Sj,: ultimate tensile strength in the fill or wrap fiber

directions; —Sj;: ultimate compressive strength in the fill or wrap fiber directions; S},: in-plane shear strength.
3. Results and Discussion

Figure 4a,b shows the deformed shape of the on- and off-axis flexure tests, respectively. As
expected, the off-axis specimens exhibited higher deflection and less strength than the on-axis
specimens. Close views for the failed on-axis specimens show that failure occurred due to
kink/breakage of the fibers in the compression side (Figure 4c,e). This is expected, since FRP
composites are stronger in tension than they are in compression. In addition, high resolution
microscopic images in Figure 4g,h show the kink and rupture of fibers in the top and bottom
surfaces of the on-axis test specimens, respectively. On the other hand, failure of the off-axis
specimens was due to shear-off of the fibers at a 45° angle in the compression zone, as shown in
(Figure 4d,f). This shear-off is attributed to the weak shear strength of the epoxy matrix.

The flexure stress-strain curves for the on- and off-axis flexure tests are depicted in Figure 5a,b up
to the 5% and 10% strain levels, respectively. For all COOH-MWCNTs loadings, the on-axis flexure
stress-strain curves were linear up to a maximum value corresponding to the flexure strength of the
composite specimens, where the failure in the compression side occurred (Figure 5a). Once
compression failure occurred, the flexure stress was reduced as the fiber breakage propagated
through the thickness. The linearity in the on-axis stress strain curve before failure proves the fiber
domination of the on-axis flexure behavior. On the contrary, a non-linear stress-strain curve
associated with a yield-like plateau was observed in the off-axis flexural behavior (Figure 5b). The
significant non-linearity in the off-axis stress-strain curves is attributed to the matrix domination on
the off-axis flexural behavior. In addition, the post-peak loss in flexure stress occurred in a more
gradual fashion in the off-axis behavior than it occurred in the on-axis direction.



Figure 4. Deformation and failure of on- and off-axis flexure composite specimens.
(a) deformation of on-axis flexure specimens; (b) deformation of off-axis flexure
specimens; (c) failure of on-axis flexure specimens; (d) failure of off-axis flexure
specimens; (e) kink/breakage of fibers at the top surface; (f) shear-off of the fibers at the
top surface; (g) high resolution microscopic image for the kink of fibers at the top surface
of the on-axis test; (h) high resolution microscopic image for the rupture of fibers at the

bottom surface of the on-axis test.




Figure 5. Flexure stress-strain curves for composite plates. (a) on-axis; (b) off-axis.

500 250

—Neat —-0.5 wt.% COOH-MWCNTs —Neat ~0-0.5 wt.% COOH-MWCNTs

—4-1.0 wt.% COOH-MWCNTs = -1.5 wt.% COOH-MWCNTs —4-1.0 wt.% COOH-MWCNTs = -1.5 wt.% COOH-MWCNTs
< 400 1 200+ — _-—==__
a, s 4.5-1 =y
= = L P = =3
o« 300 + L 150 + ,ﬁ,,?/
175] 72} /
15} 2]
= =
“ 200 + A 100 +
8 ]
= -
o1 =]
2100 + £ 5 504
23 y =

rd
0 F———————————————f 0 +—rit : —t : : :
00 1.0 20 30 40 50 60 70 8.0 0 2 4 6 8 10 12 14
Flexure Strain, % Flexure Strain, %
(a) (b)

Tables 2 and 3 show the statistical analyses for the mechanical properties of on- and off-axis
composite specimens with various COOH-MWCNTs loadings. The flexure toughness for the on-axis
test specimens were computed from the area under the stress-strain curves up to the 3.0% flexure
strain level; the limit sufficiently extends beyond the fiber breakage first observed at the end of the
proportional limit. On the other hand, the flexure toughness for the off-axis specimens were
computed from the area under the stress-strain curves up to the 5.0% strain level, The proposed
limits meet the recommendations of ASTM D790 [27]. From both tables, it can be observed that the
flexure strength (~150—180 MPa) and modulus (~6—8 GPa) of the off-axis flexure test specimens
were about one-half and one-third of that of the on-axis flexure test specimens, respectively. This is
a typical observation supported by composite theory, where the behavior in the on-axis direction
dominated by the strong fibers is much stronger than off-axis direction dominated by the matrix. The
coefficients of variation for all specimens were below 10%, and therefore, all cases of
COOH-MWCNTs loadings showed valid results.

Based on the Student’s #-test, no significant statistical difference was observed in the on-axis flexure
strength, modulus and toughness between composite specimens with various COOH-MWCNTs
loadings and the neat material. This observation confirms that the on-axis flexural behavior of the
composite plates is dominated by the strong carbon fibers oriented in the span direction, and the
change/modification in the epoxy matrix produces minimal to no effect on the on-axis behavior.

A similar observation, related to the fiber domination on the behavior of woven fabric composites
subjected to on-axis tension was reported earlier by Naik ez al. [33] and recently by Soliman et al. [32].
In this case, the composite coupons exhibit fiber breakage associated with limited damage in the
matrix. On the other hand, significant statistical differences in the flexure strength, modulus and
toughness associated with the off-axis flexural test were observed especially with the addition of
large contents of COOH-MWCNTs. For instance, improvements in flexure strength, modulus and
toughness with the addition of 1.5 wt% COOH-MWCNTs reached 19%, 28% and 20.7%,
respectively (Table 3).
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Table 2. Statistical analyses for the on-axis flexure test with various COOH-MWCNTs
loadings: flexure modulus of elasticity (E), flexure strength (c,) and flexure toughness at
the 3% strain level (7-3%).

COOH-MWCNTSs Criterion E (GPa) ¢, (MPa) T-3% (MPa.mm/mm)

0 wi% (neat) Mean 21.70 320 6.70
STD 0.7 11.93 0.25

Mean (% increase) 20.40 (—6%) 348 (8%) 6.96 (3.9%)

0.5 wt%

STD 0.61 6.24 0.52

1.0 Wi% Mean (% increase) 19.33 (—10%) 340 (6%) 6.77 (1.04%)
STD 0.85 23.90 0.45

L5 Wi Mean (% increase) 20.40 (—6%) 344 (7%) 6.94 (3.48%)
STD 0.82 29.28 0.36

Table 3. Statistical analyses for the off-axis flexure test with various MWCNTs
loadings: flexure modulus of elasticity (£), flexure strength (o,), and flexure toughness at
5% strain level (7-5%).

COOH-MWCNTs Criterion E (GPa) o, (MPa) T-5% (MPa.mm/mm)

0 wt% (neat) Mean 6.73 147.7 5.85
STD 0.29 0.58 0.03

0.5 W% Mean (% increase) 7.00 (4%) 167.7 (13%) 6.05 (3.53%)
STD 0.26 4.04 021

1.0 wi% Mean (% increase) 7.60 (13%) 179 (21%) 6.74 (15.28%)
STD 0.78 6.08 0.4

15 wi% Mean (% increase) 8.00 (19%) 189 (28%) 7.06 (20.70%)
STD 0.46 9.54 0.42

Previous research reported that significant damage in the matrix occurs prior to fiber reorientation
and breakage when carbon woven fabric composites are loaded off-axis [32,33]. In this case, the
damage in the matrix is gradual, causing significant nonlinearity in the load-displacement response.
Similarly, the failure behavior of the off-axis flexure test can be therefore attributed to the damage of
the epoxy matrix; thus, the effect of the multi-wall carbon nanotubes is evident. Similar findings on the
significance of carbon nanotubes on the on- and off-axis tension test of composite coupons with carbon
nanotubes were reported elsewhere by the authors [32]. It can be argued that the improvement in the
off-axis behavior is attributed to a strong bond between the COOH functional groups attached to the
MWCNTs and the epoxy groups. This bond seems to significantly improve the matrix behavior and,
thus, to improve the flexure strength and modulus of the composite.

Figure 6 shows a comparison between the stress-strain curves for the on- and off-axis flexure test
obtained experimentally and numerically. In general, the figure shows fair agreement between the
experiments and FE simulations. However, the FE simulation fails to predict the on-axis post-peak
behavior. This can be attributed to the fact that MCT is a class of FE simulation that uses a representative
volume element (RVE) based on idealizing the microstructure of woven composites to develop a unit
cell. The unit cell is used in the analysis and the average stress for each constituent is checked. Therefore,
the FE model does not capture severe damage associated with large deformations and any change in
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geometry due to fiber breakage in compression. In order to capture these effects, the complete
non-linear stress-strain curves for the constituents would help in improving the prediction of the
post-peak behavior. This might be outside the scope of this effort, which is concerned with identifying
the composite constituent responsible for failure. Furthermore, the numerical off-axis simulation
exhibited multiple drops and subsequent increases of load in a “saw-tooth”-like behavior in the
stress-strain, as reported elsewhere [29]. Such behavior depends on the FE mesh size and could
be attributed to matrix damage in some elements and subsequent stress redistribution to

undamaged elements.

Figure 6. Comparison between experiment and FE simulation for on- and off-axis
flexure behavior.
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On the other hand, the FE simulation is capable of predicting the off-axis flexure behavior to a
great extent. Snapshots for the undamaged and damaged regions at different strain levels are shown in
Figure 7. The images from A—E correspond to the on-axis test results, while the images from F-J
correspond to the off-axis test results. For the on-axis test, it is observed that significant fiber damage
occurs at the 1.5% strain level in the compression zone only. As the strain increases, the fiber and
matrix damage propagate. On the other hand, significant matrix damage is observed in the off-axis
test at the 3% strain level prior to any fiber damage. The onset of fiber damage is observed at a
relatively high strain level (4.0%) in the compression zone. The fiber damage extends through the
depth at the 5.0% strain level. The FE simulation confirms the fiber domination in the on-axis flexure
behavior and the matrix domination in the off-axis flexure behavior, as shown in Figure 7.

The shear stress-strain response of FRP composite plates with various contents of MWCNTs is also
shown in Figure 8. The figure also displays in situ microscopic images of the deformation at the loaded
part. The images show that no cracks were observed, as the stress was within the linear elastic zone. As
the stress increased passing the linear zone, delamination between the CFRP laminates took place.

In the stress-strain curve, it can be noted that the neat epoxy CFRP composites undergo a strain
softening plateau after passing the linear elastic zone. This is contrary to the majority of the
COOH-MWCNT-reinforced epoxy CFRP composites, where a clear trend of the straining hardening
plateau occurred after passing the linear elastic zone. We attribute the difference in the shear
behavior to the improvements in the interlaminar shear strength of the epoxy matrix in the
composites. Such an improvement might be explained by the chemical reaction of the functionalized
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COOH-MWCNTs and the base resin. To further quantify the improvement associated with the addition
of COOH-MWCNTs on the shear response, the shear toughness up to the 25% strain level is
computed and compared in Figure 9. The average shear toughness was calculated for the neat, 0.5
wt%, 1.0 wt% and 1.5 wt% COOH-MWCNT cases as 2.89, 3.30, 3.86 and 3.39 MPa.mm/mm
respectively. A noticeable 33% increase in the shear toughness is associated with the addition of 1.5
wt% COOH-MWCNTs compared to neat composite. This increase might be attributed to the
significant increase in the inelastic energy absorption due to the strain hardening plateau associated
with the addition of COOH-MWCNTs, as is apparent in Figure 8.

Figure 7. Contour plots for undamaged/damaged matrix and fibers for on- and off-axis
flexure test at different strain level. (A) ~1.0%; (B) ~1.5%; (C) ~2.0%; (D) ~2.5%;
(E) ~1.0%; (F) ~2.0%; (G) ~4.0%; (H) ~5.0%.

On-Axis Flexure Test Off-Axis Flexure Test




13

Figure 7. Cont.
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— Failed matrix and failed fiber.

Figure 8. Shear stress-strain curves for composite plates with in sifu microscopic images.
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Analysis of the FTIR measurements shown in Figure 10 was performed. In Figure 10a,
the characteristic vibrational modes of the carbonyl group (1710 cm ) and the hydroxyl group
(3415 cm ") were observed in the spectrum of the powder-functionalized COOH-MWCNTs. We
look at three cases in Figure 10b: neat epoxy, epoxy with 0.5 wt% COOH-MWCNTs and epoxy with
1 wt% COOH-MWCNTs. For the COOH-MWCNTs/epoxy, C=0 stretching vibration peak (red) of
the ester groups is observed at 1735 cm ', while the C=0 stretching vibration peak (green) of the amide
groups is at 1660 cm ', formed by the reaction of the carboxylic group in COOH-MWCNTs with the
amine-based hardener. The amide groups peak at 1660 cm ™' and the ester group peak at 1735 cm'
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are weakly apparent in 0.5 wt% COOH-MWCNTs and strongly apparent in 1 wt% COOH-MWCNTs,
and are all missing in the neat epoxy.
Figure 9. Comparison of shear toughness at the 25% strain level for various wt% of
COOH-MWCNTs.
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Figure 10. FTIR transmission curves of (a) COOH-MWCNTs powder and
(b) COOH-MWCNTs/epoxy nanocomposites.
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The above peaks can be explained by the fact that in neat epoxy, the carbonyl group peak is
missing, due to the absence of the COOH group and the complete reaction of epoxy. In the presence
of COOH-MWCNTs, part of the carboxyl groups reacted with the epoxy base in the first step of
fabrication and produced ester showing the C=O red peak, which is shifted to be at 1735 cm™'. This
shift in the C=0 peak due to COOH has been reported in the literature by Zou et al. [34] and
Kim et al. [35]. This reaction might have happened via direct coupling between carboxylic group
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COOH of the COOH-MWCNTs and the hydroxyl groups of the epoxy resin. The potential for such a
direct reaction has been reported by Kim et al. [36] and can be attributed to the fact that ester
formation is feasible when the stoichiometric ratio is shifted to let one component of the reactants to
present in a large excess. Since the epoxy resin is in a very large excess compared with COOH, this
enhances the chances of the reversible esterification reaction in the forward direction according to
Le Chatelier’s principle. It is also believed that the conditions of mixing COOH-MWCNTs with
the epoxy resin under relatively high temperature, 40 °C for one hour then 80 °C for 2 h, would
enable the removal of the small amount of water formed during esterification, which would further
favor the forward esterification reaction.

In the second step of nanocomposite fabrication, the amine-based hardener was added to the
epoxy base/COOH-MWCNTs dispersion. Therefore, all of the remaining carboxyl groups reacted
with the hardener during the curing reaction of the epoxy and formed amide groups, which showed
their C=0 blue peak at 1660 cm ', as reported previously by Zhang et al. [37]. The FTIR
observations prove our argument that the COOH functional group resulted in the reaction between
the MWCNTs and the epoxy and, thus, improved the shear strength of the epoxy matrix and the bond
strength of the COOH-MWCNTs/epoxy nanocomposite matrix and carbon fibers. These
improvements, in turn, resulted in the observed strength, modulus and ductility improvements of the
flexural and shear off-axis behavior of CFRP.

Finally, it is evident from this study that improvements of 20%—-30% can be achieved in the
flexure properties of woven fabric composites by incorporating 1.5 wt% COOH-MWCNTs in epoxy.
Moreover, improvements reaching 45% in the post peak energy of composites can be achieved with
the addition of COOH-MWCNTs. These improvements in strength and toughness can be of significant
value for woven fabric composite applications governed by the shear strength of the polymer matrix.
Examples include composite pipelines, armored vehicles, aircrafts/aerospace shuttles and offshore
structures. Delamination and debonding in these structures due to blasts, environmental condition or
cyclic loading are critical parameters in design.

4. Conclusions

In this experimental investigation, the flexure and shear behavior of the multi-scale on-axis and
off-axis functionalized COOH-MWCNTs/epoxy woven carbon fabric composite plates were
examined. The results showed that the flexure behavior of such thin woven fabric composite plates
depends significantly on the fiber orientation. Statistically-significant improvements in the mechanical
properties were observed in the off-axis flexure behavior of CFRP incorporating COOH-MWCNTs,
while no significant statistical difference was observed when the flexure composite plates are loaded
on-axis. By using the 1.5 wt% COOH-MWCNTs/epoxy nanocomposite, flexure strength, modulus
and toughness improvements of 28%, 19% and 20.7% were achieved. FE simulation showed that the
fiber dominates the on-axis flexure behavior, while the matrix dominates the off-axis flexure
behavior. Furthermore, this investigation also showed that more ductile woven carbon composite
plates can be obtained by incorporating COOH-MWCNTs. The improvement in the toughness can
reach 33% with the addition of 1.5 wt% COOH-MWCNTs. Microstructural investigations using
FTIR showed that the mechanical improvements observed might be attributed to the chemical
reaction of the MWCNTs with epoxy through the COOH functional group. Such a reaction resulted
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in the improved shear strength of the polymer matrix and the improved bond strength between the
matrix and the carbon fibers. The above improvement in mechanical properties using COOH-MWNCTs
can benefit several composite applications.
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Abstract: Carbon nanofilament and nanotubes (CNTs) have shown promise for enhancing the
mechanical properties of fiber-reinforced composites (FRPs) and imparting multi-functionalities to
them. While direct mixing of carbon nanofilaments with the polymer matrix in FRPs has several
drawbacks, a high volume of uniform nanofilaments can be directly grown on fiber surfaces prior
to composite fabrication. This study demonstrates the ability to create carbon nanofilaments on the
surface of carbon fibers employing a synthesis method, graphitic structures by design (GSD),
in which carbon structures are grown from fuel mixtures using nickel particles as the catalyst. The
synthesis technique is proven feasible to grow nanofilament structures—from ethylene mixtures at
550 °C—on commercial polyacrylonitrile (PAN)-based carbon fibers. Raman spectroscopy and
electron microscopy were employed to characterize the surface-grown carbon species. For comparison
purposes, a catalytic chemical vapor deposition (CCVD) technique was also utilized to grow
multiwall CNTs (MWCNTs) on carbon fiber yarns. The mechanical characterization showed that
composites using the GSD-grown carbon nanofilaments outperform those using the CCVD-grown
CNTs in terms of stiffness and tensile strength. The results suggest that further optimization of the
GSD growth time, patterning and thermal shield coating of the carbon fibers is required to fully
materialize the potential benefits of the GSD technique.

Reprinted from Materials. Cite as: Tehrani, M.; Boroujeni, A.Y.; Luhrs, C.; Phillips, J.; al-Haik, M.S.
Hybrid Composites Based on Carbon Fiber/Carbon Nanofilament Reinforcement. Materials 2014,
7,4182714195.

1. Introduction

Fiber-reinforced polymer plastics (FRPs) possess superior specific strengths and stiffness in
comparison to other structural composites, such as metal or ceramic-reinforced composites. The
relative ease of manufacturing, light weight, wide range of physical properties and high corrosion
resistance make FRPs very desirable for several applications [1,2].

Compared to other structural fibers, carbon fibers are utilized when fatigue resistance, moderate
strength and electrical conductivity are needed and when weight savings are crucial. Recently,
nanofilament forms of carbon reinforcement, such as carbon nanotubes (CNTs) and carbon
nanofibers [3], have gained growing interest in the composites community, due to their attractive
mechanical properties. However, researchers have attempted to incorporate CNTs in polymer
matrices and have met limited success, due to the extreme difficulty in uniformly dispersing CNTs in
polymeric matrices, because of the large surface area of CNTs [4]. The high-aspect ratio CNTs tend to
entangle and form agglomerates when dispersed into a viscous polymeric matrix. Sonication [3] and
calendaring [5] have been employed extensively to mitigate this problem, but both techniques are not
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feasible beyond ~3.0 wt% CNT, due to the formation of aggregates [6]. A combination
of dispersion and extrusion techniques have been reported in the literature for producing CNT
composites [6] with a tailored microstructure, e.g., aligned CNTs. However, in both dispersion
and extrusion techniques, producing uniform and well-dispersed CNT composites is difficult,
due to the phase separation stemming from the stronger van der Waals interactions amongst the
CNTs bundles compared with that between the CNTs and the polymer matrix [7]. Furthermore,
excessive sonication of CNTs toward better dispersion might result in breaking them into shorter
tubes, thus reducing their aspect ratios [8] and, consequently, negatively affecting their derived
composite mechanical performance.

One viable alternative to prevent nanofilaments agglomeration is to anchor one end of the
nanofilament to the substrate, thereby creating a stable multiscale structure. This approach can be
implemented by physically growing the nanofilaments directly on the surface of the substrate (in this
study, the substrate is micro-scale carbon fiber bundles). Carbon nanotubes have been grown on most
substrates, such as silicon, silica and alumina [9]. However, there are fewer reports discussing CNT
growth on carbon materials; in particular, yarns and fabrics [10]. Two challenges face CNT growth
on carbon substrates, namely: (i) the transition metals that catalyze the CNTs growth can easily
diffuse into the carbon substrates and; (i1) different phases of carbon materials are able to form on the
graphite substrates, because the CNT growth conditions are identical to the graphite or diamond-like
carbon growth [11].

Recently, carbon nanofilaments were grown on carbon fibers, both polyacrylonitrile- (PAN) and
pitch-based, by hot filament chemical vapor deposition (HFCVD) using H, and CHy4 as precursors
[12]. Nickel clusters were electrodeposited on the fiber surfaces to catalyze the growth, and uniform
CNT coatings were obtained on both the PAN and pitch-based carbon fibers. Multi-walled CNTs with
smooth walls and low impurity content were also grown on a carbon fiber cloth using
plasma-enhanced chemical vapor deposition (PECVD) from a mixture of acetylene and ammonia
[13]. In this case, a cobalt colloid was utilized to achieve the good coverage of nanofibers on the
carbon cloth. The main draw back to CNT growth via CVD is the damage induced on the carbon
fiber surface due to the high-temperature synthesis (>750 °C) [11,12]. Qu et al. [14] reported a new
method for the uniform deposition of CNTs on carbon fibers. However, this method requires
processing at 1100 °C in the presence of oxygen, and such a high temperature is anticipated to
severely damage the carbon fibers. One approach to circumvent the thermal damage due to the
synthesis at elevated temperature environments is to utilize ceramic-based thermal barrier coatings,
such as SiC or SiO,.

In this study, carbon nano-filaments were grown utilizing a moderate temperature (i.e., 550 °C)
under atmospheric pressure. This atmospheric pressure process, derived from the process, graphitic
structures by design (GSD) [15,16], is rapid, and the temperature is low enough (i.e., 550 °C) to
avoid severe structural damage to the substrate macroscale carbon fibers; and, the process is
inexpensive and readily scalable. The GSD process does not utilize any toxic hydrocarbons or
catalysts (e.g., xylene and metallocene) unlike CCVD [17]. Finally, GSD could offer the opportunity
to place CNTs in pre-designated locations where the catalyst is pre-deposited. In contrast, utilizing
the CCVD technique, CNTs grow everywhere. This investigation sheds some light on the effect of
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the growth technique on the quasistatic mechanical properties of FRPs made out of a hybrid
reinforcement that utilizes carbon nanofilaments grown on the surface of carbon fibers.

2. Results and Discussion

Based on previous experiences, the nickel film should be fragmented into particles to grow carbon
nanofilaments via GSD; otherwise, it might lead to the growth of either graphene of graphite [18]. A
reduction step at 550 °C under a N,-H; environment was carried out for 2 h under atmospheric pressure
to fragment the nickel film into nanometer-sized particles and to remove any nickel oxides (Figure 1a).
These particles are retained on the tips of the nanofilaments grown via GSD, as shown in Figure 1b.

Figure 1. SEM micrographs for (a) nickel particles formed after the reduction process
under N,-H, at 550 °C; (b) nanofilaments grown utilizing the graphitic structures by
design (GSD) technique with nickel particles attached to their tips.
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The SEM micrographs in Figure 2a,b exhibit a uniform growth of CNTs utilizing GSD and
CCVD techniques, respectively, on the surface of PAN-based carbon fibers, where the nickel
catalytic particles were deposited (for the case of GSD). Both fibers were precoated with 75 nm-thick
films of SiO,, in anticipation of better thermal shielding against the synthesis temperature. The
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morphologies of the grown nanofilaments are shown in the TEM micrographs (Figure 2c,d). The
GSD-synthesized nanofilament does not exhibit well-defined walls and possesses a diameter of
less than 20 nm, whereas the CCVD yielded better defined multiwall CNTs (MWCNTs) with
variable diameters.

Figure 2. The SEM micrograph of nanofilaments grown via (a) GSD and (b) chemical

vapor deposition (CCVD); The TEM micrograph of the morphologies of nanofilaments
grown via (¢) GSD and (d) CCVD.
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Since the samples comprising the surface-grown nanofilaments were exposed to elevated
temperatures (i.e., 550—680 °C), reference samples of raw fabric and SiO, sputter-coated fabric
were exposed to an identical thermal environment similar to GSD (except for prohibiting the
growth without the flowing of hydrocarbon gas) for later comparison. These samples are referred to
as “heat treated” throughout this study. The Raman spectra were measured for the raw PAN-based
carbon fabric, SiO, sputter-coated fabric, heat-treated fabric, heat-treated SiO, sputter-coated fabric
and samples with CNTs grown on their surfaces via the GSD and CCVD techniques. While the
as-sputtered nickel thin film is amorphous, evidenced by the ordered fringe patterns of Figure 3,
upon fragmentation and reduction, the nickel particles become crystalline.
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For carbonaceous materials, the Raman spectra exhibit two distinct bands. The disorder induced
D band at 1354.7 cm ' in the MWCNT spectra and between 1330 and 1390 cm™' in single wall
carbon nanotubes (SWCNT) The tangential mode G band, related to the ordered graphitic structure,
appears at 1581.2 cm ™' for the MWCNT and between 1595 and 1605 cm ™' for the SWCNT [19].

Figure 3. The TEM micrograph of a nickel particle from which a carbon nanofilament

was grown.

Raman peaks (Figure 4) for all of the samples without nanofilament growth are very weak,
regardless of the prior surface treatment, and do not exhibit the presence of a crystalline form of
carbon. The raw carbon fibers did not display significant peaks. It is well known that PAN-based
carbon fibers do not exhibit the G band (unlike graphitic pitch-based fibers); rather, they exhibit the
turbostratic appearance of the D line, which corresponds to the structural disorder caused by the

existence of the sp3 bonds [20].
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Figure 4. Raman spectra of the surfaces of different processed carbon fibers.
Specimens are based on raw polyacrylonitrile (PAN)-based carbon fabric (Raw), SiO,
sputter-coated fabric (Sp), heat-treated fabric (HT), SiO, sputter-coated then heat-treated
fabric (Sp + HT), and with CNTs grown on their surfaces via graphitic structures by
design (GSD) and catalytic chemical vapor deposition (CCVD).
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Sputtering the fibers with nickel and SiO, films assisted in contrasting the G band for the fibers.
Furthermore, heat treating of the samples with the deposited films made the D and G bands more
pronounced. The CNTs grown on the surfaces of the PAN-based carbon fiber fabric via GSD or
CCVD demonstrate the D-band center value at 1350 cm ' and the G-band at 1580 cm ',
respectively; in good agreement with those of the Raman spectra of MWCNTs. Although these
peaks are also observed for graphite [21], it is evident from the SEM and TEM micrographs of the
nanofilaments that the Raman peaks cannot be from graphite.

The intensity ratio of the two bands (Ip/Ig) can be conceded as a quantitative measure of the
amount of structurally-ordered graphite crystallite in the carbonaceous material. From Figure 4, the
decrease in the intensity ratio (Ip/Ig) was more noticeable for the carbon fibers with MWCNTs
grown by CCVD. This reveals that the degree of crystallinity of the MWCNTSs grown using CCVD
is higher than that for the nanofilaments grown via GSD. Moreover, the width of the D peak for the
CCVD sample is narrower than that for the sample prepared via GSD. This is indicative of a higher
degree of order in the MWCNTs prepared via CCVD compared to the nanofilaments grown via
GSD, which was confirmed by the TEM images, Figure 2c,d.

The stiffness of the two-lamina composites is governed by the carbon fiber’s core and, hence, is
less likely to be affected by the elevated temperatures of CCVD and GSD if an inert atmosphere is
employed. However, the tensile strength is highly influenced by the quality of the surface of the
carbon fibers and the strength of the adhesion (uniform stress transfer) between the matrix and the
fibers. Therefore, the ultimate tensile strength is expected to be affected by the surface coating,
heat treatment and the growth time.

The morphology, length and density of the grown CNTs or nanofilaments are postulated to
affect the polymer matrix infusion into the CNT or nanofilament layer and, subsequently, the
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interfacial bonding at the fiber/epoxy interface. Figure 5 shows SEM micrograph of a
cross-sectional view of carbon fiber covered with a dense layer of GSD-grown nanofilament. The
thickness of the layer (1 h growth time) is almost 0.5 microns. The length of the grown CNTs can
be controlled by the initial thickness of the nickel layer and the growth time. The filament layer
seems to be coherent and connected to the surface of the PAN carbon fibers. However, to attain a
good adhesion between the polymer/fiber, it is imperative that the polymer matrix infuses into the
dense CNT forest.

The carbon monofilaments only grew on the exposed fiber bundles on the upper and lower
surfaces of the woven carbon fabrics (i.e., what will be the ply interfaces in a composite lamina).
However, they did not influence the polymer matrix penetration to the regions adjacent to the grown
nanofilaments (see Figure 6). As observed from the SEM micrographs of the cross-sections of
different samples (Figure 7), the overall penetration of the matrix seems to be identical for all the
samples. However, while grafting of CNTs was achieved with a minimal weight penalty, it affected
the volume fractions of the composite panels. The volume fractions for different composite
configurations are summarized in Table 1.

The tensile test results were, therefore, normalized with respect to the corresponding volume
fractions according to the composites rule of mixture. Although the rule of mixture does not
provide the most accurate prediction of tensile properties, it is employed here to justify the
comparison between the different samples and to provide a better contrast of the effects of the
different surface treatments on the tensile properties. The results of the tension tests are

summarized in Table 2.

Figure 5. Cross-sectional SEM micrograph of a carbon fiber grafted with
surface-grown carbon nanofilament utilizing the GSD technique.
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Figure 6. Polymer matrix penetration of the region adjacent to the nanofilaments for
the composites based on the (a) CCVD and (b) GSD methods.
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The normalized mechanical properties (Table 2) indicate that the stiffness of the composite was
retained upon exposure to moderate temperatures (i.e., 550 °C in N, atmosphere). This observation
is manifested by the heat-treated fabric (HT) and the HT and SiO; sputter-coated fabric (HT + Sp)
samples. The surface alteration via coating with SiO, and the heat treatment or the presence of
GSD-CNTs on the surface resulted in an increase in the stiffness (see Table 2). However, the
sample with CCVD-grown CNTs on the SiO, layer exhibited a slight degradation of almost 4% in
the stiffness of the corresponding composite. This degradation can be attributed to the higher
temperature of the CCVD reaction that accelerates carbon diffusions and partially deteriorates the
carbon fiber and, to a lesser extent, to the poor adhesion between the epoxy/fibers and CNT/fiber.
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Figure 7. The cross-sections of all fabricated composite samples were investigated
under scanning electron microscopy (SEM). The cross-sectional images of all samples,
as well as the magnified images for the GSD and CCVD samples are shown below. The
SEM micrographs show the same level of matrix penetration for all samples. (a) R; (b) R +
HT; (¢) Sp + HT; (d) GSD; (e) CCVD.
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Table 1. Fiber volume fractions for the specimens based on raw PAN-based carbon
fabric (Raw), SiO, sputter-coated fabric (Sp), heat-treated fabric (HT), SiO, sputter-coated
then heat-treated fabric (Sp + HT) and with CNTs grown on their surfaces via graphitic
structures by design (GSD) and catalytic chemical vapor deposition (CCVD).

Composite Sample Label Vi (%)
Raw R 56
Heat treated HT 57
Si0, sputter-coated Sp 55
Si0, sputter-coated then heat treated Sp+ HT 54
CNT grown with GSD GSD 49
CNT grown with CCVD CCVD 49

Table 2. Tensile mechanical properties for the specimens based on raw PAN-based
carbon fabric (Raw), SiO, sputter-coated fabric (Sp), heat-treated fabric (HT), SiO,
sputter-coated then heat-treated fabric (Sp + HT) and with CNTs grown on their
surfaces via GSD and CCVD.

Fiber’s configuration Young’s modulus (GPa) Tensile strength (MPa)

Raw 404+ 1.2 606 + 31
HT 414409 556 + 44
Sp 40.6 + 3.6 547 + 42

Sp + HT 44.1+ 1.4 557 +£27

GSD 437426 585+ 37
CCVD 38.9+4.8 184+ 10

Heat treatment of the carbon fabric also leads to the removal of the sizing and, thus, alteration of
the surface of the fibers. Removing the sizing through heat treatment resulted in an 8% reduction in
the strength of the composite compared to the reference composite with the sizing intact (Table 2).
The introduction of the SiO, layer (Sp sample) lessens the bonding between the epoxy and fibers
and, thus, induces a slight reduction in the strength of the composite. The heat treatment of the
sputter-coated fabrics (see the Sp + HT sample) does not appear to influence the adhesion of
fiber/matrix and the strength of the composites; the strength of the Sp and the Sp + HT composites
were virtually identical.

Grafting the nanofilaments directly onto the fibers allows for the placement of high volume
fractions of un-agglomerated nanofillers. This volume fraction is far larger than what can be
effectively achieved when CNTs are pre-mixed with the epoxy matrix (typically within 3% for
proper dispersion). It is speculated that the highly viscous matrix (viscosity of 950 cps) might not
be efficient in fully impregnating the dense surface-grown nanofilament forests. Conversely, the
enhanced fiber/matrix adhesion due to the interactions between the surface grown CNTs and the
polymer matrix yielded an improved stress transfer to the fibers compared to all other samples with
modified surfaces (i.e., Sp, Sp + HT and HT).

The composite based on the GSD grown nanofilaments counterbalanced some of the undesired
effects from the presence of the SiO, layer and heat treatment on the strength. While the strength of
the GSD samples improved by 5% compared to the Sp + Ht ones, it was still 3.5% lower than the
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strength of the reference samples. Nevertheless, the harsh thermal environment of CCVD (i.e.,
exposure to the temperature of 680 °C) causes drastic degradation of the fibers due to
temperature-accelerated diffusion and oxidation of carbon, which deteriorates the carbon fiber core
and surface. Moreover, the surface of the fibers is malformed due to the presence of nanofilaments
(possibly not fully attached to the fiber) on the surface of the SiO,-coated carbon fibers. Test
coupons based on FRPs with CCVD surface-grown CNTs ruptured in a very brittle manner. A 70%
decrease in the strength of the composites based on CCVD-CNTs can be primarily attributed to the
severe degradation of the fiber surfaces, due to the elevated synthesis temperatures. Among the tested
samples, only the SiO,-coated (Sp) and SiO,-coated/heat-treated (Sp + HT) samples exhibited
delamination during the tension tests.

The carbon fiber samples were weighed pre- and post-processing in the synthesis reactor. The
measurements were repeated for the samples with SiO; coating only (the Sp + HT sample was
considered as the reference for calculating the weight of CNTs) and for the samples with SiO,
coating and nickel catalyst (the ones that CNTs grow on later). Utilizing a digital scale with an
accuracy of £0.0001 g, we conclude that for both samples processed via GSD and CCVD, the
weight fractions of the CNTs in the composite is less than 0.05 wt%.

The hand layup process that was used for the fabrication of the panels does not effectively
control the volume fractions of composites. However, the normalized tensile test results confirmed
the hypothesis that the core of the fibers is unaffected by the elevated reaction temperatures of both
GSD and CCVD.

Among all the samples, the tensile strength of the panels fabricated from the CCVD-processed
fabrics degraded significantly. Thermally-induced surface damage to the fiber surface and the weak
interaction between the surface CNTs and polymer matrix are the main reasons for the mechanical
weakening of the CCVD composite samples. The conclusion that can be drawn is that the CCVD
technique allows for the placement of high-quality crystalline CNTs (compared to the
nanofilaments grown via GSD) at the price of significantly degrading the mechanical properties,
due to the severe substrate fiber damage.

The reduction of tensile properties of the GSD samples (Table 2) is at worst 3.5% for the
strength. The CCVD yielded even more significant reductions of 4% and 70% for the modulus and
the strength, respectively. The degradation of the composites properties due to thermal annealing of
the base carbon fibers during CCVD was observed by several other groups. For example, when
utilizing CCVD for growing CNTs on the surface of IM7 carbon fibers (much stronger and denser
than the AS4 fibers) at 750 °C for 1 h, Qian et al. [22] reported a 15%—25% reduction on the tensile
strength. Zhang et al. [17] performed a CCVD to grow CNTs over T650 and IM7 carbon fibers and
observed that the strength of the corresponding composite based on T650 fibers with grafted CNTs
compared to composite based on the raw fibers drops by 46% when the growth temperatures was
800 °C. In contrast, under the same growth conditions, the composites based on IM7 carbon fibers
with grafted CNTs exhibited a reduction of 70% of the original strength.
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3. Experimental Section
3.1. Growing Carbon Nanofilament Using GSD

Commercial PAN-based plain-woven carbon fabric (AS4 supplied by HEXCEL Inc., Stamford,
CT, USA) was utilized as the substrate to grow carbon nanofilaments. Samples of 13 x 13 cm” were
cut from the raw fabric, some of which were reserved intact for the next step as reference samples. In
anticipation of shielding the carbon yarn against the elevated temperatures encountered during the
growth procedures and to prevent undesired carbon diffusion, thin films of thermal coating (75 nm
thick SiO,) were sputtered on the fabric top and bottom surfaces [23]. The catalyst in the form of a
2 nm-thick film of nickel was sputtered on top of the SiO; layers. A magnetron sputtering system
(ATC Orion high vacuum sputtering system, AJA International Inc., Scituate, MA, USA) was
employed to sputter both the SiO, and nickel films on the PAN-based carbon fiber fabrics. The
sputtering process was carried out with an argon gas flow at 300 Watts power from a radio frequency
(RF) source (to deposit the 75-nm SiO; film on the surface of the carbon fibers) and a DC source
(to deposit the 2-nm nickel film on top of the SiO; film,) both at 3 millitorr vacuum.

In order to grow carbon nanofilaments on the fabrics coated with SiO, and nickel films, a tube
furnace reactor was utilized. The furnace was comprised of a 7.62-cm diameter quartz tube and a
45.72-cm heating zone. The first step of the growth process involves flushing the tube with nitrogen
and vacuuming it with a mechanical pump while the nitrogen was flowing. This step ensures the
elimination of oxygen inside the reaction tube.

The CNT growth was initiated as a mixture of N,/H,/C,H4 and was introduced while maintaining
the temperature at 550 °C. The growth time was set to one hour. The hydrocarbon (ethylene) undergoes
a homogeneous reaction over the nickel catalyst in the presence of H», and the carbon radicals get
deposited in the form of nanotubes [18,24,25]. The furnace was cooled down to ambient temperature
under an inert nitrogen environment.

To provide better insight into the effect of the nanofilament growth condition and synthesis
method, MWCNTs were also synthesized on separate yarns by catalytic chemical vapor deposition
(CCVD) in a simple hot-wall reactor at ambient pressure. In this process, the catalyst, ferrocene, was
dissolved in a liquid hydrocarbon, xylene, to form a feed solution. This solution was delivered by a
syringe pump to an injection tube and dispersed into a flow stream of hydrogen and helium. This
vapor was transported to a hot quartz tube reactor. Carbon nanotubes were grown on SiO;-coated
woven carbon fabric at 680 °C for 1 h.

3.2. Microstructural and Mechanical Characterization

A 5200 Hitachi SEM (Tokyo, Japan) and a Titan 300 TEM (FEI, Inc., Hillsboro, OR, USA)
operated at 5 and 300 keV, respectively, were utilized to examine the synthesized MWCNTs. Raman
spectra were obtained utilizing a ProSeek Raman system from Raman System, Inc. (Woburn, MA,
USA) These spectra were obtained with a confocal Raman microscope, using a 5-mW, 785-nm
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excitation wavelength laser beam focused on the sample with a 50% objective. Spectra were obtained
as the sum of 30-s integration time.

For the purpose of mechanical testing, a set of flat, two-layer composite lamina of 12.5 x 12.5 cm®
were manufactured using vacuum and a press-assisted hand lay-up process. The lay-up stack
comprised a vacuum bag, peel ply release fabric, stacked carbon fabrics impregnated with the epoxy,
another peel ply film, perforated release film and breather cloth, sequentially. The lay-up set was
vacuum bagged, while a pressure of 5 kN via a dead weight was applied to it. Simultaneous use of the
vacuum and dead weight assured the degassing and curing of the resin, while the carbon fabric stack
was kept intact under high pressure. The composite was left to cure under room temperature for 24 h.
The matrix material was Aeropoxy™ manufactured by PTM&W Industries, Inc. (Santa Fe Springs,
CA, USA) This epoxy system was used to manufacture both FRPs [26,27] and composites based on
SWCNT [7] and MWCNT [28]. Abraded G-10 tabs were attached utilizing the Aeropoxy to the ends
of the tensile specimen. Tensile test coupons of 12.5 x 1.25 cm”® were cut using a table saw. The ultimate
tensile strength and Young’s modulus for the specimens were measured from tension tests utilizing
an Instron® 4400R frame (Instron, Inc. Norwood, MA, USA). The tensile tests were performed
according to the ASTM standard D3039/D3039M-08 [29] under a constant cross-head speed of
2 mm/min until failure occurred.

The strain was measured using an extensometer (MTS Testing Systems, Inc., Eden Prairie, MN,
USA). A total of eight samples for each configuration were tested to determine the tensile properties.

4. Conclusions

The surface modification of the carbon fiber through heat treatment, coating with SiO; film in
an attempt to prevent the fibers’ thermal degradation and growing carbon nanofilaments via GSD
and CCVD on the surface influence the mechanical properties of the composites based on these
different fiber configurations. The mechanical testing showed that composites using the GSD-grown
nanofilaments outperform those using the CCVD-grown CNTs in terms of stiffness and tensile
strength. The conclusion that can be drawn is that the CCVD technique allows for the placement of
higher quality CNTs (compared to GSD) at the compromise of significantly degraded mechanical
properties. The tensile results indicated that the SiO; thin film protected the PAN-based carbon
fiber against undesired diffusions and the temperatures utilized in GSD technique (550 °C), but
were not capable of shielding the fibers at higher temperatures used in the CCVD method. The
reduction in the strength encountered by the fibers via the GSD growth is not desirable and, yet, are
minimal (only a 3.5% reduction in strength compared to the reference samples). This trend was
observed by the different groups who have utilized CCVD to grow CNTs on the surface of carbon
fibers. Therefore, it is believed that the GSD still needs further optimization in terms of the growth
temperature and the shielding of the base fibers.
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Static and Dynamic Characteristics of a Long-Span
Cable-Stayed Bridge with CFRP Cables

Xu Xie, Xiaozhang Li and Yonggang Shen

Abstract: In this study, the scope of CFRP cables in cable-stayed bridges is studied by establishing
a numerical model of a 1400-m span of the same. The mechanical properties and characteristics of
CFRP stay cables and of a cable-stayed bridge with CFRP cables are here subjected to
comprehensive analysis. The anomalies in the damping properties of free vibration, nonlinear
parametric vibration and wind fluctuating vibration between steel cables and CFRP cables are
determined. The structural stiffness, wind resistance and traffic vibration of the cable-stayed bridge
with CFRP cables are also analyzed. It was found that the static performances of a cable-stayed
bridge with CFRP cables and steel cables are basically the same. The natural frequencies of CFRP
cables do not coincide with the major natural frequencies of the cable-stayed bridge, so the
likelihood of CFRP cable-bridge coupling vibration is minuscule. For CFRP cables, the response
amplitudes of both parametric vibration and wind fluctuating vibration are smaller than those of steel
cables. It can be concluded from the research that the use of CFRP cables does not change the
dynamic characteristics of the vehicle-bridge coupling vibration. Therefore, they can be used in
long-span cable-stayed bridges with an excellent mechanical performance.

Reprinted from Materials. Cite as: Xie, X.; Li, X.-Z.; Shen, Y.G. Static and Dynamic
Characteristics of a Long-Span Cable-Stayed Bridge with CFRP Cables. Materials 2014, 7,
485474877.

1. Introduction

Cable-supported bridges have undergone rapid development over the last century since high-strength
steel cables were first made available. Cable-stayed bridges can reach spans of over 1000 m, which
makes them practical alternatives to suspension bridges. The cables, which transmit most of the
force, are key to the structural stability and safety of cable-stayed bridges. However, cables are very
vulnerable to corrosion and fatigue damage, which affect their service lifespan, necessitating their
replacement. In China alone, the cables of more than twenty bridges have been replaced over the
past twenty years for safety reasons [1]. Cable replacement not only requires a huge financial
investment, but also disrupts transportation and causes problems in the maintenance and management
of the bridge.

Carbon fiber-reinforced plastic (CFRP) has been widely used in civil engineering, because of its
light weight, great strength, considerable flexibility and resistance to corrosion and fatigue. In spite
of the disadvantages, like the lack of ductility, high cost, contractor unfamiliarity, susceptibility to
impact damage and difficulty in forming connections, CFRP cables are superior to steel cables in
some critical mechanical aspects, such as creep and relaxation. The possibility of using CFRP in
long-span bridges has received considerable attention for this reason. Meier et al. [2] evaluated
the applicability of CFRP materials in long-span cable-supported bridges. Later, other scholars made
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more comprehensive studies on the possibility of applying CFRP in long-span bridges [3—14]. The
mechanical properties of long-span cable-supported bridges built with CFRP cables have been
gradually explained. Better ways of manufacturing CFRP cables and anchoring systems have been
developed, and these have already seen use in some real-world bridges [15—-19]. The increase in
knowledge of CFRP materials has decreased the manufacturing costs, and the use of CFRP cables in
long-span bridges will upsurge in the near future.

So far, most studies of CFRP cables have been limited in scientific premise. Some problems are
still at the probing stage. The impact of CFRP cables on the mechanical properties of long-span
cable-stayed bridges has not yet been subjected to systematic research. In this research, a series of
studies have been carried out on CFRP cables in bridges of different sizes. Herein, a CFRP
cable-stayed bridge is compared to a steel cable-stayed bridge with respect to material, element and
structural characteristics. These results provide evidence supporting the use of CFRP cables in
long-span cable-stayed bridges.

2. Mechanical Properties of CFRP Cables
2.1. Material Properties of CFRP Cables

At present, there is no uniform production standard for CFRP cables, so the material parameters
of CFRP cables produced by different manufacturers differ considerably. Table 1 shows the
material properties of four types of CFRP cables, marked as A, B, C and D. In the table, v, E, o, &,
R. and p represent the unit weight, Young’s modulus, tensile strength, ultimate strain, relaxation ratio
for 1000 h and linear expansion coefficient, respectively. It was here observed that the material
characteristics of CFRP cables produced by different manufacturers are typically similar. The Young’s
modulus is about 140 GPa, which is about 70% of steel cables. The tensile strength is 2.02-2.55
GPa, which is 1.3—1.6 times that of high-strength steel cables. The linear expansion coefficient is
0.6 x 10°%/°C, and the temperature deformation is only 1/20 that of steel cables. The unit weight is
1/5 that of steel cables, and the relaxation rate is lower than that of steel cables. In addition, the
ultimate strain of CFRP cable is so small that the stress-strain curve remains mostly linear before
fissure, which indicates that CFRP cables are brittle.

Table 1. Material properties of CFRP and steel cables.

Cable types y(kN/mm3) 6.(MPa) E(GPa) o,JE R.(%) (%) a(x10°°C)

A 16 2,140 137 0.016 0.3 1.6 0.6
B 16 2,550 147 0.017 0.3 1.6 0.68
C 16 2,022 137 0.015 0.3 2 0.6
D 16 2,421 159 0.015 0.3 1.7 0.6

steel 77 1,570 196 0.008 <2.5 >4 12
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2.2. Damping Properties of CFRP Cables

Cable damping is mainly associated with energy dissipation caused by material strain and air
friction. There is so little air damping that it can usually be ignored during calculation. This paper
focuses on the material damping characteristics of CFRP cables. According to the strain energy
proportional damping theory of a single-degree-of-freedom vibration system, the damping ratio & can
be calculated using the following expression:

1 AW
E= i (%)
Here, AW is the energy absorbed due to the strain deformation during the vibration cycle, and W is
the modal potential energy. Assuming AW is proportional to the strain energy AWV, replacing the
proportionality sign with a constant [20-22]:

AW =2mV (6)

Here, 1 is the energy loss factor, and V' is the strain energy. Substitution of the equation above into
Equation (1) produces the following:

1V
§=EHW (7)

Because there is a large initial tension 7 in the cable, therefore the modal potential energy W of
Formula (3) includes two parts, initial tension potential energy W, and strain energy V, hence:

W=w,+V (®)

Because the flexible cable only bears axial tension, as indicated by the relationship of strain and
tension shown in Figure 1, the initial potential energy due to tension, W, and strain energy V can be
calculated as follows:

Wy = ZTkOSkski’
k=1
", EAS, )

Vi:Z ) €

k=1

Figure 1. Potential energy and strain energy in initial tension.
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Here, g;; and S; are the strain and length of element & generated by the i-th vibration mode.
Tro1s the 1nitial tension in element &, and # 1s the total number of cable elements. Substitution of
Equations (4) and (5) into (1) results in the following expression:

4
n

1
§=2
2 W, +

(10)

=

In order to compare the damping characteristics of steel and CFRP cables, a cable vibration test
was carried out in Tokyo Metropolitan University [22]. The test steel and CFRP cables were made
at Rope Corporation Tokyo, Japan, wherein the steel cable, PCS¢12.7 (¢ refers to diameter of the
cable), was composed of seven 5.16-mm diameter steel wires, PCS¢#5.16, and the CFRP cable,
CFCC¢12.5, was composed of seven 5.0 mm-diameter CFRP wires, CFCC¢5.0 (Figure 2). Table 2
lists the material parameters of cables and wires. E, w, D, A and o, represent Young’s modulus,
the unit weight, the diameter, the cross-sectional area and the tensile strength of cables and wires,
respectively.

Figure 2. Cross-section of cable CFCC¢12.5.

cable
620
0L

Table 2. Material properties of cables and wires.

wires

Cable and Wire Type E (GPa) w(g/m) D(@mm) A(@mm’) o,(MPa)

CFCC¢12.5 159 145 12.50 76.0 2,421
PCS¢12.7 197 774 12.70 98.7 1,854
CFCC¢5.0 152 29.9 5.00 15.2 2,980
PCS¢5.16 204 163.8 5.16 20.9 1,999

Figure 3a,b provides details of the cable damping test equipment. The test cable was 20 m-long
with an initial tension of 30 kN. The resulting initial stresses in CFRP cables and steel cables were
395 and 304 MPa, respectively, which were equal to half of the service stresses. Here, the design
safety factor of the test cable was 2.5. Continuous excitation force was applied at the midpoint of
the cable to render the vibrations stable.

Once the excitation force ceased, the cable entered free decay vibration, which was measured by
a non-contact laser displacement meter at a sampling rate of 500 Hz. Figure 3b shows the
relationship between the cable damping and vibration amplitude. It can be found that, for steel and
CFRP cables, damping increases with vibration amplitude, but the trend was more obvious for steel
cables than CFRP cables. This indicted that the influence of vibration amplitude on cable damping
is not as pronounced for CFRP cable as it is for the steel cable. In addition, the energy loss factor of
cables shown in Equation (3) can be calculated from Figure 3b. Here, the damping constant was
0.05 for both steel and CFRP cables, consistent with the test results reported by Kady ef al. [23].
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In order to determine the energy loss factors of wires comprising the cables, the bending
deformation experiment of steel and CFRP wires under free vibration was conducted (Figure 4a).
A heavy block was hung on by a string on the fixed test wire at a distance of / from the fixed
end. An initial imposed displacement was used to place the wire in decay free vibration. The strain
readings were recorded by the dynamic strain gauges fixed on the wire, at a sampling of 500 Hz.

During the test, the distance / and the mass of the heavy block were varied multiple times to obtain
additional experimental data.

Figure 3. (a) Cable damping test; (b) cable damping log decrement vs. vibration amplitude.
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Figure 4. (a) Bending deformation experiments of steel and CFRP wires; (b) distribution
of energy loss coefficient for steel wires; (c) distribution of energy loss coefficient for
CFRP wires.
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Figure 4b shows the distribution results of energy loss factors for steel and CFRP wires. As
shown, the average energy loss factors for steel and CFRP wires are about 0.018 and 0.008,
respectively, which is much smaller than the damping constant of steel and CFRP cables, 0.05.
This indicates that the damping of the material strain ratio is only a part of the total cable damping,
and other damping is relative to the friction among the wires of the cable.

3. Structural Description of the Cable-Stayed Bridge

In this paper, the mechanical characteristics of a cable-stayed bridge with CFRP cables are
discussed, and the feasibility of using CFRP cables on long-span cable-stayed bridges is evaluated.
The finite element method (FEM) is used to establish a numerical model of the 1400-m span of a
cable-stayed bridge. Although the bridge model is not an actual structure, the geometric parameters
were chosen by a conceptual design procedure according to some basic parameters of the existing
long-span cable-stayed bridges [22]. Figure 5 shows the layout of the bridge model (in meters). This
bridge’s mid-span is 1400 m, which is about two times its side-span. Thirty-four cables are installed
at a horizontal spacing of 20 m on each side of towers to hold the main beam, which is a uniform
multi-cell flat steel box girder. The width of the box girder is 30 m, and the height is 4.5 m, which
indicates a relatively larger height-to-span ratio as compared to many other cable-stayed bridges.
The equivalent thicknesses of the orthotropic top and bottom plates of the girder are 20 mm (derived
as 12 mm of steel plate and an 8-mm equivalent thickness of the stiffener). The equivalent thickness of
the web is 15 mm. The height of the pylon is 280 m, which is 0.2-times the mid-span, and the tower
cross-section is a single cell box composed of walls with an equivalent thickness of 40 mm. Table 3 lists
the cross-sectional parameters of the girder and the tower. Along the side-span, there are three middle
auxiliary piers at a horizontal spacing of 100 m to support the girder. Constraint springs were set
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between the girder and the pylon along the bridge longitudinal axis. Cables of C1, C2 and C3, shown
in Figure 5, represent long, medium and short cables of Type C, mentioned in Table 1. The cables
here have a relatively low tensile strength of 2022 MPa and an elastic modulus of 137 kN/mm”. In the
numerical model, the tower and box girder are 1111 spatial beam elements with 6 DOF, and the
cables are 272 isoparametric elements with 3 DOF. The bridge is fixed at the bottom of the tower and
supported by piers. The bridge can move along the longitudinal axis. The geometric nonlinear
method and material nonlinear method are used to solve the problem.
The unit weight of the structure is calculated as follows:

Wy = kpyA+W, (11)

Here, kp is the load factor, chosen by conceptual design considering the self-weight of the stiffener
plate of the box girder. [22]. For girders kp = 1.4, and for pylons, kp = 1.2. y is the unit weight of
steel. 4 is the cross-sectional area of box girder. W is the secondary load, which mainly consists of
pavement load, efc., taken as, W, = 70 kN/m. The secondary load of the pylon is relatively so small,

that it can be ignored.

Table 3. Cross-sectional properties.

Cross-Section A (mz) I, (m4) I, Torsion Constant
(m*) (m’)
Girder 1.607 5.503 120.43 10.352 *
Tower 1.760 30.667 40.320 39.273 *

* Without considering the stiffening rib.



Figure 5. (a) 3D model of the bridge; (b) layout of half of the bridge; (¢) typical
cross-section of the box girder; (d) layout of the pylon and cross-section of the tower.
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The cross-sectional area of the cable is calculated using the maximum cable tension 7 and the

allowable stress . The formula is as follows:

y :(1+(x)T0 _

[o] o’

(12)

Here, a is the factor of proportionality. It indicates how much cable tension is produced by the live

load in response to the maximum tension produced by the dead load in the long-span cable-stayed

bridge. Because the factor of proportionality for long-span cable-stayed bridges is usually not more
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than 0.2, it is here assumed that o = 0.2. o is the allowable cable stress, and 6" is the standard value of
tensile strength; p is the safety factor for the cable, which is generally 2.5 for steel cables. It is here
assumed that p = 3.0 for CFRP cables, because CFRP is a strong, but brittle, material.

Table 4 shows the cable self-weight for steel cable-stayed bridges and CFRP cable-stayed
bridges of the same span. Results show that the self-weight of the CFRP cable is only about 1/7
that of steel cable, which is less than the unit weight ratio of CFRP to steel, which is about 1/5.
This means that fewer CFRP than steel cables would be needed for a cable-stayed bridge. This is
because CFRP cables sag less, giving them greater working efficiency. This may substantiate the cost
disadvantage of CFRP cables.

Table 4. Weight of steel and CFRP cables on a whole bridge.

Material Weight (kN) Weight Ratio of Steel to CFRP
Steel 115,133 68
CFRP 17,056.7 '

4. Dynamic Characteristics of CFRP Stay Cables
4.1. Natural Vibration Characteristics

Figure 6 gives the first two order natural frequencies of cables on one side of the half bridge
shown in Figure 5. Because there is little difference between the in-plane and out-of-plane
vibration, these results only demonstrate the in-plane vibration results. In the figure, the vertical
axis fis the natural frequency, and the cable numbers on the horizontal axis represent the position of
the cable anchor on the girder expressed in terms of the number of markers from the start of the
side-span to the midpoint of the bridge. The results show that, due to the large self-weight, the
natural frequencies of steel cables are about 0.5-times those of CFRP cables.

The material properties and natural frequencies of stay cables of three different lengths (marked
Cl1, C2 and C3 in Figure 5) are compared in Tables 5 and 6. S represents the steel cable, C the
CFRP cable, EA the axial stiffness and w the unit weight. The Irvine parameter A, a dimensionless
parameter reflecting the dynamic characteristics, is defined as follows [24]:

wL |LEA
A=—o (13)

H \ HL,

Here, H represents the horizontal component of cable tension and L. represents cable length.
Expression (9) indicates that the Irvine parameter is related to the geometric and material properties
of the cable, the smaller the sag and the tensile stiffness of the cable, the smaller the Irvine
parameter. Table 5 shows that, for the same span cables, the Irvine parameters of steel cables are
much larger than those of CFRP cables. For cables made of the same material, the Irvine
parameters for long cables are larger than that for short cables. Table 6 shows that, for the same
cable span, the natural frequencies of CFRP cables are about two-times those of steel cables.



Figure 6. Natural frequencies of steel and CFRP cables.
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Table 5. Material properties of stay cables.

Cables L (m) Y (m) EA (kN) W (kKN/m) A
S-C1 660 275.5 3,045,840 1.3114 0.01750
S-C2 460 235.5 2,516,640 1.0835 0.01306
S-C3 260 195.5 1,795,360 0.7730 0.00912
C-Cl 660 275.5 1,557.416 0.1840 0.002863
C-C2 460 235.5 1,377,507 0.1630 0.002144
C-C3 260 195.5 1,033,802 0.1220 0.001501

Table 6. Natural frequencies of stay cables (units: Hz).

Out-of-Plane In-Plane
Cables
1st 2nd 1st 2nd
S-C1 0.1652 0.3343 0.1998 0.3341
S-C2 0.2289 0.4635 0.2532 0.4633
S-C3 0.3645 0.7379 0.3771 0.7378
C-C1 0.4083 0.8267 0.4098 0.8266
C-C2 0.5662 1.1443 0.5652 1.1443
C-C3 0.8986 1.8194 0.8991 1.8194
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In order to analyze the relationship between the cables and the dynamics of the bridge itself with

respect to natural frequencies, the major frequencies of the bridge were calculated taking the

influence of local vibrations of the cable into account (Table 7). The results show that the natural

frequencies of steel cable-stayed bridges are basically the same as those of CFRP cable-stayed

bridges.

Table 7. Major natural frequencies of cable-stayed bridge (units: Hz).

Cable Type First Lateral Bending Longitudinal Drifting First Vertical Bending

Steel cables
CFRP cables

0.0319
0.0324

0.0330
0.0340

0.1440
0.1370
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It can be found from Table 6 and Table 7 that the natural frequencies of steel cables overlap
those of the first vertical bending frequencies of steel cable-stayed bridge. However, the natural
frequencies of CFRP cables differ from the low natural frequencies of the CFRP cable-stayed
bridge. That is why the steel cable-bridge coupling vibrations occur so easily. Therefore, using CFRP
cables can significantly reduce the possibility of coupling vibrations in the cable bridge. Some
major vibration modes of steel cable-stayed bridges and CFRP cable-stayed bridges are shown in
Figure 7. It was found that the local vibrations of the cables in steel cable-stayed bridges were
dominant for the first vertical bending vibration.
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Figure 7. (a) Vibration modes of cable-stayed bridges with steel cables; (b) vibration
modes of cable-stayed bridges with CFRP cables.

First lateral bend mode

Longitudinal drifting mode

First vertical bend mode

(a)

First lateral bend mode

Longitudinal drifting mode

(b)



46

Figure 7. Cont.

First vertical bend mode

(b)
4.2. Damping Characteristics

Because the strain energy ratios of different lengths of cables are similar, only cable C2 is
analyzed in this paper. Figure 8 shows the relationship between the first two vibration modal strain
energy ratios calculated using Formulas (5) and (6) and the cable lateral in-plane and out-of-plane
amplitudes. In the figure, S represents the steel cable, C represents the CFRP cable, -1st and -2nd
represent the first and the second vibration modes and -out and -in represent the in-plane and
out-of-plane vibration modes. The results show that the modal strain energy ratios of two materials
are on the same order of magnitude. CFRP cables showed lower strain energy ratios than steel
cables. If the vibration amplitude is around 1 m, Formula (6) can be used to calculate the structural
damping ratios of both steel and CFRP cables, which were here around 1%.

Figure 8. Strain energy ratios of steel and CFRP cables.

0.3
—a&— C-1st-out —&— C-Ist-in
—e—— (C-2nd-out — C-2nd-in
-% 02 - —a S-Istout — ¢ S-Ist-in o
‘50 o S-2nd-out
)
5 0.1
£
£
0.0
0 1 2 3 4 5

Lateral deformation (m)

The external viscous damper is usually arranged at the lower end of the cable in order to prevent
large vibration. Figure 9 shows the layout of the cable with the external viscous damper. x. is the
horizontal distance between the lower end of the cable and the damper. In this paper, x.= 0.02 L.
The non-proportional damping calculation theory (complex eigenvalue method) was used to
calculate the damping value.
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Figure 9. Stay cable with viscous damper.
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The calculation results show that the damping coefficients C have little impact on the natural
frequencies of the steel and CFRP cables. Figure 10 shows the relationship between the first
in-plane modal damping ratios and the damping coefficients. The damping -coefficients
significantly affected the modal damping ratios. As the damping coefficients increase, the modal
damping ratios also increase significantly, peak and then drop quickly. There is an optimal range
within which the damping coefficients produce desirable effects. The optimal damping coefficient
can be found using the following formula [25].

mo, I’

C=0.1x (14)

X

c

Here, m represents the unit mass and o, represents the in-plane damped natural circular frequency of
the first mode of the stay cable. Comparisons showed that the optimal viscous damping coefficients
of CFRP cables were smaller than that of steel cables. This shows that only smaller dampers can
produce the similar effects on CFRP cables that have been seen on steel cables.

Figure 10. Effects of external dampers on modal damping.
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4.3. Parametric Vibration Characteristics of CFRP Stay Cables

4.3.1. Calculation Model and Method

Parametric vibrations are serious hindrances for stay cables, and analyzing this aspect has drawn
considerable attention [26-—34]. Three steel and three CFRP cables were used to compare the
differences in parametric vibration characteristics (Table 5). The impact of the external viscous damper
on parametric vibration was also studied. The nonlinear finite element method was used to calculate
the parametric vibration of the stay cables [35,36]. The structural damping was ignored in the
calculation process.

Figure 11 gives the model of stay cable parametric vibration analysis. A harmonic excitation
vibration in the chord direction is given at the lower end of the cable. The vibration amplitude is
1/50,000 of the cable span. The excitation frequency is taken as f'= f; and f = 2f;. Here, f] is the
in-plane natural frequency of the first mode.

Figure 11. Parametric vibration analysis model of the stay cable.

4.3.2. Parametric Vibration of Stay Cables Undamped

Figure 12 gives the time history curves of vibration responses at the midpoint of the stay cable C1
when the excitation frequencies are /= f; and /= f,, respectively. As shown, the parametric vibration
response of the CFRP cable is weaker than that of the steel cable. It also requires more time to excite
a larger amplitude for the CFRP cable. This indicates that, to some extent, the use of CFRP cables
involves lesser parametric vibration than that of steel cables.

Table 8 gives the parametric vibration response amplitudes of stay cables C1, C2 and C3. It
shows that, regardless of the length of the cable, the response amplitude of CFRP cables is weaker
than that of steel cables.

Table 8. Response amplitudes of parametric vibration (units: m).

Steel CFRP
Cable
Ji 2fi Ji 2fi
Cl 28.460 10.670 7.059 7.410
C2 11.590 11.150 4.270 4.946

C3 4.007 3.680 1.961 1.961
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Figure 12. Parametric vibration response of stay cable C1 (undamped): (a) steel cable
under excitation frequency f = fi; (b) steel cable under excitation frequency f = 2fi;
(¢) CFRP cable under excitation frequency f = f;; (d) CFRP cable under excitation
frequency f= 2f;.
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4.3.3. Parametric Vibration of Damped Stay Cables

To study the difference in the damping effect on the parametric vibration of CFRP and steel
cables, the viscous dampers shown in Figure 9 were arranged at the lower end of cable C1. Assuming
that x. = 10 m, two viscous dampers were arranged symmetrically at either side of the cable, and the
angle between the two dampers was 60°. The optimal damping coefficient for CFRP cable single
damper obtained using Equation (10) is 448.86 kN-s/m, is much smaller than that of the steel cable,
127.35 kN-s/m.

Figure 13 gives the time history curves of vibration responses at the midpoint of stay cable C1
damped when the excitation frequencies were /= f; and /= 2f;, respectively. Figures 12 and 13 show
that, although the damper is effective for the cable vibration, it cannot lower the response amplitude
after the parametric vibration comes into picture.
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20

Figure 13. Parametric vibration response of stay cable C1 (damped): (a) steel cable
under excitation frequency f = fi; (b) steel cable under excitation frequency f = 2fi;
(c) CFRP cable under excitation frequency f = f;; (d) CFRP cable under excitation

frequency f= 2f;.
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4.4. Fluctuating Vibration Characteristics of CFRP Stay Cables under Wind Load

4.4.1. Calculation

The analysis of wind loads to which the cables are subjected is very complex. The fluctuating
wind load can cause them to vibrate. The turbulence power spectral density function of fluctuating

wind is as follows [37]:

5.(f)= 41°U% (L, JU) 5
[1+70.8(f-LX/U)2F (15)
L, =100(z/30)’ (16)

Here, S,(f) represents the turbulence power spectral density function; L, represents the scale
of turbulence; I, represents turbulence intensity, which is related to wind speed, and the ground
roughness coefficient /, = 0.1 in this paper. Z is the distance of the girder from the surface of the
water surface. Here, Z= 50 m.

The random velocity of fluctuating wind is as follows [38]:

AU(t)zgak cos(o,1+4,) (17)
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Here, ¢; is the randomly-generated phase angle, and other parameters are calculated as follows:

s L,

(18)

o, =2xf,

Here, £, and f; are the upper and lower bounds of cable frequencies and # is an integer. The power spectral
density of fluctuating wind sample with an average speed of 30 m/s was generated using Equation (11).

For the cable laden by lateral wind load shown in Figure 14, the relative wind attack angle 6 can
be determined as follows:

U +y
tanf = =2 J

Uz (19)

Here, U, and U, are vertical and horizontal components of fluctuating wind speed, which are
calculated as follows:
{U , = Usinp

U, = U cosp (20)

Here, B is the wind attack angle shown in Figure 14; y and Z are the vertical and horizontal

vibration components, respectively. U is the sum of average wind speed and fluctuating wind
speed.

Figure 14. Cross-section of cable under lateral wind load.
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The relative wind speed experienced by the cable U, is as follows:

U, =U,+5f +U.-2) @1)
The drag force D and lift force L acting on the cable along the relative wind direction are as follows:
1
D =—pC,oU;}
2 p D(P r

D (22)
L = EpCL(pUr
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Here, Cp and Cp are the drag and lift coefficients of the cable. Cp = 0.7 and Cp. = 0 for the round
cross-section of the cable. ¢ is the outside diameter of the cable. p is the air density. The vertical
and horizontal wind loads can be compounded by drag and lift force:
q. =DcosO—Lsin@
{qy =—Dsin0 — Lcos0 (23)

4.4.2. Wind Fluctuating Vibration of Stay Cables

Figure 15 gives the fluctuating vibration responses of stay cables C1, C2 and C3 under lateral
wind load. As shown, the wind fluctuating vibration responses of CFRP cables are smaller than
those of steel cables. The vertical vibration amplitudes of CFRP cables are about half those of steel
cables of the same length. This also indicates that bridges built with CFRP cables are less subjected

to wind fluctuating vibrations.

Figure 15. Wind fluctuating vibration responses of stay cables: (a) steel cable Cl;
(b) CFRP cable CI; (c¢) steel cable C2; (d) CFRP cable C2; (e) steel cable C3; (f) CFRP

cable C3.
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5. Static and Dynamic Characteristics of Cable-Stayed Bridge with CFRP Cables

5.1. Static Characteristics and Stability of Bridge under Live Load

To study the influence of CFRP cables on the mechanical properties of the bridge, the nonlinear
finite element method is used to analyze the static characteristics of the girder. The designed
distribution load is 43 kN/m, and the designed concentrate load is 1000 kN [39]. The nonlinear
equation is as follows:

K(uju=F (24)

Here, u is the displacement vector; K(u) is the stiffness matrix considering the initial internal force
and geometrical nonlinearity; and F is the live load vector. To determine the most unfavorable
loading position of the live load, the tangent stiffness at the finished state of the bridge is used to
identify the influence line. The reduction of the live load with the span is neglected.

Figure 16 gives the maximum and minimum deflection values of a half box girder. The minimum
deflection of the CFRP cable-stayed bridge was nearly same as that of the steel cable-stayed bridge.
However, because steel-cable-stayed bridges have greater structural rigidity, the maximum girder
deflection is 0.000119 of the span, but for CFRP cable-stayed bridges, it is 0.000146 of the span,
which is 1.22-times the former. This indicates that the material properties of the cable have little
impact on the minimum girder deflection and considerable impact on the maximum deflection. The
critical girder deflection of cable-stayed bridge is 0.001 of the span, meaning that replacing steel
cables with CFRP cables might give the bridge a large margin of safety, with respect to structural
rigidity.

Under dead and live loads, the maximum compressive stress in the girders of steel-cable-stayed
bridges is 189.3 MPa; that of CFRP-cable-stayed bridges it is 9% lower, at 173.9 MPa. This means
that CFRP cables may be suitable for long-span cable-stayed bridges.

Structural stability is very important for long-span cable-stayed bridges, because there is a large
amount of axial pressure in girders and pylons. The stability safety factor can be obtained using the
following complex eigenvalue equation [40]:

det(K_, +1K)=0 (25)

Here, K, is the stiffness matrix, which takes material nonlinearity into consideration; Kg is the
geometric stiffness matrix; and A is the stability safety factor. Unlike the linear elastic eigenvalue
method, the elastic modulus in Equation (21) was obtained based on the law that the buckling
strength is equal to the experimental strength, i.e., the effective elastic modulus was adopted for the
stiffness matrix, which considers the influence of initial defect and elasto-plastic stress of the structural
member.
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Figure 16. Maximum and minimum girder deflections under live load.
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Elasto-plastic branch instability analysis showed that the minimum stability factor is 3.03 for
CFRP cable-stayed bridges and 2.88 for steel cable-stayed bridges. The difference is attributed to
the buckling caused primarily by the pylon. The self-weight of the steel cables is greater than that of
CFRP cables, so the axial force in the pylon for steel-cable-stayed bridge is greater than that for a
CFRP-cable-stayed bridge. Figure 17 gives an example of the elasto-plastic buckling mode for
cable-stayed bridge with CFRP cables.

Figure 17. Elasto-plastic buckling mode of cable-stayed bridge.

5.2. Aerostatic Characteristics of Bridges under Wind Load

Wind load is an important factor in the design of long-span cable-stayed bridges. It has two
effects on the structure: aerostatic and aerodynamic. Fluttering causes the greatest damage amongst
all other aerodynamic effects. Cable-stayed bridges with streamlined, flat steel box girders are more
aerodynamic resistant, giving the bridge a relatively high critical wind speed. Therefore, the present
paper focuses mainly on the transverse deformation of the structure under static wind load.

The aerostatic effect on the structure is related to the structure shape and wind attack angle. In this
paper, the static wind load is calculated using three aerostatic coefficients based on the wind tunnel
test results of scale model. The aerostatic actions on the box girder are as follows:

D(a)=0.5pU°4,C,, (at)

L(a)=0.5pU’BC, (a) (26)
M (a)=0.5pU*B’C,, ()

Here, o is the wind attack angle; p is air density; B is girder width; 4, is girder height in the
windward side; and U is wind speed. Here, U = 40 m/s. D, L and M are the drag force, the lift force
and the torque action on unit length of the box girder in relation to the drag coefficient Cp, the lift
coefficient C; and the torque coefficient Cy,, respectively. Figure 18 gives the relation curves
between the three aerostatic coefficients and the wind attack angles.
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Figure 18. Correlation between aerostatic coefficients and the wind attack angles.
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Figure 19 gives the transverse bending moment and deformation of the half-bridge girder under
the design wind load. Due to the constraints imposed by the middle piers, the bending moment and
deformation of the side span girders are very small, but that of the mid-span girder is considerably
high. The transverse bending moment and deformation of mid-span girders is slightly larger for
steel cable-stayed bridges than that for CFRP cable-stayed bridges. The logic behind this is that the
out-of-plane deformation of the girder is related to the windward area of the cable, and steel cables
have more windward area than CFRP cables.

The analysis of the instability of cable-stayed bridges under static wind load showed that when
the wind speed reaches 60 m/s for a complete bridge or 50 m/s for a bridge still under construction,
bridges built with CFRP cables showed no buckling failure. This indicates that CFRP cable-stayed
bridges have better wind resistance than steel cable-stayed bridges.

Figure 19. (a) Transverse bending moment of girder under wind load; (b) transverse
deformation of girder under wind load.
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5.3. Dynamic Response of Bridge under Traffic Load

Dynamic response due to traffic loads has a major impact on the safety and durability of a
cable-stayed bridge. A vehicle-bridge coupling model was established to study the load impact
factor and the cable response of CFRP cable-stayed bridges under traffic load. The girder deflection
and cable tension response of the bridge were evaluated for different vehicle speeds and levels of road
roughness. Because some of the first natural frequencies of long-span cable-stayed bridges are
relatively small, the calculated results of vehicle-bridge coupling using sophisticated vehicle models
show little difference from those produced using simplified vehicle models. For this reason, the
four-degree vehicle model shown in Figure 20a was used to facilitate calculation. Figure 20b shows
the power spectral density of a sample wave that represents the relatively smooth road surface [41].
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Figure 20. (a) Four-degree vehicle model; (b) power spectral density of sample wave.
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Figure 21 gives the flexural deflection responses of the bridge girder under moving traffic at
speeds of 60 km/m, 80 km/m and 100 km/h. The horizontal axis represents the location of the
vehicle, and the vertical axis represents the girder deflection. For both a CFRP cable-stayed bridge
and a steel cable-stayed bridge, the deflection responses at mid-span are dominated by static
deflection and a long-period vibration response, and the short-period vibration response is
insignificant. The influence of traffic speeds was found to be very limited. Figure 21 shows that the
flexural deflection of CFRP cable-stayed bridge is greater than that of the steel-cable-stayed bridge.
This is because the CFRP cable-stayed bridge has relatively less structural rigidity, and the
deflection response is mainly caused by static deformation.

Figure 21. (a) Deflection response of CFRP cable-stayed bridge; (b) deflection

response of steel-cable-stayed bridge.
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Figure 22 shows the static and dynamic tension responses of cable C1 of a cable-stayed bridge
with moving traffic. The tension response of the CFRP cable was generally similar to that of the steel
cable, even though the natural frequencies of CFRP cable and steel cable are different. This indicates
that the longitudinal vibration of the cable is mainly caused by the vibrations of the support structure,
i.e., the anchorage points at the girder and the pylon. The local vibration of the cable does not influence

this response.
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Figure 22. Static and dynamic tension responses of cables: (a) CFRP cable under vehicles
moving at 60 km/h; (b) steel cable under vehicles moving at 60 km/h; (¢) CFRP cable
under vehicles moving at 80 km/h; (d) steel cable under vehicles moving at 80 km/h; (e)
CFRP cable under vehicles moving at 100 km/h; (f) steel cable under vehicles moving at
100 km/h.
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6. Conclusions

To explore the feasibility of using CFRP cables in long-span cable-stayed bridges, this paper
establishes a finite element model of a cable-stayed bridge with an ultimate span of 1400 m. The
static and dynamic characteristics of cable-stayed bridges with CFRP cables are studied here. By
comparing CFRP cables with steel cables in terms of mechanical behavior, some conclusions are

drawn:

(1)

)

Q)

For the same span cables in a 1400 m span cable-stayed bridge, the self-weight of CFRP cable
was only about 1/7 that of steel cable. Additionally, the Irvine parameters of CFRP cables are
only about 1/6 that of steel cables. Therefore, the CFRP cable performance in tension is better
than that of steel cables.

For the same cable span, the natural frequencies of CFRP cables are about two times those
of steel cables. Additionally, the optimal viscous damping coefficients of CFRP cables are
about half those of steel cables. Therefore, the CFRP cables can help prevent the
cable-bridge coupling vibration caused in lower modes of the cables. The attenuation of
the parametric and wind fluctuating vibrations is better for CFRP as compared to the steel
cables as suggested by the response amplitudes of the cables. The vibration amplitudes of
CFRP cables are less than half those of steel cables.

CFRP cable-stayed bridge has relatively less structural rigidity, so the maximum girder
deflection of CFRP cable-stayed bridge is about 1.22-times the steel-cable-stayed bridge.
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However, the maximum compressive stress in the girders of CFRP-cable-stayed bridges is
9% lower than that of steel cable-stayed bridges. Additionally, the minimum stability
factor of CFRP cable-stayed bridges is 5% larger than that of steel cable-stayed bridges.

(4) The CFRP cables have a lesser windward area than steel cables. Therefore, the transverse
bending moment and out-of-plane deformation of mid-span girders is slightly larger for
steel cable-stayed bridges than that for CFRP cable-stayed bridges.

(5) An analysis of vehicle-bridge coupling vibrations showed that replacing steel cables with
CFRP cables has little impact on the vibration response of a cable-stayed bridge.

Using CFRP cables on long-span cable-stayed bridges is facilitatory in terms of mechanical
properties. As the manufacturing process matures and the cost decreases, CFRP cables will see
more use in long-span cable-stayed bridges.
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Flash Thermography to Evaluate Porosity in Carbon Fiber
Reinforced Polymer (CFRPs)

Carosena Meola and Cinzia Toscano

Abstract: It is a fact that the presence of porosity in composites has detrimental effects on their
mechanical properties. Then, due to the high probability of void formation during manufacturing
processes, it is necessary to have the availability of non-destructive evaluation techniques, which
may be able to discover the presence and the distribution of porosity in the final parts. In recent years,
flash thermography has emerged as the most valuable method, but it is still not adequately enclosed
in the industrial enterprise. The main reason of this is the lack of sufficient quantitative data for a full
validation of such a technique. The intention of the present work is to supply an overview on the
current state-of-the-art regarding the use of flash thermography to evaluate the porosity percentage in
fiber reinforced composite materials and to present the latest results, which are gathered by the
authors, on porous carbon fiber reinforced polymer laminates. To this end, several coupons of two
different stacking sequences and including a different amount of porosity are fabricated and
inspected with both non-destructive and destructive testing techniques. Data coming from
non-destructive testing with either flash thermography or ultrasonics are plotted against the porosity
percentage, which was previously estimated with the volumetric method. The new obtained results are
a witness to the efficacy of flash thermography. Some key points that need further consideration are
also highlighted.

Reprinted from Materials. Cite as: Meola, C.; Toscano, C. Flash Thermography to Evaluate
Porosity in Carbon Fiber Reinforced Polymer (CFRPs). Materials 2014, 7, 1483711501.

1. Introduction

Composite materials are nowadays ever more massively employed in advanced engineering
structures with their use in the transport industry, in civil infrastructures, in chemical equipment, efc.
This success is justified by the many advantages they offer, amongst others, the possibility to choose
both the raw materials and the manufacturing process to obtain a final product of desired
characteristics. In civil aviation, composites are highly appreciated especially for their favorable
stiffness-to-weight ratio, which involves a significant reduction in fuel burnt per seat per mile with a
consequent significant decrease in the emission of CO,.

Carbon fiber reinforced polymers (CFRPs) are mostly employed in the construction of aircraft [1].
Within the mostly used hand lay-up manufacturing method, plies of fibers impregnated with resin
(generally named prepregs) are overlaid, following a fixed stacking sequence, and cured in
autoclave. The autoclave cycle involves the combined effects of temperature and pressure.
Temperature is needed to activate and to control the chemical reactions in the resin, while pressure is
used to squeeze off the excess resin, to consolidate the stacked plies and to minimize the amount of
entrapped gas between the plies and within the resin [2]. Therefore, the action of temperature and
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pressure, as well as the cycle length are the main parameters to care for in order to assure the
effectiveness of the curing process and, consequently, the overall quality of the final part.

Generally, the best curing temperature value is found through specific thermo-physical tests
aimed at monitoring the dependence of the resin viscosity on the temperature and through the
measure of the glass transition temperature. The determination of the optimum vacuum pressure
value with its application time represents a difficult task to deal with [3]. Indeed, if both pressure
value and application time are not optimized, voids could rise in the laminate [2]. As a main effect,
the presence of voids reduces the interlaminar shear strength causing delamination (inter-lamina
debonding) [4]. Besides, the presence of regions of fibers unsupported by the matrix can induce local
stress concentration, with consequent severe degradation of strength and stiffness in-service. That is
why the porosity level and its distribution within the whole final part must be known and taken into
account.

Since the presence of a certain amount of voids is unavoidable [4]; it is important to know the
level of voids that is acceptable in the specific application field. In fact, in many composite
applications, the void content is quite critical, and levels above about 1% are not tolerable, such as in
advanced composite dynamic aerospace structures, while in other applications, levels of 5% and
higher can be tolerated [4]. Of course, lower void content means higher production costs, whereas
loosening the quality control standards translates to a lower cost of the end products. Often,
establishing the acceptable level of voids is a critical issue in designing composite structures, and
then, the use of effective evaluation techniques is compulsory.

The intention of this paper is to present an overview of some of the most used methods, with
particular attention devoted to the state-of-the-art on the use of flash thermography, which actually
seems to be the most effective and advantageous method to assess the porosity percentage in
composites. In particular, the overview involves data available in the literature integrated with the
latest results, which were gathered by the authors, on porous CFRP laminates. At last, some key
points that need further consideration are highlighted.

2. Results and Discussion

Basically, the porosity percentage can be determined through two approaches: destructive and
non-destructive. Of course, destructive methods involve small proper samples and supply information
only by statistical inference. On the contrary, the use of non-destructive techniques allows for the
inspection of the whole part.

2.1. Destructive Methods

The porosity percentage can be estimated through three methods: volumetric, microscopy and
acid digestion.

Measurements with the volumetric method are carried out on small samples, which may be cut
either from a large laminate or prepared ad hoc, to be representative of a production lot. Basically, the
method supplies measurements of density through weight in air and in water; then, the resulting
porosity is calculated from the law of mixtures by knowing the average density [5]. In more details,
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each small piece, of known volume, is weighted (by a precision digital balance) to allow the
calculation of the density, p, through the Archimedes’ principle. The law of mixtures gives:
_peVr oV

A2

(27)

where Vyand V, respectively represent the volume of fibers and of resin; whereas prand p,, are the
density of the fibers and of the resin (prand p, are provided by the prepreg lamina supplier). Equation
(1) may be rewritten by introducing the volume of voids, V,:
_ pfVr oV

A S

(28)

Being Vy+ V. + V), = Vr the actual total volume of the piece, from Equations (1) and (2), it is easy
to calculate V/Vrand V,/Vr and, so, the porosity volume fraction, V,/V7.

Small samples are also used for observation through optical microscopy; it is possible to measure
the total space occupied by the pores and, by knowing the lens magnification, to infer the porosity
distribution percentage. The sample surface requires previous metallurgical polishing.

For both methods, nothing can be said in terms of accuracy and reliability, since the real void
content is unknown. However, in consideration of the errors involved in the measurements and
owing to data present in the literature [6], it can be inferred that the void fraction obtained with the
volumetric method (Archimedes) is affected by a larger deviation in comparison with optical
microscopy. Of course, to minimize the section-bias errors, at least three adjacent cross-sections
must be taken. Actually, the results of both volumetric and microscopy methods are strongly related
to very small portions of the laminate; this, of course, makes the results unlikely to be a depiction of the
whole piece.

A more reliable method may be acid digestion, since it involves the testing of the whole part [7].
However, two considerations should be made against this method. On one side, it requires the use of
dangerous acids that, in turn, involves severe safety at work measures with additional costs in terms
of personnel training and of specific protection devices. On the other side, the obtained porosity
value can be assumed to be representative of a manufacturing process, but it cannot account for the
real amount of porosity within each final part. Conversely, mainly in the aeronautical field, there is
the need to assess the porosity percentage on each part of the entire production; this is the reason for
the ever increasing interest on the development of non-destructive testing (NDT) methods.

2.2. Non-Destructive Methods

Brit and Smith [8], in a review on non-destructive evaluation (NDE) methods for porosity
assessment in fiber reinforced polymers, stated that none of the current NDE techniques can be
considered as a reference technique, due to the dependence of the instrument response on the pore
morphology, as well as on the intrinsic nature of the fiber and matrix themselves.

Nevertheless, ultrasonic testing (UT) [9] is actually the most commonly used technique,
especially in the industrial environment, in which the production processes are well consolidated, as
in the aerospace sector. However, the detection of porosity in resin-starved areas of polymer matrix
composites is very difficult and generally not reliable with the ultrasonic method, and so, the
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attention has been given also towards other methods, such as computed tomography (CT) [10] and
infrared thermography (IRT) [11]. CT [10] may be used to overcome some of the UT limitations
regarding size, shape and position of all individual pores. Adversely, it involves difficulties in testing
real parts (it is mainly suitable for small samples), as well as safety at work concerns. Industrial
production is demanding for proper inline control.

A methodology that acts in a non-destructive and completely non-invasive way and that does not
involve any specific surface prerequisites, nor safety at work concerns, is flash thermography (FT). It
has proven its suitability, through the evaluation of porosity percentages linked to measurements of
thermal diffusivity [11]. The attention of the present work is to trace the actual state-of-the-art on the
use of FT and to illustrate its suitability in comparison to the most widely used UT.

2.2.1. Ultrasonic Testing

Porosity can be determined with UT by creating ecographic images (c-scans), through correlation
with either a single ultrasonic frequency (narrowband approach) or the ultrasonic frequency slope
(broadband approach) [12].

Amongst the empirical techniques developed, the measure of the variation of the signal attenuation
1s massively used, since it accounts for the scattering effect induced by voids [13]. The decrease of
the intensity, 7, of the ultrasonic signal [14] while propagating within the path length, z, of an
attenuating medium, is well described by the classical Beer—Lambert law:

1(2) = I,e P> (29)

with 3 being the attenuation coefficient, which, providing an estimation of the bulk attenuation, is a
good marker of porosity.

Further, the correlation between the signal attenuation and the amount of porosity has been
demonstrated [14], as well as the dependency of the attenuation on the ultrasonic wave frequency [15].
In particular, Hsu [16] used the through-transmission (TT) technique to assess the amount of porosity
as volume percentage in CFRP, and successively, Steiner [17] demonstrated that the ultrasonic
pulse-echo (PE) technique is effective, too. More recently, researchers at the Italian Aerospace
Research Centre (CIRA) [5] demonstrated, via PE, that the amount of porosity that forms during the
curing cycle depends also on the fibers’ orientation.

The ecographic approach is very effective in the presence of spherical pores that have a diameter
exceeding the instrument resolution and that are homogeneously disseminated within an isotropic
medium; conversely, a quantitative determination of porosity is very difficult or not reliable. Recently,
a correlation model to account for the random presence of voids in an anisotropic medium was
proposed [18]. However, at the current state-of-the-art, a quantitative assessment of porosity in rather
complex composite structures is not feasible.

2.2.2. Flash Thermography

Flash thermography can be used to evaluate porosity from measurements of thermal diffusivity.
It derives from the flash method, which was proposed by Parker in 1961 [19] and which became an
American Society for Testing and Materials (ASTM) standard in 1992 [20]. Parker’s method is based
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on the analytical solution of the Fourier equation with adiabatic boundary conditions for an infinite
slab subjected to a thermal Dirac pulse [21]. The test is performed according to the transmission
scheme, with an energy pulse being deposited on the sample front surface, while the temperature
evolution is measured on the rear surface. Thermal diffusivity is linked to the sample thickness, L, and
to the half-maximum rise time through the equation [19]:

0.13912
Q=—"—" (30)
ti/2

t12 1s the time in seconds needed to reach half of the maximum temperature value, Tyi». A typical
temperature (7) plot against the number of images (frames) is shown in Figure 1; from the frame rate,
it is easy to revert to time in seconds. Of course, the frame rate is chosen according to the infrared
camera performance used and the characteristics of the coupon under measure.

Figure 1. Typical temperature (7) plot against the number of images (frames) in a point
on the specimen backside. The dotted red line shows the link between ¢, and Tyy».
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Thermal diffusivity is defined as:
k
o=—" 31
o (31)

where £ is the thermal conductivity, p is the density and c, is the specific heat at constant pressure.
Thermal diffusivity, being dependent on density and specific heat, is a good parameter for the
indirect estimation of the amount of embedded porosity within the material.

Of course, this method was first conceived [19] for temperature measurements with contact
transducers (e.g., leaf thermocouples); while now, it is being used in combination with infrared
thermography. The usefulness of the infrared camera is obvious, since it allows for fast monitoring,
in a remote way, of temperature variations and for the evaluation of the thermal diffusivity pixel-by-pixel
over a given, ever large, area. The possibility to map the thermal diffusivity is an advantage in view
of accounting for local variations due to the presence of local material inhomogeneities.

2.3 Some Historical Hints into the Use of Flash Thermography

An early attempt to monitor porosity in thermoplastic composites was done by Steiner et al. [22]
through the use of thermography and laser-based ultrasonics, but much interest was raised starting
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from 2000. In particular, in 2001, Chu et al. [23], through finite element analysis (FEA) and
experimental tests, demonstrated that there is a good correlation between thermal diffusivity and
porosity in composite materials. A series of finite element models were built, and thermal responses
for isotropic and orthotropic materials with various thermal diffusivities subjected to different
heating conditions were investigated. Experimental tests are useful to validate the numerical models
and to estimate the unknown parameters, like the amount of heat flux. They also show that both laser
and flash heating can be used to effectively obtain thermal diffusivity.

Later, Grinzato et al. [24] carried out tests, with flash thermography, on a real aeronautic CFRP
part to evaluate both thermal diffusivity and thermal effusivity. The latter were compared to results
obtained with ultrasonics c-scans, and it was found that thermal effusivity is much more sensitive
than thermal diffusivity to porosity variations, but it is also more affected by heating non-uniformities.

One of the main problems encountered when testing complex structures is to differentiate
between porosity (micro-voids) and resin-starved areas. It has been observed that a high porosity
level decreases the thermal diffusivity much more than it does an area rich in resin; but for a better
discrimination, good data filtration through mathematical procedures is necessary [25]. An investigation,
aimed at discovering porosity in a real aircraft part [26], raised the problem of non-uniform heating
within pulse thermography; the approach of the source distribution image (SDI) was proposed as a
reference for discriminating between sound and defective zones.

A linear relation between diffusivity and porosity was obtained experimentally through flash
thermography, by Hendorfer ef al. [11]. Measurements were performed on CFRP samples 2 mm-thick
with simulated porosity between 1% and 5%; the average nominal porosity being estimated through
ultrasonic testing. Flash thermography offers some advantages over ultrasonics in terms of detailed
information supplied within a reduced testing time. Mayr and Hendorfer [27] investigated also the
possibility to apply flash thermography in reflection mode and found a higher data spread with
respect to the use in the transmission mode. In particular, they observed a decrease in sensitivity for
both modes (transmission and reflection) when porosity increased up to 10%; this was ascribed to the
tendency of pores to interlink, as verified through measurements with computed tomography. Later,
Mayr et al. [28] carried out tests on CFRP involving prepregs woven in a twill weave pattern at a
ratio of 3/1 and found active thermography comparable to ultrasonic testing in terms of the ability to
determine porosity. As a main finding, they observed, through a comparison with CT data, that the
thermal diffusivity is strongly affected, not only by the porosity content, but also by the pore shape.

Most recently, flash thermography proved suitable for porosity measurements also in flax/epoxy
composites [29].

The usefulness of flash thermography within the evaluation of porosity in composites seems
extensively demonstrated. However, many papers deal with qualitative estimation of porosity, and
some refer to composites of given characteristics, not always completely specified, which make a
general data correlation difficult. On the other side, before a full acceptance of a method, lots of tests
are needed, as well as comparison of data coming from different laboratories worldwide and carried
out on similar test articles. The latter point is very difficult to achieve, due to the variability
associated with composites. In fact, composites are made of two basic ingredients: the matrix and the
fibers; but each of them has different thermal properties, and then, it is their mutual percentage that
drives the thermal diffusivity of the final part [28]. For example, in carbon/epoxy, carbon fibers have
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a thermal diffusivity much higher than the resin epoxy; then, the thermal diffusivity of a CFRP part
strongly depends on the volume of carbon fibers.

Wrobel et al. [30], through flash thermography measurements, found a variation of thermal
diffusivity in the range 1.5-2.2 x 10~ m?/s for a variation of fiber content between 13% and 28%.
The fibers’ orientation also plays a fundamental role, since, as stated in [31], the direction of the heat
flow coincides with the direction of the fibers. In addition, the manufacturing process involves many
parameters, making it difficult and almost impossible to replicate a product of completely equal
characteristics.

A more extensive investigation, involving a large number of CFRP samples of several different
stacking sequences and with different percentages of porosity, was recently carried out by Toscano et
al. [32,33]. Some samples similar to those used by Toscano et al. [32—34] are herein considered to
better investigate the influence of the fibers’ orientation coupled with a variation of porosity
percentage. Such specimens are tested with both flash thermography and ultrasonics with the
purpose of a data comparison.

3. Experimental Section

In this section, several specimens of two stacking sequences, which were fabricated following the
procedure already used by Toscano et al. [32-34], are considered. Data obtained with flash
thermography are compared to those obtained with destructive methods and with ultrasonic testing.
The intention is to check the ability of flash thermography to discriminate differences of porosity
induced by a different orientation of fibers and to get quantitative data that may serve as a basis for a
full assessment of flash thermography as an alternative to ultrasonics and in view of its introduction
for in-line post-production inspection of composite parts.

3.1. Description of Specimens

Several coupons, involving a polymer (resin epoxy) as a matrix and carbon fibers as a
reinforcement, were manufactured that enclosed a certain percentage of porosity and a slag inclusion
[32]. More specifically, CFRP specimens include prepreg laminas M21/IM7, provided by Hexcel®,
which were superimposed (hand lay-up technique) following two stacking sequences (Table 1). More
specifically, a unidirectional and a symmetrical orientation of fibers were considered with coupons
named Pu and Ps respectively. Groups of them were separately cured in an autoclave at a different
pressure percentage, P., being, respectively, P. = 100%, 75%, 50%, 25% and 0% of the prescribed
one (7 bar gauge) to induce the formation of a different percentage of porosity.

Table 1. Specimen characteristics.

Coupon Type Stacking Sequence No. of Plies
Pu [0°] 24
Ps [45°/—45°]; 24

Each specimen is 10 cm-long and 5 cm-wide and has an overall thickness of about 5 mm. A Kapton
disk 20 mm in diameter and 0.06 mm thick was inserted on one half (Figure 2a) in the middle of the
stacking sequence (Figure 2b) in order to account also for the presence of local delamination. The
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photo in Figure 2a shows the position of the Kapton disk over unidirectional fibers; such laminas are
overlapped, as the sketch on the left (Figure 2b) shows. More specifically, long fiber laminas are
simply overlapped to obtain Pu-type specimens or overlapped after they were cut and rotated by +45°,
—45° to obtain Ps type specimens. Indeed, a slag insert acts as a zone of lower thermal diffusivity,
which may serve also as a reference for quantitative thermal diffusivity measurements. Three
specimens for each stacking sequence and curing pressure were manufactured, resulting in a total of 30

specimens.

Figure 2. Prepreg laminas and the position of the Kapton disk. The photo on the
(a) shows the position of the Kapton disk over unidirectional fibers. The sketch on the
(b) shows the position of the insert on one half of the lamina in the middle of the stacking

sequence.

3.2. Porosity Assessment by Destructive Methodls

First of all, an estimation of the porosity percentage was performed in a destructive way by
measuring the coupons’ average density. This was done by weighting in water and in air [3] small
pieces that were extracted from each coupon type. Then, through the law of mixtures (properly
modified introducing the volume occupied by the voids) [5], the volume fraction of the voids was
obtained, V;%.

Values of V1%, normalized with respect to the value obtained when P. = 100%, are plotted against
P. in Figure 3 for specimens Pu and Ps. These specimens were chosen to be, respectively,
representative of the variation of the stacking sequence from a unidirectional direction of fibers to an
oblique one. As expected, for both specimen types, the percentage of porosity introduced depends
almost linearly on the curing pressure following the equation:

y= a+bx (32)

with coefficients collected in Table 2.



69

Table 2. Coefficients of Equation (6) for plots shown in Figure 3.

Coupon Type a b R’
Pu 9.061 0.080 0.968
Ps 7.276 0.062 0.994

In particular, the higher the applied pressure, the lower the amount of porosity induced in the
coupons. The largest data spread lies within +2% in the Pu-type coupons.

Figure 3. Normalized volume fraction of voids, VV%, versus the curing pressure,
Pc%, for Pu and Ps specimens.
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3.3. Measurements with UT

PE in immersion was chosen to perform ultrasonic testing. To prevent water infiltration, each
coupon was sealed around the edge with a silicon layer. The inspection of all coupons was carried out
using a flat 4-20 MHz probe (by Panametrics®) with a diameter of 0.25 inches (6.35 mm), tuned at 5
MHz and with a spatial resolution of 0.5 mm. The ultrasonic set-up includes a pulser-receiver unit
(by Nukem™) and an automated system that allows the probe movements to be synchronized with the
signal acquisition. The output of the inspection consists of the attenuation coefficient, 3 (decibels),
and of the time-of-flight (ToF) (microseconds) c-scans.

As already pointed out, B is a good marker of porosity. Therefore, from each attenuation c-scan,
the average attenuation B value was measured over an area of almost 20,000 points [5,34] (excluding
the area within the Kapton insert). For both coupon types, results are presented in terms of
attenuation c-scans (with decibel units) in Figure 4a,b and of ToF c-scans (with microsecond units) in
Figure 5a,b; an arrow indicates the position of the Kapton disk in each map.

The local variation in the attenuation of c-scans, principally due to the different amount of
porosity in the coupons, is expressed by the different grey levels (Figure 4). In particular, it is easy to
notice that coupons cured with P. = 0% are the darkest ones, because the massive presence of
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porosity strongly reduces the signal amplitude. To quantify these observations, total average
attenuation values are collected in Table 3.

As can be seen, both attenuation and ToF c-scans are not always effective in outlining the Kapton
disk. However, it seems that the probability of detection increases with increasing the amount of
porosity in the material; or better, when the curing pressure is much less than the prescribed one. This
is probably due to the fact that the Kapton disk, being very thin (s = 0.06 mm), does not affect the
passage of the ultrasonic signal in a well-consolidated material.

On the contrary, when the amount of porosity increases (V,yo, > 2), a disbonding between the
Kapton disk and the surrounding prepreg laminas is promoted, involving the presence of a gas layer
that affects the passage of the ultrasonic signal. In this case, the Kapton disk becomes visible in the
ToF c-scan because it affects the travel time of the direct reflection.

Figure 4. Attenuation c-scans for different P, values. (a) Pu coupons; (b) Ps coupons. An
arrow indicates the position of the Kapton disk in each map.
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At last, to better account for the fibers’ orientation, the average B value was normalized with
respect to the value obtained when P. = 100%; the so obtained values, which are named By are
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plotted against V,5% in Figure 6. As can be seen, the Ps coupons display a larger variation of the By
value; instead, the Pu specimens show a lower variation of By, but a larger data spread. For Ps and Pu
coupons, data are fitted by a polynomial regression:

y = a + bx + cx? (33)

with correlation coefficients collected in Table 4. The plots in Figure 6 display also the error bars to
account for the variability of data with respect to the correlation curve. For both coupon types, the
data spread increases with increasing the void percentage.

Figure 5. Time-of-flight (ToF) c-scan for different P. values. (a) Pu coupons;
(b) Ps coupons. An arrow indicates the position of the Kapton disk in each map.
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Table 3. Attenuation values and standard deviation for both (Pu and Ps) types of specimens.

P.% Pu Total Attenuation (dB) SD Ps Total Attenuation (dB) SD

100 22.5 1.2 20.7 34
75 22.1 0.9 22.5 0.7
50 25.0 2.2 25.6 0.9
25 25.6 1.1 29.1 1.1

0 33.5 1.7 38.3 1.2
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Table 4. Coefficients of Equation (7) for By to Vvy correlation (Figure 6).

Coupon Type a b c R
Pu 1.067 —0.084 0.018 0.665
Ps 1.016 —0.034 0.026 0.987

Figure 6. Normalized By values against Vyy% for Pu and Ps coupons.
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3.4. Measurements with Flash Thermography

A Hensel® flash head and power supply, able to emit 6000 Joules in 1/400 s, was used to
instantaneously heat up the inspected specimen [32]. The temperature-time variation on the opposite
side of the specimen was monitored by the infrared camera, SC5000 (Flir Systems, Paris, France).
This camera is equipped with 320 x 256 InSb focal plane array Stirling cooled detector working in
the 3.7-5.1 um infrared wavelength band and of a thermal resolution of 25 mK. The spatial
resolution, in the present tests, was 3 pixels/mm, and the frame rate was 5 Hz.

Through the analysis of the image sequence with an ad hoc developed MATLAB tool and by
applying Equation (4), thermal diffusivity maps were obtained. They display thermal diffusivity
values that were evaluated point-by-point over the entire surface of each coupon as average values
through the specimen thickness. Two thermal diffusivity maps for coupon types Pu and Ps are
reported in Figure 7a,b with o expressed in 10~ cm?/s.

As can be immediately noticed from the variation of color, for each map, low values (see the color
bar on the right) of thermal diffusivity are attained in correspondence with the location of the Kapton
disk, which is visible in almost all the coupons, although in some cases, it is not clearly outlined; to
facilitate readability, an arrow indicates the position of the Kapton disk. For coupons cured with
P. = 0%, the relevant amount and distribution of porosity has caused a sort of blurring effect, which
makes ambiguous the discrimination of the Kapton disk contour. In addition, assuming a values over
the Kapton disk as the lowest ones, it is possible to clearly see, as the distribution of the thermal
diffusivity is driven by the fibers’ orientation. In particular, a pack-threads effect of fibers is observed
mainly for Pu specimens cured at P, = 50% and 25%. On the other side, this effect was already
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visualized [34] within unidirectional fibers as mainly pronounced for the shorter fibers oriented at 90°
(along the shorter side). For the plots in Figures 8 and 9, the error bars are visualized to account for the
variability of data with respect to the correlation curve. On average, the larger data spread is attained by
the Pu coupon type.

Figure 7. Thermal diffusivity maps. (a) Pu-type coupons; (b) Ps-type coupons. An arrow
indicates the position of the Kapton disk in each map.
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(a) (b)

Figure 8. Normalized average thermal diffusivity, oy, versus P.% for both Pu and Ps
coupon types.
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For each coupon, an average thermal diffusivity value was calculated over the sound material
(excluding the area containing the Kapton disk); such values were then normalized with respect to
the thermal diffusivity value of the coupon with P. = 100%. The so obtained values, which are named
ay, are plotted against P, and against the normalized volume of voids V,,%, respectively, in Figures 8
and 9.



74

From Figures 7-9, it is possible to notice that:

o the thermal diffusivity tends to decrease with decreasing P. (i.e., increased embedded

porosity);

e the largest reduction with decreasing P, of about 23% is registered for the coupon type,
Pu;

e the average value, as well as the distribution of the thermal diffusivity is affected by the fibers’
direction.

Figure 9. Normalized average thermal diffusivity, oy, versus V,x% for both Pu and Ps
coupon type plots.
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It is known that thermal diffusivity depends on the fibers’ direction [31,35]. The curing pressure
plays a fundamental role in the formation of voids, but this pressure-dependent effect is also found to
be dependent on the stacking sequence. Probably, gases can, under pressure, more easily escape from
a unidirectional laminate, than from a more complex stacking sequence in which they may remain
entrapped within the labyrinth of fibers; this may explain the larger increase of the thermal
diffusivity with increasing the curing pressure for specimens with unidirectional fibers (Figure 8).

Data in both Figures 8 and 9 are well fitted by a second-order polynomial, like Equation (7), with
coefficients collected in Table 5 for the oy to P, correlation (Figure 8) and in Table 6 for the oy to Vyy
correlation (Figure 9). As a main finding, a change of slope is observed for the two different
specimen types. This feature, which may appear almost strange at first sight, is surely to be ascribed
to the fibers’ orientation and will be better discussed in the next section.

Table 5. Coefficients of Equation (7) for ay to P, correlation (Figure 8).

Coupon Type «a b c R
Pu 0.771 0.0042 -2x10" 0.989
Ps 0.823 —0.0005 2x10°  0.907
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Table 6. Coefficients of Equation (7) for ay to V,y correlation (Figure 9).

Coupon Type «a b c R
Pu 0.984 0.009 -0.004 0.905
Ps 1.059 -0.072 0.005 0.957

3.5. Comparison between Thermographic and Ultrasonic Data

For a comparison between FT and UT, oy and By are plotted together against V,,% in Figures 10 and
11, respectively, for the Ps and the Pu coupon types. As already shown, the functional relation can be
fitted, for every dataset, by a second-order polynomial [Equation (7)] in a least squares sense.
Thermal diffusivity decreases, while the ultrasonic attenuation increases with increasing the porosity
content; By displays larger variations with V,5%, but it displays also a larger data spread, as the error
bars show. This observation is in general agreement with the literature [28].

Figure 10. Comparison between ultrasonic attenuation and thermal diffusivity for the Ps
coupons type. The results related to ultrasonic attenuation, By, are in blue with the scale on
the left axis, and the ones related to thermal diffusivity, oy, are in red with the scale on the

right axis.
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Figure 11. Comparison between ultrasonic attenuation and thermal diffusivity for the Pu
coupons type. The results related to ultrasonic attenuation, By, are in blue with the scale
on the left axis, and the ones related to thermal diffusivity, ay, are in red with the scale on

the right axis.
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Within the data comparison, it is also worth noting that for each specimen, due to the
manufacturing process, one surface is perfectly smooth, while the other one is almost rough. In
general, the rough side is characterized by a higher emissivity, making it the preferred one to be
viewed by the infrared camera for tests with FT. Indeed, some specimens were tested twice by
considering one time the smooth side and, after, the rough one, or vice versa; on the whole, no
differences were found. On the contrary, ultrasonic tests were carried out on the smooth side, since,
as is well known, the surface finishing is of great concern for UT.

Thus, due to the many advantages offered and in agreement with previous literature, amongst
others’ reference [28], flash thermography can be preferred to ultrasonic for porosity assessment in
composites.

Going more in depth into a comparison of Figure 10 to Figure 11, a change of slope in the curve
fitting oy data for both specimen types can be noted. More specifically, the curve fitting By
(ultrasonic) data displays always, for both specimen types, Pu and Ps, the same concavity, which is
also in agreement with [28]. Conversely, a change of concavity is observed for ay data by changing
the type of specimen. This effect is certainly to be ascribed to the different type of material in the
sense that the distribution and orientation of fibers, as well as their mutual position play a
fundamental role in porosity formation. Mayr et al. [28] already observed an abrupt drop of thermal
diffusivity at a porosity of about 0.5%; they ascribed such a non-linear correlation between thermal
diffusivity and porosity to the variation of the pore shape. In particular, they stated that the pores tend
to flatten with increasing the porosity percentage and have a degradation effect on the heat flux,
decreasing, in turn, the thermal diffusivity. From Figure 10, which refers to the Ps specimen type,
there is first an abrupt drop of the thermal diffusivity with increasing porosity, followed by a much
milder decrease; the contrary happens for specimen type Pu in Figure 11. Of course, the space
allowing pores to assume either a spherical or a flattened shape is different for fibers aligned in a
unidirectional way (Pu) or fastened in a cross-fashion (Ps). Unfortunately, there is no possibility to
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compare data with the literature, the materials used being different; in particular, the material used in
[28] is a plain weave one. Even if the behavior of the Ps type may be assumed to be similar to that of
the plain weave for certain porosity percentages, which may explain the initial abrupt drop of o with
Vin%, the change of slope with the stacking sequence deserves further attention.

4. Conclusions

The use of flash thermography to assess the amount and distribution of porosity in composites has
been investigated. In particular, the most relevant literature has been reviewed, and some new
experimental data have been shown to complete the actual state-of-the-art in the use of flash
thermography.

The new data come from a set of specimens, including a different amount of porosity, two
different stacking sequences and, also, slag inserts, to simulate local delamination. The results obtained
with flash thermography were compared with those coming from ultrasonic testing; the percentage of
porosity was determined by the destructive volumetric method. A comparison with data present in
the literature was attempted, but it was not at all possible, the involved materials being different.

To sum up, it has been demonstrated, in agreement with the literature, that the measure of thermal
diffusivity by flash thermography, as a parameter for porosity evaluation, is a high quality alternative
to the typical ultrasonic attenuation estimation, which is commonly used, especially, in the
aeronautical field. Flash thermography offers some advantages, since it is effective, non-contact (no
coupling media are necessary), fast and is also not affected by the surface finishing, meaning that,
unlike
UT, a part can be inspected viewing the smooth or the rough side indifferently. In addition, flash
thermography allows one to contemporaneously detect manufacturing defects and assess the porosity
amount within only one test with, of course, economic advantages. The test setup can be easily
incorporated in the industrial enterprise for the in-line inspection of parts. In addition, as an
important remark, non-destructive testing with IRT is carried out using a simple and safe (for the
personnel) set-up arrangement without any further issues in terms of safety at work concerns.

As a final point, an important outcome regards the influence of the stacking sequence on the
correlation between thermal diffusivity and porosity. This feature deserves further attention for a full
assessment of the validity of flash thermography.
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Mechanical, Microstructure and Surface Characterizations
of Carbon Fibers Prepared from Cellulose after Liquefying
and Curing

Xiaojun Ma, Cheng Yuan and Xinyan Liu

Abstract: In this study, Cellulose-based carbon fibers (CBCFs) were prepared from cellulose after
phenol liquefaction and curing. The characteristics and properties of CBCFs were examined by
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). The results
showed that, with increasing carbonization temperature, the L,, L., and Lc/d(02) of CBCFs increased
gradually, whereas the degree of disorder R decreased. The -OH, —-CH,—, -O—C— and phenyl group
characteristic absorption peaks of CBCFs reduced gradually. The cross-linked structure of CBCFs
was converted into a graphite structure with a six-ring carbon network during carbonization.

The surface of CBCFs were mainly comprised of C—C, C-O, and C=0. The tensile strength,
carbonization yield and carbon content of CBCFs obtained at 1000 °C were 1015 MPa, 52%, and
95.04%, respectively.

Reprinted from Materials. Cite as: Ma, X.; Yuan, C.; Liu, X. Mechanical, Microstructure and
Surface Characterizations of Carbon Fibers Prepared from Cellulose after Liquefying and Curing.
Materials 2014, 7, 75T84.

1. Introduction

Carbon fibers (CFs), a type of lightweight and high performance fibrous carbon material, are
generally processed as reinforcement materials utilized in area where lightweight and high strength
are required [1]. Because of their superior mechanical properties, they have potential application for
reducing automobile weight and are receiving increasing attention as an important advancement in
solving the urgent problem of reducing carbon dioxide. Cellulose-based carbon fibers were
developed first in the 1950s and 1960s, and cellulose is the third largest source of carbon fibers after
polyacrylonitrile (PAN) and pitch. Due to their low strength and low yield, cellulose-based fibers have
been abandoned for high-strength applications in favor of PAN and pitch-based carbon fibers [2—6].
However, they are still widely used in ablative technology, as carbon fibers and other carbon textile
products.

To meet the challenges posed by the rapid development of acrospace, transportation, and medical
industries, serious research on cellulose-based fibers has focused on improving their mechanical
properties and yield, and eliminating pollution problems [7-9]. Recently, biomass materials are
almost completely converted into useful liquid chemical raw by liquefaction technique, which
greatly improves the application of biomass materials [10]. It is reasonable to propose that liquefied
cellulose is an excellent candidate for making high performance carbon fibers.

In this paper, cellulose-based carbon fibers were prepared successfully by liquefied cellulose,
melt spinning, curing treatment, and carbonization. In order to create a comprehensive understanding
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of cellulose-based carbon fibers, the molecular structure change, crystal structure transition, and
surface functional groups of cellulose-based carbon fibers during carbonization were all investigated
in detailed. At the same time, the mechanical properties, modulus and yield of cellulose-based
carbon fibers at various temperatures were compared.

2. Experimental
2.1. Samples

The mixture of 20 g of cellulose prepared by nitrate ethanol method [11] and 120 g of phenol
as well as 9.6 g of H3POy4, loading in a round bottom flask, was heated in an oil bath at 160 °C
for 150 min. until the compound including cellulose and phenol is obtained. Subsequently,
hexamethylenetetramine as synthetic agent was added to liquefied cellulose by 5 wt% (on the weight
of liquefied cellulose) and was held for 5 min after heating to 180 °C in 40 min to prepare a spinning
solution. The spinning solution was placed into a spinning machine [12], and the spun filaments were
prepared by melt-spinning. The spun filaments were cured by soaking in an acid solution HCHO and
HCI (1:1 by volume) as main components at 95 °C for 4 h, washed with distilled water and finally
dried at 90 °C for 45 min. The carbon fiber precursors from liquefied cellulose were prepared. The
carbonization was carried out in a tubular furnace and the samples were heated from room
temperature to the final carbonization temperature (400-1000 °C) with a heating rate of 3 °C/min in
a 100 mL/min stream of N,. The samples were held for 60 min under the carbonization temperature,
and then naturally cooled to room temperature. Cellulose-based carbon fibers (CBCFs) from
liquefied cellulose were prepared.

2.2. Measurements

The cross-section of CBCFs was observed with a scanning electron microscope (S-4800,
Hitachi Co., Tokyo, Japan).

The chemical structures of treated carbon fibers were detected at ambient temperature by a
Fourier transform infrared spectrometer (FTIR) of TENSOR37 (BRUKER Co., Karlsruhe,
Germany). The fibers were pulverized (150-200 mesh) and mixed with KBr before being pressed
into a disk. The concentration of the sample in KBr was 2.5%, and 0.2 g of KBr was used in the
preparation of the reference and sample disks.
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The crystal structures were measured by scanning the fiber samples in the range of 5°-60° (20) by
a Powder X-ray Diffractometer (D/MAX2500, Rigaku Co., Tokyo, Japan). The apparent crystallite
thickness (L.), the apparent layer-plane length parallel to the fiber axis (L,), and the average
interlayer spacing d were calculated using the Bragg and Scherrer formula. The formulas can be
expressed as:

A
d =
2sin0 (34)
_ Kb (35)
BcosO

where 0 is the Bragg angle of peaks (°), A is the wavelength of X-ray used (0.154 nm), and f is
half-height width of peak (rad). The form factor K is 0.89 for L., and 1.84 for L,, respectively.

The Raman scattering measurements were performed in a Raman spectrometer (Invia, Renishaw
Co., Derbyshire, UK) at room temperature under a nitrogen atmosphere, using a 473 nm line of an
argon ion laser as the incident radiation. The Raman spectrometer was operated in the continuous
scanning mode with laser beam powers of 4 mW and exposure times of 25 s.

XPS measurements of the samples at various temperatures were carried out on a Kratos Axis
UltraDLD multi-technique X-ray photoelectron spectroscopy (K-alpha, ThermoFisher Co., East
Grinstead, UK) with a monochromated Al Ko X-ray source (hv = 1486.6 eV).

Tensile strength was measured by electrical tensile strength apparatus (YG004N, Hongda Co.,
Shanghai, China) under a span distance of 10 mm and a crosshead speed of 2 mm-min'. The data
shown are average value for 30 fibers.

3. Results and Discussion
3.1. Morphological Characteristics

As can be seen from Figure la,b, the surface of CBCFs is smooth. The cross section shown in
Figure 1c is elliptical pattern due to the square bobbin during melt-spinning process. Many fine pores
are observed in the cross section, mainly around the center of the cross section (Figure 1d). This is
due to the residual gas in the spinning solution and the low crosslinkage degree of the inner of the
carbon fiber precursors during curing treatment [ 13].
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Figure 1. Scanning electron microscopy (SEM) micrographs of Cellulose-based carbon
fibers (CBCFs): (a) and (b) side surface; (¢) and (d) crossing section.

(b)

(d)

3.2. Mechanical Properties

The relationship between carbonization temperature and mechanical properties of CBCFs are
reported in Figure 2. With carbonization temperature increasing, tensile strength and modulus of
CBCFs obviously improve, while elongation at break rapidly reduces. Carbonization temperature
increases from 600 to 1000 °C, tensile strength and modulus of CBCFs increase from 650 to 1015
MPa and from 62 to 116 GPa, respectively. At the same time, elongation at break decreases 54.9% from
600 to 1000 °C. From Figure 2a, it can also be seen that the mechanical properties of CBCFs are
slightly better than those previously reported for carbon fibers produced from cellulose (tensile
strength 0.8 GPa, modulus 70 GPa) [14].

Higher weight losses, or lower yield result in higher production costs [15]. Figure 2b shows the
yields of carbon fibers are 61%~52% from 600 to 1100 °C. It is clear that the yield of CBCFs is
higher than that of carbon fibers produced from cellulose.
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Figure 2. The mechanical properties of CBCFs: (a) Tensile strength; (b) Elongation at
break and Carbon fiber yield.
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3.3. Structure Transitions

Figure 3 shows Fourier Transform Infrared Spectroscopy (FTIR) spectra of CBCFs under
different carbonization temperatures. As temperature increases, the wide-band absorption intensity
of the associated hydroxyl group of CBCFs at 3427 to 3429 cm " is reduced, The absorption peaks at
2925 to 2850 cm ' (mainly methylene bridge) and the absorption peak for the vibration of the
benzene ring skeleton at 1631 to 1639 cm ' weaken gradually. Moreover, the absorption peak of the
stretching vibration at the C=C bond in the benzene ring skeleton at 1610 to 1504 cm ™' and the
absorption peak of the C—O—C stretching vibration at 1124 to 1112 ¢m ™' are not changed after 500
°C. In addition, the two characteristic absorption peaks at 821 and 752 cm ' almost disappear. This
indicates that, due to the decrease of the -OH, —CH,, —O—C— and phenyl group during carbonization,
the benzene rings of the sample get closer to each other, the benzene fused-ring structure is formed,
and the cross-linked structure of the sample is changed into the six-member ring carbon network
[16,17]. When carbonization temperature reaches 1000 °C, the absorption peak of the C=C bond
(1610-1504 cm™") of CBCFs do not disappear, indicating that the sample is difficult to graphitize
[18].

3.4. Crystal Structure Transition

Figure 4 shows X-ray diffraction patterns of CBCFs at various temperatures. As can be seen from
Figure 4, the samples carbonized above 600 °C appear (002) and (100) peaks. As carbonization
temperature increases, (002) peaks shift from 18.98° to 21.9°, thus approaching the graphite (002)
peak position, and the (100) diffraction peakis enhanced. This result indicates that carbon atoms of
CBCFs are rearranged from disorderly to orderly and the crystalline structure improves remarkably
with increasing carbonization temperature.

Carbon fiber yield ( %)
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Figure 3. FTIR spectra of CBCFs at various temperatures.
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Figure 4. X-ray diffraction patterns of CBCFs at various temperatures.
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Table 1 shows that as carbonization temperature increases, the value of dp2) decreases from
0.4670 to 0.4053 nm, and that of d{;¢0) decreases from 0.2073 to 0.2066 nm. The numerical variation
of d(oo) 1s greater than that of d(j0), which is similar to the results of common carbon materials.
However, the d(g02) of CBCFs is significantly greater than the d|oo») of graphite (0.3354 nm) and that of
coke (0.3440 nm) at 1000-1350 °C [19,20]. This observation also indicates that, with increasing
carbonization temperature, CBCFs is difficult to graphitize. In addition, the carbonization of CBCFs
is more complicated than the general carbon materials due to higher complexity of cellulose
liquefaction. Meanwhile, L., L/d0o2), and g values (degree of graphitization) increase gradually as
carbonization temperature increases, which indicates that the number of graphene sheets and the

graphitization degree of CBCFs increase as temperature increases.
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Table 1. Structure parameters of X-ray diffraction for CBCFs.

Temperature (°C) d(002) (NM) d(100) (NmM) L. (nm) L./d o 2 (%)
600 0.4670 0.2073 0.6687 1.4318 -14.30
700 0.4237 0.2060 0.7090 1.6732 -9.27
800 0.4075 0.2062 0.7607 1.8665 -7.39
900 0.4193 0.2061 0.7265 1.7323 -8.76
1000 0.4053 0.2066 0.7937 1.9581 -7.13

Figure 5 displays Raman spectra of cellulose carbon fibers under different carbonization
temperature. It is found that cellulose-based carbon fibers obtained above 600 °C exhibit D-peak at
1350 cm ™! (Figure 5a), which characterizes the disorderly structure of the carbon materials, and G-peak
at 1597 cm ', which characterizes the graphite crystallite structure of the carbon materials [21]. Peaks
D and G are strengthened gradually as carbonization temperature increases, indicating thus that higher
carbonization temperature could facilitate the arrangement of carbon from a disorderly to an orderly
state [22,23]. Meanwhile, the existence of several oxygen-bearing functional groups affects the
change in the mechanical constant of the C—C bond, resulting in the shift of curves D and G of the
sample during the low-temperature carbonization stage.

Figure 5b shows the graphite crystalline size L, and R values of disorder calculated using the
Matthews’ formula and the Tuinstra-Koenig formula. With carbonization temperature increase, the R
of the cellulose carbon fibers decreases, whereas L, increases, thus further indicating that the high

carbonization temperature increases the order of the crystalline structure of the sample.

Figure 5. (a) Raman spectra of CBCFs at various temperatures; (b) the graphite
crystalline size L, and R values of disorder.
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3.5. Surface Characterizations

Figure 6a shows the XPS spectra of CBCFs at various temperatures. As shown in the figure, the
elements C and O are the basic elements of CBCFs. The main elemental composition of the surface
of CBCFs is shown in Table 2. As seen from Table 2, element C is the most abundant constituent of
all CBCFs. With increasing carbonization temperature, elements C of CBCFs increases while



88
elements O and N reduce. The elements C content of CBCFs have achieved more than 95% above

1000 °C.

Figure 6. X-ray photoelectron spectroscopy (XPS) curve of CBCFs at various
temperatures: (a) XPS survey spectra; (b) XPS spectra of the Cls region.

(a) Survey (b) 1000°C
O1s Cils Graphite( C-C)
e heemy |
S | Y, »
% O
S : |
C-O
Cc=0,
e l 1 1 1 1 1 1 L
Ll L L 292 290 288 286 284 282 280
1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)

Table 2. C, O, N contents of CBCFs at various temperatures.

Temperature (°C) C (at%) O (at%) N (at%)
600 91.03 7.71 1.26
700 93.77 5.48 0.74
800 94.78 4.71 0.51
900 94.15 4.65 1.20
1000 95.04 4.58 0.38

In order to obtain information about the chemical composition of the fiber surface and the binding
characteristics of the elements at the surface, measurements of the XPS spectra of the Cls region
were analyzed. The Cls spectra of the five samples are almost the same, thus only the sample is
shown in Figure 6b as an example. Figure 6b indicates that the C1s curve fitting is optimized into three
independent peaks: the graphitic carbon (C—C, Binding Energy (BE) = 284.0-284.3 eV), either or
hydroxy group (C-O, BE = 284.7-285.7 eV), and carbonyl or quinine groups (C=0O, BE =
286.5-288.2 eV) [24,25]. The results of the fits of the C1s regions are listed in Table 3. It can be seen
that the main peak of Cls corresponds to graphite carbon. With increased carbonization temperature,
the fraction of C—C bond increase and then decrease, while that of C—O and C=0 bonds first decrease
then increase. This is probably due to the partial removal of elements C and O during carbonization at
less than 700 C, and some surface oxidation at higher temeprature..
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Table 3. The surface functional groups content of CBCFs at various temperatures.

Graphite(C-C) CcC-0 C=0
Temperature (°C)

BE (eV) M (%) BE (eV) M (%) BE (eV) M (%)
600 284.0 56.62 284.7 29.59 287.5 13.79
700 284.2 73.47 285.7 8.59 286.5 17.94
800 284.2 72.07 285.4 25.19 288.2 2.75
900 284.3 68.46 285.3 23.21 287.3 8.23
1000 284.3 66.90 285.3 23.69 287.5 9.40

4. Conclusions

Although cellulose is the third largest source of carbon fibers, the poor strength and yield of
cellulose-based carbon fibers has limited its applications. From the results reported in this study,
cellulose-based carbon fibers with excellent performance and high yield were prepared after phenol
liquefaction and curing. The high carbonization temperature could improve the orderly state of the
crystalline structure of carbon fibers from liquefied cellulose, but carbon fibers from liquefied
cellulose are difficult to graphitize. The results suggested that other wooden materials after
liquefaction could become excellent raw materials for carbon fibers.
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Abstract: Entangled networks of carbon nanofibers are characterized both mechanically and
electrically. Results for both tensile and compressive loadings of the entangled networks are presented
for various densities. Mechanically, the nanofiber ensembles follow the micromechanical model
originally proposed by van Wyk nearly 70 years ago. Interpretations are given on the mechanisms
occurring during loading and unloading of the carbon nanofiber components.
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1. Introduction

One-dimensional carbon materials are available in many high-end commercial products [1,2] and
continue to be a source of ongoing research [3—5]. This is due to their remarkable material properties.
The two main instances of this type of material are carbon nanotubes and carbon nanofibers. Carbon
micro- and nanofibers are a common component in high-strength, lightweight fiber-reinforced
composites [6-9]. Less studied are the properties of an interwoven assemblage of the nanofibers,
which behaves as a coherent, nonwoven component.

Synthesis methods for creating carbon nanotubes [ 10] and nanofibers [10—12] commonly produce
random networks of tangled fibers. These entangled fibers do not have fixed connections with
adjoining fibers (i.e., they are not cross-linked). Thus, the entangled fibers comprise a random
network similar in nature to a nonwoven mass of fibers found in common textile processes. Random
networks of textile fibers are commonly modeled using a micromechanical model originally
developed by van Wyk in 1946. In 2009 an effort was undertaken to mechanically test a “tangle” of
carbon nanotubes [3]. This effort demonstrated that the van Wyk model [13] matched the stress vs.
change in fiber volume fraction for the loading portion of the curve. It also showed that the van Wyk
model did not match the unloading portion of the curve. Allaoui et al. [3] surmise that this is due to
the dissipation of adhesive energy as contacts break.

The van Wyk model was proposed in 1946 [13] and incorporates fiber bending at contact points in
the random network and the creation of new fiber-to-fiber contacts, but ignores other effects such as
friction and fiber sliding. Functionally, van Wyk’s model proportionally relates the stress applied to
the random fiber network, o, to the fiber volume fraction, p, to the third power:

6 = k(4 — 113) (36)

where k, is a constant that contains information on fiber characteristics and p is the initial fiber
volume fraction before compression. This model describes the behavior of a large entangled network
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of randomly oriented fibers. This amazingly simplistic model has been found to be applicable to
many different types of random fiber networks such as short hollow pulp fiber networks [14] and
textile reinforcements for composites manufacturing [15].

The electrical response of a random fiber network to an applied stress is not commonly studied,
because most types of fibers in the textile industry are not conductive. Thus, there is a lack of studies
and modeling addressing this topic. In this paper, the electrical properties are measured in both
tension and compression. Sudden changes in electrical resistance seen in tension tests can be used as
a method of evaluating the mechanical situation and integrity of the material. For compression tests,
the electrical resistance is shown to approach the conductance of amorphous carbon when the carbon
nanofibers are under their highest compressive loads. Additionally, the mechanical response of the
entangled networks of carbon nanofibers is studied in tension and compression. A discussion of the
tensile response is qualitative while the compressive response is modeled using the van Wyk Model.
The compression tests reported here are performed in an open die configuration under high stresses
(~10 MPa). During loading, it was verified that the sample kept its integrity even at the highest loads.
Furthermore, it is shown that the van Wyk Model Equation (1) for a random entanglement of fibers is
capable of describing the response of the material with considerable accuracy.

2. Experimental Section
2.1. Carbon Nanofiber Synthesis

Bulk, nonwoven components comprised of carbon nanofibers were synthesized using a method
previously developed by Atwater et al. [10]. Briefly, Pd nanoparticles are dispersed in a rectangular
steel mold and then heated in a furnace in an inert environment. Once heated to 550 °C, a mixture of
ethylene and oxygen flows over the catalyst. By varying the Pd particle loading in the mold and the
time of gas flow differing densities of carbon nanofiber entanglements were synthesized. Sample
densities were determined geometrically by weighing samples of a known volume.

An example of the as-grown samples is shown in Figure 1. Here it can be seen that a relatively
large (many centimeters) component can be easily attained with this process. When examined using
SEM, it can be seen that the larger structure is actually comprised of much smaller (ca. 100 nm
diameter), carbon nanofibers, e.g., Figure 1d. Additional characterization of the fibers’ properties is
contained in References [11,12]. The process, then, creates a multi-scale material with the ability to
control both nanoscale and macroscale features.

2.2. Mechanical and Electrical Characterization Setups

Mechanical and electrical characterization was conducted simultaneously for samples of differing
densities. In order to accomplish this, a custom setup was required for both the tensile and
compressive tests. Tensile samples were tested under relatively low loads, <45 N, while compression
tests were to a load as high as 200 N.
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Figure 1. Carbon Nanofiber Network at increasing magnification, boxes indicate section
in next image (a) 1x; (b) 1000x; (c¢) 10,000%; (d) 20,000x%.

12.5 mm

Tensile tests were conducted on an Instron 1101 with a 45 N load cell using a constant
displacement of 1.27 mm/min. Sample densities tested were 0.125 and 0.131 g/cc. Carbon nanofiber
samples with a cross sectional area of 5 mm % 25 mm were clamped between two electrically isolated
grips at a distance of 20 mm apart. A constant current of 250 mA was applied to the samples and the
voltage was recorded in order to determine the resistance of the sample as a function of load.

Compression tests were performed on a larger capacity Instron with a 44.5 kN load cell with a
constant crosshead displacement of 0.252 mm/min. The 0.40 g/cc cylindrical sample was tested in an
open die configuration with a diameter of 4.7 mm and thickness of 5 mm. Electrical measurements
were made in the same manner as for the tensile experiments.

3. Mechanical Properties
3.1. Tensile Tests

Tensile loading curves for two different densities of nanofibrous nonwoven carbon are shown in
Figure 2. The stress-strain curves are accompanied by their corresponding resistance measurements.
Judging from SEM characterization (e.g., see Figure 1), no fiber is expected to span the gage length
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of the sample, and therefore no fibers are considered rigidly held by both grips. On that assumption,
loading of the samples must be a result of friction between the fibers and mechanical interlocking.

Figure 2. Tensile behavior of carbon nanofiber network under tension, accompanied by
resistance measurements as a function of strain (mm/mm). (a) Low density network;
(b) High density network.
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Tensile loading of the samples diplays several interesting behaviors. For both samples, a smooth
monotonic increase is seen during loading initially. This smooth portion of the loading curves is then
followed by data that is generally increasing, but contains several discontinuities. These
discontinuities are attributed to avalanches of fiber pullouts. After a critical number of fibers have
pulled out, a maximum load is reached, and any increase in displacement results in nothing but
decreases in load.

In order to more succinctly compare the behavior of these two samples five material properties are
examined: (1) tangent modulus; (2) maximum stress; (3) maximum strain; (4) failure stress and (5)
failure strain. Failure is defined as a decrease in the load sustained by the sample. Table 1 compares the
compressive moduli and tangent moduli attained from tensile tests. Though the two samples have
nearly identical densities and remarkably similar material properties, as listed in Table 1, there is a
marked difference in the failure of the two samples. The 0.125 g/cc sample has a massive avalanche
of pulled out fibers as is evidenced by a sudden drop in load after reaching o,; this is also
accompanied by a large jump in resistance of the sample. The 0.131 g/cc sample appears to have a
fairly gradual pullout of fibers as it continues to fail after having reached its o,.

Table 1. Mechanical Properties of entangled network of carbon nanofibers.

p (g/em’) E(kPa) oy (kPa) o, (kPa) Linear Range Percentage (% of o)
0.125 600 13.4 342 39.2%
0.131 627 16.9 413 40.8%

The resistance of the entangled network of the carbon nanofibers increases almost linearly with
increasing tensile load until there is a sudden drop in the load (stress). This is a clear indication that
fibers are pulling out from one another. This reduces the number of fibers in contact as well as the
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number of contacts per fiber. Once a threshold limit is met, then many fibers separate from one
another simultaneously—an avalanche of fiber pullouts. Again, this is most noticeable for the 0.125
g/cc sample near its o,

3.2. Compression Tests

Five compressive loading cycles are shown for a sample with a of density 0.40 g/cc in Figure 3.
Cycle 6 and subsequent cycles display the similar hysteresis between the loading and unloading
portion of each cycle, but nearly fall on top of one another. The stress versus percent fiber volume
fraction (u%) are accompanied by their corresponding resistance measurements. The resistance vs.
1% curves follow similar trends, as seen by Atwater et al. [10]. Additionally, the loading portions of
the curves in Figure 3 are fit with the van Wyk model, Equation (1). The agreement between the
experimental data and model demonstrate the utility of the model and also show that the mechanisms
modeled in the van Wyk interpretation are responsible for the defromation behavior of the
entanglement of the carbon nanofibers.

van Wyk’s model describes the bending and creation of new contacts in a random network of
fibers. This is appropriate for the compressive loading of the fibers as evidenced by the fit of van
Wyk’s model to the data in Figure 4. Unloading of the fiber shows a considerable amount of
hysteresis and is not modeled well by van Wyk’s model (and is not displayed). For unloading, it is
likely that adhesion and friction are the main contributors to this hysteresis, as is the case with carbon
nanotubes [3].

Even within the loading event, it appears that bending and the creation of contacts contribute
different amounts to the loading history of the sample as the fiber volume fraction increases. For
lower values of p (and load) the samples are more porous, i.e., there are more air gaps between the
carbon nanofibers. Thus, as the sample is compressed, the fibers bend into the empty spaces more
readily—bending is more dominant at lower values of load and p. Thus, the model does not work as
well for lower values of load and p. As the compression continues, new contacts are made at an
increasing rate. In fact, it has been recently shown that the rate of increase of the number of contacts
is linearly proportional to p [16]. Thus for higher values of load and p the van Wyk model is more
applicable and therefore more accurate. A considerable amount of hysteresis exists between the
loading and unloading cycles in Figure 3. Adhesion (friction) is attributed to this hysteresis. Adhesive
forces are commonly known to cause sticking between individual micro and nanodevices, commonly
referred to as ‘stiction failure’ in the literature [17-19]. Because of the small scale of the fibers
(i.e., ca. 100 nm diameter), van der Waals forces, hydrogen bonding, efc. may have an appreciable
adhesive effect. Allaoui e al. [3] also consider this to be the source of adhesion between fibers and
the culprit for hysteresis in carbon nanotube tangles.
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Figure 3. Five compression cycles (continuous loading and unloading) of a 0.40 g/cc
carbon nanofiber tangle sample. Data is displayed as pressure vs. percent fiber volume
fraction (p).
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Adhesion between fibers leads to hysteresis while the bending of individual fibers is the main
source of elastic energy storage. As the load increases more fibers are being influenced to move, but
their motion is impeded due to restrictions from adjacent fibers. For the highest loads, energy is
dissipated by irreversible friction and sliding [20]. However, when unloading occurs, only the elastically
stored energy can be recovered. Thus a small reverse movement in the compression platen results in
a large drop in load as seen in all unloading curves. For lower values of p (strain) the elastic energy in
the fibers becomes considerable and pushes back on the compression platen and a large movement of
the platen results in a smaller change in load.

The resistance of the entangled network decreases nonlinearly as the compressive load is applied
in Figure 3. An asymptotic value is approached for the highest loads. Considering the sample size,
the resistivity of the sample approaches 2.7 x 10> Q-m, which is approximately three to five times
that of amorphous carbon (5 x 10 *-8 x 10™* Q-m) [21,22]. Physically, the sample is being
compressed and the sizes of the pores filled with air are beginning to decrease while, simultaneously,
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more physical connections are being made between fibers. Had all pores been eliminated, it would be
expected that the value for the resistivity of the material should approach that of amorphous carbon.
However, it can never truly reach this value because the pores never fully disappear and also the
surfaces of the carbon nanofibers have adsorbed gases that never allow the entangled network of
carbon nanofibers to turn into a continuous piece of amorphous carbon. These interfaces cause
additional scattering of electrons over what would be expected in amorphous carbon.

4. Conclusions

The results of this work indicate that bulk collections of carbon nanofibers can behave as
traditional nonwoven materials. This understanding was reached through simultaneous mechanical
and electrical analyses. Under tensile load, these nanofibrous nonwovens tend to fail by fiber pullout.
During elongation there is no significant enhancement of fiber-to-fiber contact (i.e., reduction of
cross-sectional area), which would be indicated through a reduction in electrical resistance. Under
compression, the material behaves elastically, but with significant hysteresis during unloading.
Electrical resistance decreases substantially as the material is compressed. The mechanical properties
and the reduction in electrical resistance are consistent with the van Wyk model of fiber interaction.
The hysteresis during unloading is attributable to small-scale friction and adhesive affects found in
fibrous materials. Based on these data, the material is expected to be suitable for applications where
cyclic compressive forces are encountered or in applications where an electrical response to
deformation may be valuable.
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Fabrication of a Low Density Carbon Fiber Foam and Its
Characterization as a Strain Gauge

Claudia C. Luhrs, D. Chris Daskam, Edwin Gonzalez and Jonathan Phillips

Abstract: Samples of carbon nano-fiber foam (CFF), essentially a 3D solid mat of intertwined
nanofibers of pure carbon, were grown using the Constrained Formation of Fibrous Nanostructures
(CoFFiN) process in a steel mold at 550 °C from a palladium particle catalysts exposed to fuel rich
mixtures of ethylene and oxygen. The resulting material was studied using Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (EDX), Surface area analysis (BET), and
Thermogravimetric Analysis (TGA). Transient and dynamic mechanical tests clearly demonstrated that
the material is viscoelastic. Concomitant mechanical and electrical testing of samples revealed the
material to have electrical properties appropriate for application as the sensing element of a strain
gauge. The sample resistance versus strain values stabilize after a few compression cycles to show a
perfectly linear relationship. Study of microstructure, mechanical and electrical properties of the low
density samples confirm the uniqueness of the material: It is formed entirely of independent fibers of
diverse diameters that interlock forming a tridimensional body that can be grown into different
shapes and sizes at moderate temperatures. It regains its shape after loads are removed, is light
weight, presents viscoelastic behavior, thermal stability up to 550 °C, hydrophobicity, and is
electrically conductive.

Reprinted from Materials. Cite as: Luhrs, C.C.; Daskam, C.D.; Gonzalez, E.; Phillips, J.
Fabrication of a Low Density Carbon Fiber Foam and Its Characterization as a Strain Gauge.
Materials 2014, 7, 369913714.

1. Introduction

Carbon nanotubes, in particular, as single wall tubes (SWCNT), have been demonstrated to
present remarkable response as piezoresistive elements [1-4]. Individual tube gauge factors, which
can be described as the sensitivity of the sensor, have been reported to reach values up to 1000 [5].
However, the sensors based on CNT assemblies have much lower sensitivities than those of the
individual tubes mentioned above, typical ensemble piezoresistive sensor have gauge factors up to
22 [6]. Obtaining the maximum possible gauge factor is limited by the features that dominate large
assemblies of tubes: defects and difficulties controlling the orientation and position of the tubes to
produce homogenous large samples. Thus far, efforts in this direction have opted for using random
assemblies of individual tubes, both as single and multiwall tubes [7-10]. Thus, new materials that
can attain the expected electrical and mechanical characteristics, or novel approaches to develop
such materials with high yields and repeatable results, are still needed.

Other issues limiting the application of carbon structures for pressure/strain gauges are the
unresolved engineering challenges. Earlier reported strategies to develop pressure/strain sensors
using carbon nanotubes or carbon fibers are quite complex, difficult to reproduce and expensive.
Control over the macroscopic object geometry, density, and means to create an interface with other
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components has turned to be a titanic effort. Some examples found in recent publications to generate
three-dimensional carbon tube/fiber based architectures involve the association of carbon structures
with polymeric matrices [11-13], strategies to assemble them during synthesis [14—16] and attempts
to create the connections post-synthesis [17-23]. From the former category, the combination with
polymers imprints undesired characteristics in the product such as reduced conductivity and low
thermal stability due to the use of polymeric matrices. From the second approach: despite the
products presenting the desired electrical properties, there has been no reported success in creating
highly porous mechanically robust tridimensional architectures. The third approach, post-synthetic
routes to generate low density structures, is dominated by techniques that use solvents to align nanotube
forests, foams or cellular structures aided by the capillary forces that are present as the solvent evaporates
[17,18]. Other post-synthesis efforts include low temperature soldering [19], use of monolayer and
multilayered silica templates [20], high frequency pulses of electrical discharge to machine targeted
shapes, and radical initiated thermal crosslinking of CNT [21,22], focused laser beam used to locally
burn regions of a dense forest [23] and chemical processes to stitch CNTs together [17]. Thus, there
is still a necessity for a simple, reproducible way to create mechanically robust 3D structures to be
used as sensing elements.

Recently it was established that macroscopic carbon foam could be fabricated in virtually any
shape using the constrained formation of fibrous nanostructures process (CoFFiN) [24]. These foams
consist of a solid mat of intertwined nanoscale carbon fibers, the shape of the same defined by the
shape of the mold in which it is grown. The constrained formation of fibrous nanostructures process
was developed as a variation on graphitic structures by design (GSD) technology [25,26]. The key to
GSD, as shown in earlier work, is the catalyzed growth of solid carbon structures from radical
species formed homogenously during a fuel rich combustion process. In practice, it has been clearly
demonstrated that a variety of carbon structures (e.g., fibers, solid mats, graphite encapsulated
catalyst, efc.) can be grown from combustion mixtures, and that the nature of the structure that grows
is a function of catalyst, composition of the fuel rich combustion mixture, temperature, and even gas
flow rate.

The CoFFiN process followed to generate the carbon fiber foam studied herein is a natural
extension of those previous discoveries: the catalysts, the gas mixtures, and temperatures employed,
are selected to be those that lead to the most rapid growth of carbon fibers as revealed in earlier
studies. Moreover; by confining growth to a mold the fibers become entangled, leading to the growth
of cohesive macroscopic fiber structures that have the same shape as the mold.

In those earlier publications it was demonstrated, for CoFFiN materials, that there is a relationship
between applied stress and electrical resistance, but the data was insufficient to fully characterize all
features or even to clearly identify the class of material according to its mechanical behavior. The
data from the present work permits the following points to be elucidated: (i) CFF on the macroscopic
scale behaves precisely as a viscoelastic, and is not simply elastic; (ii)) Only after repeated cyclic
compression, that is “mechanical aging”, do mechanical and electrical properties stabilize; (iii) the
material is not, despite earlier suggestion, particularly suited for use in a pressure gauge, instead the
material is suitable for use as the sensing element in a strain gauge; and (iv) other key characteristics of
the structure, such as relative density, surface area, contact angle and thermal stability are now
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accurately measured. Finally, it is clear that the CFF microstructure, totally composed of conductive
fibers, makes it an unusual viscoelastic.
2. Results and Discussion

2.1. Results

After growth and removal from the mold, a single block of carbonaceous material was obtained.
The sample roughly had the shape of the mold, although the material tended to twist modestly due to
some internal stresses upon removal from the mold. Macroscopically, the product of the synthesis
had the texture and consistency of foam. Examination of the sample by SEM revealed that the
microstructure is dominated by intertwined fibers of diverse diameters but most of the volume is void
space. Analysis of fiber diameters from electron micrographs revealed that the diameters range from
approximately 30 nm to 400 nm. Within that distribution the plurality of the fibers have between
60 and 90 nm in width (Figure la,b). Given that the fibers grow in random directions while
intertwining into each other, the length of individual fibers was not measured. Backscattered electron
images of the sample showed a homogeneous distribution of the palladium particles used as catalyst.
EDS analysis of the sample showed no evidence of oxygen in regions where Pd was present,
indicating that despite the small amounts of oxygen used during the synthesis the palladium remains
the metallic state throughout the fiber growth step.

Figure 1. Microstructural analysis by SEM. (a) The sample consists of fibers which
diameters vary between 30 and 400 nm and regions of empty space; (b) The plurality of
fibers are between 60 and 90 nm in width; (¢) During compression the empty spaces
between fibers disappear with no evidence of fiber delamination or fracture.
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As described in the previous section, a sample of the fiber 3D architecture was compressed inside
the SEM using a SEM tester using loads up to 350 N. Micrographs taken during the experiment show
that the gaps and empty spaces between the fibers decreased while under load; however, no evidence
of fiber failure was detected. After the 350 N were applied the sample compressed to a point that
the instrument could not place the platens any closer. Under such circumstances the sample bulged in
the directions perpendicular to the applied load but regained its shape and volume after removal of
the load. Indeed, even after multiple compressive cycles no breakage, delamination or cracking
signatures in individual fibers were seen (Figure 1c). Study of the microstructure of the sample by
SEM after mechanical cycling tests showed the same initial characteristics: intertwined fibers with
gaps and void space in between them.

According to our measurements the entangled fiber structure as prepared has a relative
density of 0.24, similar to cork [27] and aluminum foams [28]. Given that the density of carbon fibers
is generally estimated to be the same as graphite, approximately 2.26 g/cm’, this indicates that
approximately 90% of the volume of an uncompressed sample is void space. The BET surface area
was relatively high, 118 m%/g. For comparison, most reported specific surface areas of graphene
measured by BET range between 600 and 1000 m?/g [29-32], although the theoretical specific
surface area has been computed to be 2630 m?/g [33].

The strain that resulted from the application of diverse loads to the fiber structure when using an
Instron mechanical tester in compression mode is presented in Figure 2. Under deformation the
material presents both viscous and elastic characteristics, with evidence of time-dependent values.
The stress vs. strain curves of the constrained specimen (using the Plexiglas fixture) show the typical
profile of a viscoelastic material; the first section follows a linear—elastic behavior, which is
followed by an unloading cycle that does not reproduce the original stress versus strain path but
presents instead a hysteresis loop typical of viscous materials. When cyclic loading is applied this
phase lag is more evident, showing dependence with the loading or strain rate (Figure 2a,b). As other
viscoelastic materials, the CFF seems stiffer when loaded fast than when subject to loading at lower
rates. Each consecutive cycle performed between 10 and 90 N shows a shift in the corresponding
strain to higher strain values during the first 15—17 cycles. Once conditioned the next cycles showed
stable behavior, with stress strain profiles that perfectly overlap for higher number of cycles, as
shown in Figure 2c. Estimation of the elastic modulus of the linear region for experiments performed
at diverse strain rates demonstrate that higher frequencies produce higher values (above 4 MPa),
while slower frequencies reach lower values (close to 3 MPa). The area inside the curve usually
correlated to the energy absorption at a particular frequency, changes as well: the higher the cycling
frequency, the lower the energy absorption capability.

A stress relaxation test was performed by compressing the sample with an initial force of 50 N,
which reduced the structure dimension by 2.5 mm, at room temperature. The sample was allowed
then to relax while the position was maintained, thereby maintaining a constant strain of 0.63 on the
sample. The stress on the sample was then allowed to vary and recorded. As denoted in the stress
versus time graph upon the imposition of a constant deformation the force necessary to maintain the
deformation decreases with time (Figure 3), as is typical in viscoelastic materials like biofilms and
gels [34,35].



104

Figure 2. Stress vs. strain curves for the constrained sample. Cycles performed between
10 and 90 N loads using Plexiglas fixture to maintain constant area. The first loading
cycle from 0 to 90 N has been removed. (a) Cycling behavior at a rate of 0.05 mm/s;
(b) Cycling at frequencies of 0.01 mm/s; and (¢) Values reach a reproducible and stable
profile after the first conditioning 15—17 cycles.
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Figure 3. Sample relaxation. A constrained sample was maintained at a constant strain of
0.63 at room temperature. Initially 50 N were applied; the program was adjusted to

maintain such strain level and stress over time recorded.
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The resistance of the sample can be related to the values of load and strain imposed in the 3D fiber
architecture, the higher the level of load/strain the lower the sample resistance. However, the initial
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resistance values recorded during cyclic tests seem not to be reproducible, in the same way that
mechanical tests showed with the hysteresis loop behavior, the sample requires a conditioning stage
of about 15-17 cycles before the resistance values can be correlated to a particular value of strain.
Figure 4 exemplifies such behavior. If resistance is plotted against load or stress, a phase lag is
observed and a perfect linear correlation is never reached. However, if the correlation of resistance is
made with respect to the values of strain, then a perfect line is obtained for multiple cycles. Such
linear relationship between strain and resistance suggests the material could be employed as a strain
gauge.

Figure 4. Resistance vs. time cyclic behavior. Cycles performed between 10 and 90 N
loads using Plexiglas fixture illustrate that after some initial the conditioning cycles the
Carbon Fiber Foam electrical behavior stabilizes.
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In order to test this proposition the resistance as a function of strain for the final six legs of the
process were plotted (Figure 5a) along the AR/R¢ versus strain (Figure 5b). The slope of the later,
0.43, is related to the sensitivity of the strain gauge or gauge factor. Despite this low value, the material
does appear to have potential as sensing element of a strain gauge when high levels of strain are
present.
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Figure 5. Strain Gauge. The resistance vs. strain values taken from the final six segments
of cycling experiment show the “aged material” displays a linear relationship between
resistance and strain (a). The slope of the (AR — R,)/R,, vs. strain, taken from the 3rd to
last cycle, has been used to calculate the strain gauge factor (b).
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Temperature programmed oxidation analysis of the sample using 20% oxygen/80% inert gas
atmospheres indicated that the sample does not suffer any weight changes until nearly 550 °C. From
550 to 750 °C the sample reacts with the oxygen to undergo a combustion reaction producing CO, as
volatile byproduct while losing weight until most of the sample is consumed. At 1000 °C, less than
1% of the original weight remains, associated with leftover Pd catalyst that reacted to produce PdO
as single solid byproduct (Figure 6). In comparison, commercial viscoelastic polymers begin to
decompose in air at above ~200 °C and are dramatically and irreversibly modified by 300 °C [36].
The CFF under study is completely stable to 550 °C during heating in air.

The hydrophobicity of the samples was demonstrated by placing a water droplet on the surface of
the as prepared 3D fiber structure (Figure 7a). The water droplet does not wet the foam and tends
to roll off the surface at low angles of inclination. Measurement of the contact angle using the
Young-Laplace method, as described in the experimental section, returned a value of 145°. In contrast,
a non-polar liquid, mineral oil, did not form a drop at all, being instantly absorbed by the fiber foam
(Figure 7b).

Finally, an effort was made to determine if carbon, aluminum and stainless steel could generate a
similar signal than the one observed for the CFF employed. In all cases the measured resistance was
in the order of 0.1 Q. Grafoil, a form of commercial carbon created from compressed naturally
occurring graphite, of approximately the same thickness as the CFF was placed in the same Plexiglas
constraint system and tested using the same constant changing strain rate as that employed for the
CFF, 0.01 mm/s, over the same compression limits. The general trend of resistance was the same as
that observed for the CFF: resistance decreased with increased strain. However; at least for the
number of cycle tests conducted herein, Grafoil resistance and strain values are extremely erratic,
and do not present a linear correlation. Moreover, the material never regains its original dimension.



Figure 6. Thermal stability determined by TPO analysis. The sample maintains its
weight up to at least 550 °C under an oxygen containing atmosphere, after such the
carbon starts to burn off until only the weight of the original palladium catalyst particles,

now oxidized, remains.
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Figure 7. Hydrophobicity. (a) Drop of water suspended in the foam surface; (b) A drop
of oil gets readily absorbed within the foam structure, showing no evidence of oil on the
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The primary results are briefly summarized as follows. First, mechanically stable samples of CFF

clearly behave as viscoelastic material as shown by the fact that after appropriate conditioning,

a repeatable hysteresis loop is observed in the stress-strain relationship. Second, there is a linear

relationship between electrical resistance and strain that becomes remarkably stable after only a few

cycles. The strain range over which this linear relationship is observed is very large, up to 60%.

Third, relative to carbon in another form, Grafoil, CFF showed far more regularity with regard to

stress/strain and resistance. Fourth, the rest of the characteristics of the sample; light-weight, high

surface area, hydrophobicity, conductivity, and possible energy absorption open the opportunity for

using it in multiple applications.
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2.2. Discussion

The discovery in succession over the last two decades of carbon fullerenes, carbon nanotubes [37]
and the special properties of graphene [38], dramatically increased the interest in possible
applications of carbon nanostructures, both on the basis of electrical and mechanical properties. For
example, carbon nanotubes are under consideration for use in “molecular scale” logic circuits. That is,
carbon nanotubes are seriously considered as the active elements for logic circuits, possibly replacing
silicon [39—41]. There is also an enormous effort focused on using nanotubes to strengthen composite
materials [42—44]. Currently there is widespread interest in employing graphene in supercapacitors
due to its high surface area [32,45]. Graphene is also believed to have great potential as a component
in corrosion resistant paint, light-strong plastics for cars, sports equipment, aerospace and military
applications [46—48].

The present work suggests that another novel carbon material, carbon fiber foam (CFF), also has
unique electrical and mechanical properties, which may lead to widespread applications. In particular,
the present work provided a variety of data that help define the properties of this material, a proof of
concept in evaluation of potential applications. First, application requires repeatability. We were able
to duplicate the generation of the material, previously only generated in a single lab [49], and were
also able to better define the optimal production conditions. Second, the results suggest this material
can be used in place of the current generation of viscoelastic materials. Indeed, after a few cycles (ca.
15) the material becomes a viscoelastic with stable mechanical properties. Moreover, it is clearly
unusual among viscoelastic materials in that it has high electrical and thermal conductivity, as well as
stability at high temperatures. Third, we were able to show that the material has potential for use as
the sensing material in a strain sensor since it presents a linear relationship between resistance and
strain. However, the gauge factor value is small (0.43) and efforts to increase it should be considered
in future work. These applications are discussed in more detail below.

The material has several advantages for possible use as viscoelastic foam. One drawback to the
current generation of polymeric foams is the difficulty of temperature control. For these applications
relatively complex composite material foams are now employed to create a pathway for thermal
conductivity. Given the far higher electrical and thermal conductivity of CFF relative to polymer-based
foams, it should be relatively easy to modify its temperature. For example, the foams can be heated
electrically, or temperature maintained simply by contacting the material over only a fraction of the
surface area with a heat sink maintained at a constant temperature. Moreover, the range of
temperatures at which carbon foams are stable is likely to be far greater than that observed for
polymer based viscoelastics, although more study is required to quantify the temperature range at
which CFF remain stable while retaining its mechanical properties.

The results of this work indicate that the distinct electrical conductivity of CFF will make it an
excellent sensing material in a strain gauge. The key feature of a stain gauge is the availability of a
single value electrical signal as a function of strain, a value that reports strain as a ‘“‘state property”,
and is not a function of the history of stress/strain of the material. As shown in Figure 5, the
relationship between strain and measured resistance of CFF in simple single axis compression
remains linear over many cycles. Resistance is shown to have a single value, within ~2 percent, as a
function of strain. Moreover, a linear relationship is observed up to 40% strain, probably because of
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the large void space fraction (~90%) present in the uncompressed material. That is, as the material is
compressed the “void” is squeezed out before the solid fibers are deformed by fiber-to-fiber
compression. Thus, resistance can serve as the single value electrical signal required to determine
strain over an exceptional range of strain.

Our work shows the CFF performs in a linear fashion at least to a 40% strain. Other carbon-based
materials have also been evaluated for use in strain gauges, and these do have relatively high gauge
factors, on the order of 20. However, CFF in contrast to carbon tubes and fibers need no binders,
polymeric matrices or linking additives to form 3D structures of selected shape. Evaluation of the
potential use of CFF in multi-axis strain gauges would be appropriate for future studies.

One outcome of this work is the finding that, contrary to an earlier suggestion [49] this material
cannot be employed as a pressure gauge. There is a hysteresis clearly observed in the stress-strain
curve. This indicates that energy of mechanical deformation observed during the compression leg of
a cycle relaxes during the decompression leg and is dissipated as heat.

The hysteresis in stress/strain, but not in stress/resistance provides some insight into the behavior
on the microscale. In earlier work it was postulated that resistance changed as a function of strain
because the number of contacts between fibers increased with increasing strain, and this would lead
to more electrical paths, hence lower resistance. The present work suggests this may not be correct.
Indeed, it is generally understood that mechanical relaxation is associated with physical re-arrangement.
In the case of fiber foam, that implies that the individual fibers change shape to reduce their
mechanical potential energy during relaxation. Certainly this relaxation of many fibers would change
the number of fiber-fiber junctions, thus changing resistance. Hence, a change in resistance that
matched the magnitude of the change in stress might be expected during transient experiments. This is
not observed. Their resistance change, relatively, is much smaller than the stress relaxation. An
alternative suggests itself: The conductivity of the individual fibers is changed by strain. That is,
there is a relationship between fiber strain and fiber resistance. Specifically, the resistance of each
individual fiber decreases as the fiber is shortened. Integrated over a large ensemble of fibers, of
many orientations, geometries and sizes, such as that found in a CFF, this leads, on a macroscopic
level, to a linear relationship between strain and resistance.

The above suggestion of a relationship between strain and the resistance of individual fibers is in
fact consistent with the theory of conductor type strain gauges. Indeed, it is generally understood that
single “wires” change resistance because of shape changes, during strain. Broader and shorter wires
have lower resistance. In fact, this is the basic physical fact exploited in the design of most strain
gauges. Hence, it is a reasonable extension of current understanding of the impact of strain on metal
resistance, to apply the same logic to carbon fiber resistance. Moreover, all findings in this work are
consistent with this postulate. Finally, there are studies that show the resistances of individual carbon
fibers are a function of strain [12]. It is noted this is a reasonable topic for future study.
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3. Experimental Section
3.1. Fiber Growth

The growth process employed was a variation on the CoFFiN process described elsewhere in
which catalyst is arranged in a steel mold and then exposed to a fuel rich mixture of ethylene and
oxygen at 550 °C. Previous studies by our team showed that when comparing to other metal
catalysts, the most robust fiber structure, grown as a single macroscopic object containing high levels
of porosity, are generated from palladium particle catalysts [26]. Thus, in the present work a simple
four-step process was followed. First, 20 mg of palladium (Aldrich submicron >99.9%) particles
were spread evenly in three equally spaced, 5.72 cm long columns in the bottom of a 304 Stainless
Steel mold of dimensions 5.72 cm long x 2.5 cm wide x 0.89 cm height (Figure 8a). This mold
chamber was connected to gas flow system (0.64 cm OD stainless steel tubing) capable of
simultaneous control of the four gases using an MKS 647a flow controller. The mold chamber itself
was positioned at the center of a 45.72 cm long x 5.08 cm diameter single zone Lindberg/Blue
Mini-Mite furnace tube furnace with a maximum temperature capability of 1200 °C. Second, the
mold/catalyst was thoroughly flushed with UHP Nitrogen. Third, the temperature was raised
(25 °C/min) to 550 °C, and the reactive gas mixture, composed of ethylene, oxygen and nitrogen
diluent, introduced. As earlier work showed that gas residence time and composition strongly
impacted the growth rate, the flow rates were carefully adjusted to be ethylene 15 SCCM/oxygen
15 SCCM and nitrogen 100 SCCM. Finally, after two hours and forty five minutes ethylene, oxygen
and the furnace were turned off, and the system allowed to cool. The single block of CFF (Figure 8b)
was then removed from the mold, and cut into smaller pieces for mechanical/electrical testing,
observation using SEM or thermal testing in a TGA/DSC.

Figure 8. Steel mold and catalyst geometry. Arranging Pd catalyst particles in the mold
as shown (a), was found to be a necessary part of the protocol required to create, based on

visual inspection, homogenous CFF (b).

3.2. Samples Characterization

In order to examine the microstructure of the carbonaceous specimens the samples were attached
to a standard aluminum holder using carbon tape, placed in vacuum overnight and introduced in
the chamber of a Zeiss Neon 40 High Resolution Scanning Electron Microscope (SEM) (Zeiss,
Oberkochen, Germany). Images were acquired at diverse magnifications while microscope was
operated at 10 or 20 kV. Energy Dispersive Spectroscopy (EDS) experiments were conducted
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in conjunction with the SEM using the EDAX equipment with an Apollo 10 silicon drift detector
(SDD). Data was collected and analyzed using Genesis Spectrum software.

A MTI Instruments MTII/Fullam SEM tester (MTI Instruments, Albany, New York, NY, USA),
with a maximum load capability of 4500 N was used to apply diverse compressive loads to the
samples inside the SEM chamber and observe microstructural changes in situ.

A Netzsch STA 449 FE Jupiter (Netzsch, Gerdtebau, Germany), operated in a TPO mode, was
used to study the thermal stability of the samples. The samples were exposed to an Ar/O,, 80%/20%
atmosphere, total flow of 120 mL/min, from RT to 1000 °C at a heating rate of 10 °C/min.

Brunauer Emmet Teller (BET) surface area analysis was performed employing a Quantachrome
Nova 4200 (Quantachrome, Boynton Beach, FL, USA). A 300 °C degas step was conducted prior to
the analysis; samples were then allowed to cool down to room temperature and then transferred to the
analysis station. The measurements were done using nitrogen atmosphere.

The relative density of the product was calculated as the ratio of the mass of a portion of the
sample with respect of its volume. The volume of the material was measured using a graduated
cylinder filled with DI water, immersing the sample on it and determining the volume of water
displaced.

The contact angle of a water droplet in the surface of the as prepared solid was measured from images
taken with the CCD camera of a digital microscope. The water was dispensed using a micro-syringe and
the contact angle evaluated by fitting the drop profile according to the Young-Laplace method using the
software Image J for image processing [50]. Mineral oil, Pfeiffer D-35614 Asslar Oil P3 (Pfeiffer,
Asslar, Germany), was used to observe the fiber structure interaction with a non-polar substance.

3.3. Mechanical and Electrical Testing

In order to mechanically characterize the carbon fiber samples, several different test conditions
were employed: dynamic; with variable loads changing at different rates over time, and transient;
with static loads maintained as a function of time. To ensure that the samples only changed
dimensions in the direction of applied force and that their top and bottom maintained a constant area
during resistivity measurements, the highly porous samples were cut to cylindrical shapes. Those
cylindrical shapes were made to match the size and shape of two 13 mm stainless steel anvils that
served as platens to compress the sample and as electrical contacts. A Plexiglas mold with a cavity of
1.3 cm diameter was used to maintain the sample cylinder and anvils aligned during tests (Figure 9). The
anvils closely fit the mold gap without touching the Plexiglas, therefore creating no friction against
it. There was no space for the carbon sample to expand in the lateral direction during compression;
hence, tests in this configuration were denominated as constrained.
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Figure 9. Anvils and sample placement for simultaneous mechanical and electrical tests.
Sections of the carbon fiber based material were cut to the same diameter than the anvils,
placed inside a Plexiglas cavity to avoid changes in cross sectional area during
measurements.

Electrical
contact

13 mm

An Instron 5942 with a 100 N load cell (Instron, Norwood, MA, USA), configured to study the
material in compression, was employed for all macroscopic tests. The compressive force was selected
to remain between 10 and 90 N. The lower limit was selected in order to prevent the carbon
nano-fiber from losing contact with the anvil while the upper limit was chosen to prevent reaching
the 100 N automatic cutout limit on the load cell used in the test.

The system was organized to allow simultaneous measure of the electrical, specifically resistance,
and mechanical properties. This required creating an electrical connection, using copper tape, to each
anvil. As control studies showed zero resistance when the anvils touched, the resistance measured
was simply that of the CFF between them. The resistance was measured using an Agilent 34410A 6 2
Digital Multimeter (Agilent, Santa Clara, CA, USA) with software that permitted direct connected to
a PC computer and data download directly to a spreadsheet.

Transient tests were performed at diverse levels of constant stress and the change in strain as a
function of time recorded. For simplicity only the results for samples held at 90 Newton over 72 h
were included in this manuscript. Cyclic tests, generally known as dynamic tests, were performed by
linear change in strain as a function of time between two stress limits. Two strain rates were
employed: 0.01 and 0.05 mm/s. Load limits for the cycles were within one of the following values:
10 to 40, 40 to 90, or 10 to 90 N.

4. Conclusions

Carbon fiber foams (CFF) were grown using the Constrained Formation of Fibrous Nanostructures
process (CoFFin). The outcome of the growth process suggests these foams can be grown to any
desired shape in a mold. For the first time the viscoelastic properties of the foam were demonstrated.
Moreover, microscopic evaluation showed the foams to have a distinct microstructure, intertwined
nano-fibers, for a viscoelastic material. As with many other recently discovered carbon structures,
this foam has distinctive properties that imply improved performance for various uses. The high
conductivity, low specific gravity, high temperature stability and hydrophobicity also suggest this
material would be superior to existing closed cell viscoelastics for many applications: shock absorber
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foam, sensing element, electrode material, filter or absorbent membrane, and low drag surface,
among others.
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Titania Nanotubes Grown on Carbon Fibers for Photocatalytic
Decomposition of Gas-Phase
Aromatic Pollutants

Wan-Kuen Jo, Joon Yeob Lee and Ho-Hwan Chun

Abstract: This study aimed to prepare titania (TiO;) nanotube (TNT) arrays grown on un-activated
carbon fibers (UCFs), with the application of different TiO, loadings based on the coating-hydrothermal
process, and to evaluate their photocatalytic activity for the degradation of sub-ppm levels of
aromatic pollutants (benzene, toluene, ethyl benzene, and o-xylene (BTEX)) using a plug-flow
photocatalytic reactor. The characteristics of the prepared photocatalysts were determined by scanning
electron microscopy (SEM), energy-dispersive X-ray (EDX), transmission electron microscopy
(TEM), UV-visible absorption spectroscopy (UV-Vis) and X-ray diffraction (XRD) analyses.
Spectral analysis showed that the prepared photocatalysts were closely associated with the
characteristics of one-dimensional nanostructured TiO, nanotubes for TNTUCFs and spherical
shapes for TiO,-coated UCF (TUCF). The photocatalytic activities of BTEX obtained from TNTUCFs
were higher than those obtained from a reference photocatalyst, TUCF). Specifically, the average
degradation efficiencies of BTEX observed for TNTUCF-10 were 81%, 97%, 99%, and 99%,
respectively, while those observed for TUCF were 14%, 42%, 52%, and 79%, respectively.
Moreover, the photocatalytic activities obtained for TNTUCFs suggested that the degradation
efficiencies of BTEX varied with changes in TiO; loadings, allowing for the optimization of TiO,
loading. Another important finding was that input concentrations and air flow rates could be important
parameters for the treatment of BTEX, which should be considered for the optimization of
TNTUCFs application. Taken together, TNTUCFs can be applied to effectively degrade sub-ppm
levels of gas-phase aromatic pollutants through the optimization of operational conditions.

Reprinted from Materials. Cite as: Jo, W.-K.; Lee, J.Y.; Chun, H.-H. Titania Nanotubes Grown on
Carbon Fibers for Photocatalytic Decomposition of Gas-Phase Aromatic Pollutants. Materials
2014, 7, 18017T1813.

1. Introduction

Specific structural designs of titania (TiO,) photocatalysts can be applied to enhance TiO,
oxidation activity for the treatment of a number of environmental pollutants [1]. Especially,
one-dimensional structured TiO, nanotube (TNT) arrays have unique charge-transport natures, large
adsorption capacities, and multiple pathways for the enhanced diffusion of molecules [ 1-3]. The free
movement of charge carriers over the length of TNTs can reduce the recombination rates of
photo-induced electron and hole pairs when compared to TiO; particles [3,4]. TNTs also contain
large amounts of hydroxyl functional groups on the interlayer region of their walls, which are likely
responsible for the reduced charge recombination rates [5]. In addition, TNTs are known to possess
large surface areas and multiple channels for adsorption, resulting in a high adsorption capacity and
improved photocatalytic performance [2]. These characteristics of one-dimensional TNTs have led to
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their applications to a number of environmental pollutant treatments. Several studies [4—6] have
found that the photocatalytic performance of TNTs was superior to that of anatase phase TiO,
particles for the photocatalytic decomposition of a range of environmental pollutants such as
aqueous phenols, methyl orange, and gaseous acetone.

Application of nanomaterials, including one-dimensional nanostructured TNTs and TiO;
nanoparticles, for air pollutant treatments requires their combination with a supporting substrate in
order to minimize their escapes from photocatalytic reactors with cleaned air. Popular supporting
substrates of nano-sized photocatalysts which have been applied to air purification include granular
activated carbon [7], activated carbon fiber [8], glass materials [9], polymer materials [10], and
un-activated carbon fiber [11,12]. Special attention has been given to un-activated carbon fibers
(UCFs) as photocatalyst supporting materials because of their unique properties, such as temperature
and corrosion resistance, and high strength and flexibility [ 12]. The combination of TiO, with carbon
materials can also retard the recombination rates of photo-generated electron and positive hole pairs,
thereby enhancing photocatalytic activity [13]. In addition, UCFs are quite robust, and hence, are
resistant to degradation throughout photocatalysis, whereas some other polymers or cotton textiles
are less durable [11,14]. Nevertheless, to date, only limited studies of the application of TiO,
combined with UCFs have been carried out [11,12]. Moreover, the aforementioned studies
investigated the photocatalytic activity of TNT or TiO; nanosheet arrays grown on UCFs based on
the degradation of aqueous-phase dyes such as methyl orange and rhodamine B. The photon
absorbance mechanisms and heterogeneous photocatalytic kinetics of chemical species differ
between the two different interfaces [15]. As such, there are still a number of relevant yet
unanswered questions relating to the photocatalytic performance of TNTs grown on UCFs, and their
applications to treatment of polluted air.

In this study, TNT arrays on UCFs (TNTUCFs) with different loadings of the TiO; source were
prepared using a coating-hydrothermal process, and their photocatalytic activities were investigated
for the decomposition of aromatic pollutants at indoor air concentration levels (sub-ppm). A TiO,-coated
UCF (TUCF) was also investigated as a reference photocatalyst for its surface characteristics and
photocatalytic decomposition under the same photocatalytic conditions. The target chemicals were
four aromatic volatile organic compounds (VOCs) (benzene, toluene, ethyl benzene, and o-xylene,
(BTEX)), which were selected based on their prevalence in indoor air [ 16] and due to their representing
both carcinogenic and non-carcinogenic health hazards [17,18].

2. Results and Discussion
2.1. Characteristics of Prepared Photocatalysts

TNTUCFs with different TiO, loadings, as well as a reference TUCF photocatalyst, were
characterized by SEM, EDX, TEM, and XRD analyses. Figure 1 displays the SEM photographs of
TNTUCEF-5, TNTUCF-7.5, TNTUCF-10, TNTUCF-12.5, TNTUCF-15 and TUCF. The SEM
images of TNTUCFs showed the TNT arrays grown on UCFs, of which the degree of cover was
increased with increasing TiO; loading, whereas SEM images of TUCF exhibited TiO, nanoparticles
coated onto UCFs. In addition, the TEM images of TNTUCF-10 revealed the nanotubular structure,
whereas those for TUCF showed spherical shapes (Figure 2). Similarly, Fu et al. [19] reported that an
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N-TiO, structure prepared using a solid-state reaction method with NH4Cl as the nitrogen source
revealed a tubular structure in its TEM image. For the present study, the length and outer diameter of
the TNTUCF-10 were ca. 20—110 nm and ca. 6-11 nm, respectively. Consequently, these results
demonstrated that the hydrothermal process used in this study could be used to grow TNTs on the
surface of the supporting substrate (UCF) to form TNTUCFs. In addition, Guo ef al. [12] reported that
TiO, nanosheet arrays could be successfully grown on UCFs via an alternative hydrothermal
process.

The EDX spectra of the TNTUCFs displayed peaks of C, Ti, Pt, and O atoms with different peak
intensities (Figure 3). The peaks of the Ti and O atoms were assigned to TiO,, while the C atom peak
was attributed to UCF. In addition, Pt atoms were considered to have originated from the Pt coating
pretreatment of the TNTUCF samples prior to conducting SEM analysis. Similar to the TNTUCFs,
the EDX spectra of the TUCF also revealed peaks of C, Ti, Pt, and O atoms, although their peak
intensities differed.

Figure 1. Scanning electron microscopy (SEM) of titania nanotube arrays grown on
un-activated carbon fibers (TNTUCFs) with different TiO, loadings (TNTUCF-5,
TNTUCEF-7.5, TNTUCF-10, TNTUCF-12.5, TNTUCF-15) and TiO,-coated UCF (TUCF).
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Figure 2. Transmission electron microscopy (TEM) of TNTUCF-10, and TUCF.
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Figure 3. Energy-dispersive X-ray (EDX) of five TNTUCFs with different TiO;
loadings (TNTUCF-5, TNTUCF-7.5, TNTUCF-10, TNTUCF-12.5, TNTUCF-15) and
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Figure 4 illustrates the XRD images of TNTUCF-10 and TUCF. Both photocatalysts showed a
broad C peak at 20 = 25.3° and a smaller C peak at 20 = 43.3°. In addition, TNTUCF-10 revealed an
anatase crystal phase with a peak at 20 = 48.2°, while the typical anatase peak at 20 = 25.3° was
thought to be overlapped with the carbon peak of UCFs. These results were similar to those
obtained by Chen et al. [11]. Accordingly, the prepared one-dimensional structured TNTs had the
characteristics of TiO, crystals, which have photocatalytic activity for the degradation of
environmental pollutants. In contrast, TUCF showed rutile crystal phases with two peaks at 20 =
37.6° and 53.9°, while the typical anatase peak at 20 = 25.3° and rutile peak at 20 = 27.4° were
thought to be overlapped with the carbon peak of UCFs. These results were ascribed to the uses of
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Degussa P25 TiO, for the preparation of TUCF, which is composed of both rutile and anatase phases.
Although the UV-Vis spectra of the prepared photocatalysts were not shown in this paper because
of limited space, their band gap energies estimated using their UV-Vis absorption spectra were all
close to 3.1 eV.

Figure 4. X-ray diffraction (XRD) patterns of a representative TNTUCF (TNTUCF-10)

and TUCF.
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2.2. Photocatalytic Activity of As-Prepared Photocatalysts

The photocatalytic activity of four TNTUCFs, TUCF, and UCF were evaluated based on their
ability to decompose four target compounds (BTEX). Figure 5 shows the time-series degradation
efficiencies of BTEX observed via the as-prepared photocatalysts. All BTEX degradation efficiencies
determined for the TNTUCFs were higher than those of TUCF and UCF, except for those of
TNTUCF-15. Specifically, the average degradation efficiencies of BTEX for the TNTUCF-10 were
81%, 97%, 99% and 99%, respectively, while those for TUCF were 14%, 42%, 52% and 79%,
respectively. Additionally, the BTEX removal efficiencies determined via the TNTUCF-10 were
higher than those obtained via a prototype photocatalyst (P25 TiO,), which were reported in
Jo et al. [10]. Specifically, the aforementioned study reported that the average degradation
efficiencies of BTEX determined for P25 TiO, under similar operational conditions were 28%,
38%, 51%, and 64%, respectively. The higher degradation efficiencies of TNTUCFs were attributed
to synergistic effects between their large adsorption capacity and reduced recombination rates of
photo-induced electron and hole pairs of one-dimensional nanostructured TNTs [1-3]. Moreover, the
BTEX degradation efficiencies determined for the TNTUCFs increased as the TiO, loadings
increased from 5% to 10%, but then decreased as the TiO, loadings increased further from 10% to
15%. Specifically, the average degradation efficiencies of BTEX for the TNTUCF-5 were 19%,
48%, 71%, and 81%, respectively, while those for TNTUCF-15 were 4%, 24%, 42%, and 47%,
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respectively. These findings allowed for the optimization of TiO, loading during TNTUCFs
preparation for BTEX degradation. For high TiO, loading conditions, TiO, nanoparticles might
block some of carbon sites, lowering adsorption capacity of prepared photocatalysts. In a similar
study, Chen et al. [11] reported that TNTUCF showed a higher photocatalytic efficiency for the
degradation of aqueous rhodamine B when compared with pure UCF. In addition, Guo ef al. [12]
showed that TiO, nanosheets grown on carbon fibers had higher photocatalytic activities for aqueous
methyl orange when compared with pure UCF. Meanwhile, a long-term study is suggested to
examine the dependence of the activity of the prepared photocatalysts on application time.

The time-series degradation efficiencies of BTEX obtained via the representative TNTUCF-10
according to air flow rates (AFRs) are shown in Figure 6. The BTEX degradation efficiencies
revealed a decreasing trend with increasing AFRs. Specifically, the average degradation efficiencies
of BTEX decreased from 81% to 22%, 97% to 37%, 99% to 46%, and 99% to 51%, respectively, as
the AFR increased from 1 to 4 L-min"'. Similarly, Yu and Brouwers [20] reported a descending
trend in NO degradation efficiencies within an AFR range of 1-5 L-min'. These results were
attributed to the mass transfer of target compounds to the surface of the catalysts and the reaction
kinetics of target compounds, which are two important factors of heterogeneous photocatalytic
degradation [21,22].

The mass transfer rate of gas-phase pollutants in a plug-flow reactor is strongly associated with
the face velocities of air [23]. Accordingly, the degradation efficiencies of BTEX might have
increased as face velocities increased, if the increased mass transfer rate was likely a crucial factor
for the photocatalytic degradation kinetics of BTEX. Conversely, for the present study, the
degradation efficiencies of BTEX decreased as the face velocities increased. Specifically, the face
velocities for AFRs of 1, 2, 3, and 4 L-min ' corresponded to 2.1, 4.2, 6.3, and 8.4 cm-sﬁl,
respectively, suggesting that the degradation efficiencies of BTEX obtained from TNTUCF-10
would have been somewhat limited by reaction kinetics on the photocatalyst surface. This suggestion
was supported by the finding that the residence times of the target compounds in the plug-flow
reactor, which were calculated by dividing the reactor volume by the AFRs, decreased as the AFR
increased. Specifically, the residence times for the AFRs of 1, 2, 3 and 4 L-min"' were 16.4,12.3,8.2
and 4.1 s, respectively. Consequently, the low degradation efficiencies of BTEX under high AFR
conditions were likely due to low reaction rates on the catalyst surface because of insufficient
reaction times in the plug-flow reactor.
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Figure 5. Degradation efficiencies (DE) of (a) benzene; (b) toluene; (c) ethyl benzene;
(d) o-xylene, as determined using TNTUCFs with different TiO; loadings (TNTUCEF-5,
TNTUCF-7.5, TNTUCF-10, TNTUCF-12.5, TNTUCF-15), TUCF, and UCF under UV
light irradiation.
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Figure 7 illustrates the time-series degradation efficiencies of BTEX determined via TNTUCF-10
according to input concentrations (ICs) within a range of typical indoor air concentrations. For the

target compounds, the degradation efficiencies decreased as ICs increased. Specifically, at the lowest
IC of 0.1 ppm the average degradation efficiencies of BTEX were 48%, 83%, 89% and 91%,
respectively, whereas those for the highest IC of 0.9 ppm were 32%, 56%, 68% and 75%,
respectively. Similarly, Devahasdin et al. [24] reported that the NO degradation efficiency
determined using UV-activated TiO, decreased from 70% to 15% when IC increased from 5 to 60

ppm. Yu and Brouwers [20] also found that the degradation efficiency of NO determined using

visible light-activated carbon-impregnated TiO, decreased from 61% to 16% when IC increased

from 0.1 to 0.9 ppm. Because chemical adsorption onto photocatalyst surfaces is known as a primary

factor influencing the degradation efficiency of chemicals [22], the increasing pattern in degradation

efficiencies with IC increases was ascribed to adsorption competition of BTEX molecules on the
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catalyst surface. Specifically, a small amount of the active adsorption sites on the surface of the
TNTUCF-10 under low IC conditions would have been available for BTEX adsorption before the

surface reaction was initiated.

Figure 6. Degradation efficiencies (DE) of (a) benzene; (b) toluene; (c) ethyl benzene;
(d) o-xylene as determined using TNTUCF-10 according to various air flow rates
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3. Experimental Section

3.1. Synthesis and Characterization of TUCF and TNTUCF's

DE (%)

DE (%)
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A TUCF was synthesized using a simple coating process, while TNTUCFs with different TiO,
loadings were prepared by hydrothermally treating the prepared TUCF. CF sheets (Hyundai Fiber
Co., Hanam, Korea) were first washed with NaOH solution (1 M, Sigma-Adrich, St. Louis, MO,
USA) and then with distilled water, after which they were dried in an oven at 110 °C. The cleaned
CFs were immersed into tetrabutyl titanate (TBT, Sigma-Aldrich, St. Louis, MO, USA)-hexane
(Sigma-Aldrich, St. Louis, MO, USA) solution (10 vol% TBT) for 10 min and were then exposed
to water-saturated air for the hydrolysis of TBT. These immersion and hydrolysis processes were
repeated five times in order to obtain high TiO, loaded CFs. The coated CF was calcined in an oven
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at 400 °C for 6 h to obtain TUCF. In addition, CF sheets were immersed in TBT-hexane solutions
(5%, 7.5%, 10%, 12.5%, or 15%) to prepare TNTUCFs with different TiO, loadings (named as
TNTUCF-5, TNTUCF-7.5, TNTUCF-10, TNTUCF-12.5, or TNTUCF-15, respectively). To
hydrothermally treat the coated CFs, they were rolled up and immersed into NaOH solution (10 M)
in a stainless steel autoclave (170 mL) with Teflon-lined inner-walls, after which they were heated at
160 °C for 48 h. The autoclave was then cooled down to room temperature, and the hydrothermally
treated samples were washed with acetic acid (0.1 M, Sigma-Aldrich, St. Louis, MO, USA) and
distilled water in turn, after which they were calcined in an oven at 400 °C for 6 h to obtain final
products, as white powders. The characteristics of the prepared TNTUCFs and TUCF were
examined using scanning electron microscopy (FE-SEM, Hitachi S-4300, Tokyo, Japan),
energy-dispersive X-ray (EDX, Hitachi EDX-350, Tokyo, Japan), transmission electron
microscopy (TEM, Hitachi H-7600, Tokyo, Japan), and X-ray diffraction (XRD, Rigaku
D/max-2500 diffractometer, Rigaku, Tokyo, Japan) spectroscopy. In addition, for the calculation of
band gaps of the prepared photocatalysts, UV-Vis absorption spectra were obtained for the dry
pressed disk samples using a Varian CARY 5G spectrophotometer (Vrian Inc., Cary, NC, USA) in
the wavelength range between 200 and 800 nm at a scanning rate of 120 nm/min.

Figure 7. Degradation efficiencies (DE) of (a) benzene; (b) toluene; (c) ethyl benzene;
(d) o-xylene determined using TNTUCF-10 according to varying input concentrations
(0.1, 0.5, 0.7, and 0.9 ppm).
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3.2. Photocatalysis of BTEX via TNTUCFs and TUCF

The photocatalytic activity of the TNTUCFs, TUCF, and UCF for the degradation of aromatic
VOCs were examined using a continuous-flow Pyrex tubing reactor (4.0 cm inside diameter (i.d.)
and 26.5 cm length), the inner wall of which was covered with each of the prepared photocatalysts. A
cylindrical UV-light source (8-W fluorescent black light lamp, F8TSBL, Youngwha Lamp Co.,
Seoul, Korea) was inserted inside the Pyrex reactor, serving as the inside surface boundary layer of
the reactor. The high-purity dried air supplied by the air cylinder was further cleaned by passing
through an activated carbon filter. Humidified air was generated by passing the cleaned air through
a humidification device immersed in a water bath. Standard gases were produced by mixing the
humidified air with the target chemicals injected into a heated buffering Pyrex bulb via an
auto-controlled syringe pump (Model Legato 100, KdScientific Inc., Holliston, MA, USA). The
produced standard gases were allowed to flow into another buffering Pyrex bulb to decrease the
fluctuation of input concentration fluctuation prior to being fed into the photocatalytic reactor.

The photocatalytic activity tests of the prepared photocatalysts were conducted under different
operational conditions by varying air flow rates (AFRs) and input concentrations (ICs). The AFRs
were adjusted to 1.0, 2.0, 3.0, or 4.0 L-min', while ICs were adjusted to 0.1, 0.5, 0.7, or 0.9 ppm. For
each parameter test, the other parameters were fixed to their representative values: AFR, 1.0 L-min"';
and IC, 0.9 ppm. The relative humidity (RH) was fixed 45%, which is within the range of comfort
(40%—60%) recommended by the American Society of Heating, Refrigerating and Air Conditioning
Engineers. The hydraulic diameter (HD, defined as the inner diameter of the Pyrex tubing reactor
minus the outside diameter of the light source) of the Pyrex reactor was 1.2 mm. The light intensity
supplied by the light source was 0.4 mW-cm  at a distance from the light source equal to half the HD
of the photocatalytic reactor. Each test was repeated three times in order to obtain more reliable
results.

Measurements of gaseous chemicals were conducted both upstream and downstream of the Pyrex
tubing reactor. Gas samples were collected by drawing air through a stainless steel tube (1/4 in. i.d.
and 10 cm length) containing Tenax-TA adsorbent. The gaseous species collected on the Tenax-TA
trap were analyzed by combining a thermal desorbing device (ATD 500, Perkin Elmer Co., Shelton,
CT, USA) to a gas chromatograph (GC, Perkin Elmer Clarus 680, Shelton, CT, USA)/mass
spectrometer (MS, Perkin Elmer Clarus SQ8 T, Shelton, CT, USA) equipped with a capillary
column (DB-1, Agilent Co., Santa Clara, CA, USA). The trap was thermally desorbed at 250 °C for
10 min, and the gaseous species were cryofocussed at —30 °C using an internal cryo trap, after which
they were rapidly heated to 250 °C and subsequently flushed to transfer the target compounds to the
GC/MS system. The initial oven temperature was set to 40 °C for 5 min, and was then ramped to 230
°C at 5 °C min ' for 7 min. The gaseous species were identified based on their reaction times and
mass spectra (Wiley 275 software library), while their quantification was carried out using
calibration equations based on five different concentrations. The quality control program for gas
measurements included blank and spiked sample traps. On each day, a blank sample was analyzed in
order to examine the trap for contamination. A spiked sample was analyzed daily to validate the
quantitative response of the analytical system. The method detection limits for BTEX ranged from
0.005 to 0.008 ppm, depending on the chemical species.
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4. Conclusions

In this study, TNTUCFs with different TiO, loadings were prepared using a coating-hydrothermal
process and their photocatalytic activities were investigated for the decomposition of sub-ppm levels
of aromatic pollutants using a plug-flow photocatalytic reactor. Spectral results of the prepared
photocatalysts were closely associated with the characteristics of one-dimensional nanostructured
TNTs for TNTUCFs and spherical shapes for TUCF. TNTUCFs exhibited superior photocatalytic
degradation of BTEX compared to that of TUCF. Moreover, the photocatalytic activities obtained
from TNTUCFs suggested that the degradation efficiencies of BTEX varied with changes in TiO,
loading, allowing for the optimization of TiO, loading. Another important finding was that ICs and
AFRs could be important parameters for the treatment of sub-ppm level vapors, which should be
considered for the optimum operation of TNTUCFs.
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Theoretical Estimation of Thermal Effects in Drilling of
Woven Carbon Fiber Composite

José Diaz-Alvarez, Alvaro Olmedo, Carlos Santiuste and Maria Henar Miguélez

Abstract: Carbon Fiber Reinforced Polymer (CFRPs) composites are extensively used in structural
applications due to their attractive properties. Although the components are usually made near net
shape, machining processes are needed to achieve dimensional tolerance and assembly
requirements. Drilling is a common operation required for further mechanical joining of the
components. CFRPs are vulnerable to processing induced damage; mainly delamination, fiber
pull-out, and thermal degradation, drilling induced defects being one of the main causes of
component rejection during manufacturing processes. Despite the importance of analyzing thermal
phenomena involved in the machining of composites, only few authors have focused their attention
on this problem, most of them using an experimental approach. The temperature at the workpiece
could affect surface quality of the component and its measurement during processing is difficult. The
estimation of the amount of heat generated during drilling is important; however, numerical
modeling of drilling processes involves a high computational cost. This paper presents a combined
approach to thermal analysis of composite drilling, using both an analytical estimation of heat
generated during drilling and numerical modeling for heat propagation. Promising results for
indirect detection of risk of thermal damage, through the measurement of thrust force and cutting
torque, are obtained.

Reprinted from Materials. Cite as: Diaz-Alvarez, J.; Olmedo, A.: Santiuste, C.; Miguélez, M.H.
Theoretical Estimation of Thermal Effects in Drilling of Woven Carbon Fiber Composite.
Materials 2014, 7, 444274454,

1. Introduction

The attractive properties of Carbon Fiber Reinforced Polymer (CFRPs) make this family of
materials suitable for a wide range of high responsibility structural applications. CFRPs exhibit
fatigue and corrosion resistance combined with lightweight, high specific stiffness, and strength. [1]
CFRP components are manufactured to be near net shape, however, dimensional and assembly
requirements commonly involve some machining operations. Mainly trimming and drilling are
required, being critical operations, since they are performed on high value components susceptible to
suffering machining induced damage. Delamination, fiber pull-out, and thermal degradation [2],
usually observed when machining with worn tools or inappropriate cutting parameters, could affect
the performance of the composite component or the mechanical joint during service life [3—-5].

Delamination related to further strength reduction of the component, has received considerable
attention in the scientific literature, using experimental and numerical approaches, see for instance
recent advances in [6,7]. However, mechanical delamination is not the unique risk for the surface
integrity of the component. Thermal damage, related to low glass transition temperatures (around
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180 °C for a typical epoxy resin in CFRPs), can cause matrix degradation and, thus, it is also
involved in plies separation [§].

Despite of the potential risk of thermal damage when machining CFRPs, it has been analyzed,
mostly based on experimental works, and only in a few works in the literature. The measurement of
the temperature at the cutting tool has been achieved, using thermocoupling, by several authors.
Chen [9] obtained the temperature reached during drilling at the flank surface. A significant
influence of the cutting speed was observed, with temperature increasing from 120 to 300 °C when
the cutting speed increased from 40 to 200 m/min. Brinksmeier et al. [10] embedded a thermocouple
at the tool tip for temperature measurement in drilling and orbital milling of hybrid components
Ti/CFRP/AL Drilling operation involved lower surface quality and higher temperatures than orbital
milling.

The installation of a thermocouple inside the tool gives indirect information about the temperature
level at the workpiece. Direct measurement of workpiece temperature was achieved in [8], also
completed with temperature measurement at the cutting tool. Milling of CFRP was conducted with
carbide endmill in dry conditions. Two different techniques were used: infrared thermo-graph
camera for endmill surface temperature measurement, and embedded K-type thermocouple in the
CFRP for measurement of the temperature at the machined surface. The temperature at a depth of 0.3
mm beneath the machined surface reached 104 °C (at cutting a speed equal to 300 m/min), this
temperature being much lower than that measured at tool—chip contact point.

The influence of tool wear in temperature induced during trimming was analyzed in [11]. Fresh
tools induced temperatures below the glass transition temperature of the composite, while a critical
level was reached using worn tools. In addition, machining parameters had significant influence on
the variation of the machined surface quality and cutting forces.

Cutting temperature in rotary ultrasonic machining of carbon fiber reinforced plastic has been
recently analyzed [12] using two techniques: fiber optic sensor and thermocouples. Relations
between input variables (ultrasonic power, tool rotation speed, and feed rate) and cutting temperature
were obtained from experiments. The authors found that the maximum cutting temperature decreased
as ultrasonic power and feed rate decreased. On the other hand, as tool rotation speed increased,
maximum cutting temperature firstly increased, and then decreased. Concerning the method for
temperature measurement, the fiber optic sensor gave higher temperatures than those measured by
the thermocouple method.

The development of modeling tools, able to predict temperature distribution during composite
cutting, is a desirable objective because of its relation with damage. Prediction of mechanical
damage in composite cutting has been commonly achieved using finite element analyses. Although
this field is not as active as metal cutting, it is possible to find some works focusing on orthogonal
cutting of composite, involving two-dimensional (2D) models (see for instance [13—16]), as well as
three-dimensional (3D) approaches (see, for example, [17,18] analyzing the validity of 2D hypotheses).
Main contributions in the field of modeling of composite machining have been summarized in a
recent review [19].

Simulation of real cutting processes, such as drilling, requires a high computational cost because
of the need of simulating tool rotation and feed movement using both damage and failure criteria of
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the workpiece. These types of complex models for drilling have been recently developed showing
good correlation between measured and predicted torque, thrust force, and delamination area [7,20].

Although mechanical effects in composite cutting have been analyzed using simulation tools,
thermal effects have been neglected in these models. The first approach to the numerical modeling of
thermal phenomena involved in the orthogonal cutting of CFRPs has been presented in a recent work
of the authors [21]. The model included heat generation due to friction at the chip/tool interface and it
was used for the prediction of intralaminar damage, delamination, and thermal damage accounted in
terms of temperature level beneath the machined surface.

The heat generated due to plastic work can be assumed to be negligible in CFRPs because
they exhibit elevated elastic modulus with small deformations, even when breakage is initiated.
Deformation energy is negligible and, thus, heat generated can be neglected. This behavior is quite
different from that observed in metal cutting, involving large amount of plastic work converted into
heat, leading to very high temperatures at the primary shear zone and, sometimes, to the formation of
adiabatic shear bands (see, for instance, [22]). As deformation energy is neglected, the unique heat
source considered in the model was friction at the interface. Thus, the estimation of friction heat at
the tool/chip interface is crucial in drilling. Measurement of temperature during industrial drilling is
not possible since the thermocouple technique is invasive.

The main objective of this paper is the estimation of heat amount from easy-to-measure,
in-process variables: torque and thrust force. A simple analysis, based on energy balance, is
presented to obtain the heat generated at the interface, indirectly, from experimental tests. As far as
the bibliographic revision has been carried out, this approach has not been applied to the problem of
drilling. However, it is possible to find interesting analytical models of composite impact in [23],
based on energy balance (impact processes have common characteristics with drilling, mainly the
penetration of the projectile/drill into the target/workpiece). Once the frictional heat amount is
available, it is possible to establish temperature distribution with a simple numerical model
accounting for thermal conductivity in a composite. The detection of critical levels of temperature at
certain zones can be used for assessment during the definition of drilling process of structural
components, avoiding risk of thermal damage. The establishment of maximum levels of thermal
energy, directly related with torque and thrust force evolution registered during cutting, could be
used as an indicator of excessive tool wear. The aim of the paper and its practical application are
illustrated in Figure 1.
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Figure 1. Relationships between experimental, analytical, and numerical steps proposed.
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This work is structured firstly in this introduction, followed by the estimation of heat developed in
the second section. The third section involves the simulation of heat propagation, analyzing different
cases and, finally, discussion and conclusions are presented.

2. Estimation of Frictional Heat

A drilling process is performed at a constant feed and rotary velocity. The control of the machine
tool maintains these parameters and the resultant torque and thrust force measured at the spindle are
dependent on the cutting parameters, the material properties, and the characteristics of the cutting
tool, including contact behavior at the interface. Figure 2 illustrates the entrance of the drill through
the composite during cutting. Thus, a simplified method to estimate the heat generated at the
interface has been developed assuming constant feed and rotary velocity of the drill. The assumption of
axial-symmetry was considered. Although CFRP strength is orientation dependent, a woven laminate
was selected to minimize the effect of the anisotropy.

2.1. Energy Balance

The differential work due to torque (dW7) and thrust force (dWy) during a differential time
increment, d¢, involved in a differential of turn angle of the drill, d0, and is the result of several
contributions. These contributions are summarized in Equation (1): the energy required for breakage
of composite (dE)), the kinetic energy transferred to the chip (dE.), and the amount of heat generated
at the interface due to friction (dQ).

dWr+ dWp=dE;+ dE. + dQO (37)
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The kinetic energy of the chip, once separated from the workpiece, can be neglected due to
the small mass of the chip and the moderated velocity involved in cutting. A first estimation showed
that the level was negligible compared to the rest of terms of Equation (1) (around 0.005% of the
energy required for breakage of composite (d£y)). Thus, the heat generated at the interface can be
estimated as:

dQ = dWy+ dWp — dE, (38)

The terms corresponding to work developed by torque and thrust force were obtained from
experiments. The torque and thrust force recorded at each time increment were derived from the
discretization of the evolution with cutting time of both variables, measured during the drilling test.

The term corresponding to energy involved in composite breakage can be calculated considering
the differential volume removed by the drill during a differential time, d, corresponding to a
differential drill turn, d6.

dE(0) = wdV(0) (39)
where wyis the specific energy of the woven composite breakage; and dVis the differential volume
associated to a differential turn of the drill, 46.

The specific energy can be estimated as wy = 2(1/2Xes), where X is the strength of the woven
composite (the same in direction 1 and 2 because of the woven architecture of the composite); and
gris the ultimate strain of the composite. It is worth noting that composite strength is orientation
dependent, but the hypothesis of axial-symmetry was necessary to avoid unaffordable computational
costs. The approach was similar to that used by Artero-Guerrero ef al. [24] when modeling impact on
a woven composite. Mechanical and thermal problems are uncoupled in the present, simplified
model. Thus, mechanical properties are considered temperature independent under 180 °C, and
thermal damage is assumed for temperatures above 180 °C.

The differential volume considered is presented in Figure 2. From this figure the volume can be

calculated as:

de

de(e) =T L%ut feut % (40)

where L is the effective cutting edge length; and £, is the feed rate.

It is worth noting that the volume of material removed depends on the stage of the drilling process.
It is possible to distinguish three different stages illustrated in Figure 2, the entrance of the conical
zone, the cut performed with the complete edge and the exit of the drill.

For the geometry of the drill used in the machining tests (described in the next section) the
stages indicated in the figure corresponds with the following values of time and effective length of

cutting edge.
-Entrance stage, time 0—;: Leut1 = f;:; . é (41)
-Steady stage, time #,—,: Leutz = fOCS“; (42)
-Exit stage, t,—13: Loy = foc:; . [1 - (%)] (7)

where Ry 1s the drill radius.
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The expression presented in Equation (2) was applied to real experiments involving drilling of
woven carbon composite. The specific conditions of the experiments are presented in the next
subsection, involving both new and worn tool geometries.

Figure 2. Scheme of drilling process: differential volume removed during the differential
time ds and effective cutting edge at the different stages of drilling from entrance to
drill exit.

Lout Effective cutting edge length during cutting stages I

Reu
' cosa

Differential volume drilled during dt

2.2. Application to Experiments

In order to apply the energy balance formulated in Equation (2) to a real case of drilling,
experimental tests were performed on woven CFRP composite. Each ply was manufactured by
Hexcel Composites consisting of AS-4 carbon fiber and epoxy matrix. The specimens, with a
stacking sequence of 10 plies with the same fiber orientation in all of them, and a total thickness of 2.2
mm, were cut in plates. The mechanical properties of this material were obtained from scientific
literature [24], see Table 1.

The cutting tests were carried out in a machining center (B500 KONDIA, Kondia, Elgoibar,
Spain), shown in Figure 3. The machining center was equipped with a dynamometer (Kistler 9123C,
Winterthur, Switzerland) for measurement of cutting forces and torque (see Figure 3).

The drill (diameter, 6 mm; point angle, 118°) was recommended by the manufacturer GUHRING
(Albstadt-Ebingen, Germany) for CFRP drilling.
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Table 1. Mechanical properties of AGP 193-PW/8552 composite material [24].

Property Value

Density, p (kg/m”) 1570

Resin content (%) 55.29
Longitudinal modulus, £, (GPa) 68
Transverse modulus, £, (GPa) 68
Major Poisson’s ratio, vy 0.21
Longitudinal tensile strength, Xt (MPa) 880
Longitudinal compressive strength, Xc (MPa) 880
Transverse tensile strength, Y (MPa) 880
Transverse compressive strength, Y (MPa) 880
In-plane shear strength, St (MPa) 84

Figure 3. Machining center used in the experiments was equipped with the dynamometer,
acquisition system and also with a system for chip aspiration.

Drilling tests were performed with new drill and with worn tool exhibiting flank wear (this wear
mode is commonly observed to be dominant in the drilling of CFRPs). Fresh tool and severe wear
(flank = 0.3 mm [25]) were tested in order to study different conditions for cutting forces and torque,
and, in consequence, different levels of generated heat. Obtaining controlled worn geometries
directly from wear tests is not easy, thus, the flank at the clearance surface was artificially generated
by grinding.

Several drilling experiments were performed in the ranges of cutting speed (25, 50, 100 m/min)
and feed (0.05, 0.1, 0.15 mm/rev). From the observation of force and torque evolution, the tests
corresponding to cutting speed 50 m/min and feed 0.1 mm/rev, with fresh and worn tool, were
selected. In the selected cases, it was possible to identify steady values of force and torque in the
different states of the drilling process and levels of energy large enough to consider the possibility of
thermal damages in the matrix in the case of worn tool.

The characteristics of the workpiece and drill, stated for the experiments, allowed the calculation of
time intervals defined in Equations (5)—«(7). Accounting for the drill tip angle equal to 118°,
the thickness of the composite plate and the drill radius equal to 6 mm, #; = 0.38 s; , = 0.88 s; and
3=1.26s.
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As feed and rotary velocities are known, the evolution of thrust force and torque allowed
the calculation of consumed power in penetration and rotation movement. In Figure 4, the total
consumed power in both thrust and cutting movement (for cutting speed 50 m/min and feed
0.1 mm/rev) is presented. The curves were obtained with a fresh tool (Figure 4a) and a worn tool
(Figure 4b), respectively.

Figure 4. (a) Power due to the drilling operation (spindle velocity 2653 rpm and feed
0.1 mm/rev) for a new tool; (b) power due to the drilling operation (spindle velocity
2653 rpm and feed 0.1 mm/rev) for a worn tool (with flank = 0.3 mm).
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From the recorded signal, the amount of heat generated due to friction was obtained. The power
consumed by peripheral friction was calculated as the average value of total power once the exit
stage is reached (¢ > t3). During entrance stage (¢ < ¢;) peripheral friction power (due to contact
between the drill body and the hole wall) is null while during steady stage (#; < ¢ < t,) it varies
linearly from 0 to the exit stage value. The power consumed by cutting edge friction was estimated
according to Equation (3) as the total power, minus the energy consumed by composite breakage
(Equations (5)—(7)), and minus the peripheral friction. Negative values in some points are the result
of noise and also due to subtracting the peripheral power from the total power (as it was considered as
a constant value when all the drill nose get through the specimen thickness, when this value is
subtracted from the total power negative values appear but these values are not applied to the model
since there is no material in the nose direction).

The discretization of the curve of power vs. cutting time, allows the statement of thermal flux to
the workpiece and the analysis of heat propagation in the finite element code.

The heat propagation in the workpiece is analyzed in the next section.
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3. Numerical Modeling of Temperature Distribution

The numerical model was developed using the commercial finite element code ABAQUS/Explicit [26].
The aim of the model is the analysis of heat propagation during the drilling process in order to
identify critical zones with excessive temperature level.

Simplifying hypotheses have been formulated. First of all, the model does not account for
chip removal; in fact, it is an uncoupled thermal model. The assumption of axial-symmetry was
considered in order to create a simplified model with reasonably computational cost. It is worth
noting that CFRP strength and thermal conductivity is orientation dependent, but the disposal of low
computational cost models to evaluate heat generation from experimental data requires the assumption
of a strong hypotheses. Unidirectional tape laminates present high anisotropy in mechanical and
thermal properties, thus, a woven laminate was selected to minimize the effect of the anisotropy in
the axial-symmetrical model.

Complex models of composite drilling recently developed in the literature (see, for instance, [7])
involve elevated computational costs. These models account for chip removal and are able to predict
mechanical damage at the machined surface, both intra laminar and delamination. However, up to
the present, mechanical analysis has not been coupled with heat generation and propagation. The
main objective of the model developed in this paper is the prediction of thermal issues during
drilling, however, mechanical damage cannot be predicted.

The model has been divided in zones corresponding to each drill revolution corresponding to
penetration equal to the feed (this depth of penetration per revolution will be used as time increment
per step to apply the loads).

The frictional heat generated in each time increment was calculated from the analysis explained in
the previous section. The proportion of the frictional heat energy allocated to the chip is
characterized by the coefficient of heat partition. In the case of composite cutting the chip is highly
fragmented as it is not observed the adhesion mechanism at the tool/chip interface found in metal
cutting, characterizing the sticking/sliding zones (see for instance [22]). The amount of heat
transferred to the chip is neglected and the frictional heat is assumed to be transferred 50%/50% to
the workpiece and to the tool. The present paper is one of the earliest works dealing with the thermal
effects in composite cutting. Further improvements of the research in this field are desirable and the
statement of heat partition in composite cutting should be soundly analyzed. It is worth noting that
the nature of both materials in contact (composite and tool material) could cause the increase of the
amount of heat transferred to the tool and, thus, the extension of the thermal affected zone of the
workpiece would diminish. Simulations with lower level of percentage of heat transferred to the
workpiece were carried out (25% and 40%, respectively). In the first case critical temperature were
not reached, even in the case of worn tool. For the second case, the thermal damage appeared but the
affected zone was smaller than in the case corresponding to 50%. Heat partition, 50%/50%, could be
treated as a starting point for the analysis of thermal problems in composite cutting and an upper limit
for the generation of damage.

The scheme of the model is shown in Figure 5, including boundary conditions and geometry. The
model was meshed with 70,000 linear triangular elements with a size of 25 um. With the element size
used in the model, each simulation takes around 2 h, being a reasonable computational cost. The
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element size was stated after several iterations; no change in the temperature distribution was
observed when the element size was lower than 25 um, however the computational cost increased.

The mechanical properties of the workpiece are summarized in Table 1. Thermal properties
for CFRPs are given in a wide range in the literature, thus, the values used in this work (thermal
conductivity 5 W/mK and specific heat 1100 J/KgK) were averaged from several references covering
different applications [4,8,21,27,28].

Figure 5. Scheme of the numerical model.

Different drilling stages
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removed in the
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Convection flux

The procedure of the simulation is described in the following. In a generic time step (being the
time involved in a drill revolution) the amount of heat along the cutting edge and lateral wall is
calculated, applying the analytical model to the measured thrust force and torque, as it was explained
in the previous section. At the end of each step, the layer of elements corresponding to the chip area
removed in one revolution of the drill is eliminated from the model (thus, the layer become inactive
for heat propagation) and the heat corresponding to the subsequent step is applied.
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4. Results and Discussion

The numerical model was applied to the analysis of heat propagation. The model developed was
used for analysis of the effect of tool wear. The effect of wear on torque and thrust force were
included in the estimation of heat generated, and the numerical model allowed the estimation of the
temperature distribution and the establishment of critical levels.

Figure 6 shows the evolution of the temperature fields as the entrance of the drill progresses. The
cases, shown in Figure 6, correspond to drilling tests performed at cutting speed 50 m/min and feed
rate 0.1 mm/rev. Figure 6a,b present, respectively, a fresh drill and a worn tool. It is observed at three
stages of the drill entrance, the maximum level of the wall temperature occurred at the exit of the
hole. It is worth noting that this zone also experience mechanical delamination [7]. Both effects
would superpose inducing combined thermal and mechanical damage.

Figure 6. Predicted temperature (K) for tests developed at cutting speed 50 m/min and
feed 0.1 mm/rev (grey zone represents temperature higher than 180 °C, 453 K): (a) fresh
tool; (b) worn tool.
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For a typical epoxy-based CFRP material, the initiation of resin degradation can be produced at
a temperature of approximately 180 °C. The thermal damage at this temperature can create cracks
leading to the onset of delamination and strength reduction [8,29]. The maximum temperature at the
wall was significantly higher in the case of worn tool, with a temperature level higher than 180 °C
(453 K) in a more extended area (in depth penetration below the machined wall equal to 275 um). It
is clear that this value of wear produces unacceptable level of temperature. In the case of a new tool
the area reaching this high value of temperature is also significant (penetration beneath machined
surface 150 um). Although it is not directly comparable, the temperature distribution predicted with
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the model is in the order of that measured in milling CFRP [8]. The temperature at 0.3 mm beneath
the machined surface reached 104 °C being drilling more critically under the thermal point of view.

5. Conclusions

This work focuses on the prediction of temperature at the workpiece during drilling of woven
CFRPs composites. The approach combine experimental testing (to establish the evolution of
thrust and torque with cutting time); analytical modeling to estimate the heat flux at the interface
tool/workpiece, and numerical simulation to analyze the heat propagation and the maximum level of
temperature in the workpiece. The main contribution of the work is the development of the combined
approach for the prediction of thermal damage.

The model was applied to two different real cases of drilling: fresh tool and worn tool (significant
level of flank wear). The numerical model showed the maximum temperature occurring at the
hole wall, close to the exit of the drill, being a zone where mechanical delamination is commonly
observed. The occurrence of thermal damage, in the case of excessive wear, enhances the risk of
defect at the exit of the hole.

The model is simple and very efficient from the computational point of view. The problem of
using realistic models of drilling, including penetration and cutting movement, and elements erosion
is the computational cost. The implementation of simulations tools in industry for assistance during
manufacturing requires rapid response. The model proposed could be easily implemented to detect
excessive levels of thermal power, because of inappropriate cutting parameters or excessive wear of
the tool.
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Drilling Damage in Composite Material
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Abstract: The characteristics of carbon fibre reinforced laminates have widened their use from
aerospace to domestic appliances, and new possibilities for their usage emerge almost daily. In many
of the possible applications, the laminates need to be drilled for assembly purposes. It is known that a
drilling process that reduces the drill thrust force can decrease the risk of delamination. In this work,
damage assessment methods based on data extracted from radiographic images are compared and
correlated with mechanical test results—bearing test and delamination onset test—and analytical
models. The results demonstrate the importance of an adequate selection of drilling tools and machining
parameters to extend the life cycle of these laminates as a consequence of enhanced reliability.

Reprinted from Materials. Cite as: Durdo, L.M.P.; Tavares, J.M.R.S.; de Albuquerque, V.H.C.;
Marques, J.F.S.; Andrade, O.N.G. Drilling Damage in Composite Material. Materials 2014, 7,
38027T3819.

1. Introduction

Reinforced composite laminates are one of the most remarkable families of materials of
this technological era. Their ability to be tailored for use and endless possibilities provided by the
combination of reinforcements together with their alignment and fiber fraction, allow design
engineers to have almost total freedom in the design of new parts. Unique properties such as low
weight, high strength and stiffness are normally referred to whenever the advantages of these
materials are listed. Nevertheless, some problematical issues remain concerning the use of composite
laminates, thus providing arguments for the selection of conventional materials instead of composites,
mainly in structural parts. Some of these issues are cost-related, but considerations about reliability
or fatigue resistance also cause some difficulties for a wider usage of these materials.

However, the importance of composite materials has been growing steadily over the last decade,
which can be confirmed by their intensive use in the new Airbus A380 or Boeing 787 airplanes.
In the latter, 50% of the weight of its primary structure will be made of composite materials [1],
an unprecedented ratio; which was difficult to imagine just some 30 years ago. One can now find
composite materials not only in the aeronautical field, but also in other industries such as automotive,
railway, marine or sports goods. There is no doubt that the level of confidence and reliability already
achieved in metallic materials can also be reached for composites, it is just a question of time.

Taking the main problematic issues related to laminate parts into account, it is possible to find
different arguments for the selection of conventional materials. One of them is associated with the
relative complexity and cost of the production process. In the later stage of parts production, machining
operations like drilling are frequently needed in composite structures, as the use of bolts, rivets or
screws is required to join the parts. Generally, machined parts have poor surface appearance and tool
wear is higher. One of the problems related with composites’ machining is the nature of the fibre




146

reinforcement, which is usually very abrasive and causes rapid tool wear and deterioration of the
machined surfaces [2]. As early as 1983, Koplev, Lystrup and Vorm [3] examined the cutting
process of unidirectional carbon fibre reinforced plastics in directions perpendicular and parallel to
the fibre orientation. A series of quick-stop experiments was carried out to examine the area near the
tool tip. The authors stated that the machining of CFRP consists in a series of fractures, each creating
a chip. In the following years there were extensive contributions improving knowledge regarding
composites and the most frequent associated problems.

One of the most common problems relates to the need of drilling without delamination. Several
studies on this subject have been reported, and it is therefore now possible to envisage a drilling
strategy that keeps delamination risk at a minimum. Davim and Reis [4], studied the effect of cutting
parameters on specific cutting pressure, delamination and cutting power in carbon fibre reinforced
plastics. The authors concluded that feed rate has the greater influence on thrust force, so damage
increases with feed. Hocheng and Tsao [5], conducted several practical experiments to support the
benefit of using special drills instead of twist drills. In this work, the authors concluded that thrust
force varies with drill geometry and with feed rate which allows for the use of higher feed rates
if adequate drill geometry is selected. Durdo et al. [6], confirmed the influence of appropriate
drill geometry selection on delamination reduction, as well as the advantage of the use of a pilot
hole strategy.

Zitoune et al. [7] investigated the influence of the machining performance during drilling of
sandwiched composites using various dimensions of double cone drill. In the experimental work
presented, the authors concluded that it is possible to reduce the thrust force during drilling by using
a double cone drill in a multi-material aeronautic component (copper mesh/CFRP
laminate/carbon-epoxy fabric layer).

Another option frequently referred to in order to avoid delamination, is the use of a backup plate.
The effects of using a backup plate on delamination are well known in the composites industry. This
drilling strategy is always a good option when the opposite side of the plate is accessible, which
sometimes is not the case, mainly in field work as those involved in maintenance or repair are well
aware. The use of a backup plate allows for drilling with higher feed rates, and consequently with
higher thrust forces, as critical thrust force for delamination onset is also higher [8].

Non-conventional machining processes were also addressed in several published papers,
see [9,10]. In [9] the authors concluded that although the surface roughness of machined walls was
higher when drilling with Abrasive Water Jet, the outcomes for mechanical resistance are dependent
not only on the damage extension but also on the type and mode of loading. In [10] the authors used
a Thermographic Damage Criterion (TDC) based on heat dissipation to assess the effect of the
machining process on the mechanical behavior of CFRP plates, concluding that the choice of the
machining process has a paramount impact on the mechanical behavior of CRFP plates.

After the drilling operation is completed, some damage in the region around the hole boundary is
present; delamination being the most serious as it can reduce the load carrying capacity of the joint.
Sometimes, due to the nature of the material, this damage is not detected by visual inspection,
leading to the need of non-destructive testing (NDT) to assess the soundness of the parts. This effect
can be diminished by a correct choice of tool geometry and/or cutting parameters. In general, it is
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accepted that a drilling process that reduces the thrust force exerted by the drill chisel edge can
prevent the delamination risk.

In this work, some of the typical problems associated with drilling operations are studied
and discussed. The main focus is the experimental determination of the critical thrust force for the
delamination onset and its correlation with the damage extension caused by the drilling operation. For
this purpose, delamination onset tests according to the procedure presented by Lachaud ez al. [11] are
performed. Then, similar plates are drilled and delamination around the hole quantified using image
processing and analysis algorithms on enhanced radiographic images [12]. Finally, the delamination
onset results are compared with existing analytical models such as the Hocheng-Dharan model [13].
The results found in this work show the importance of adequate knowledge of the material properties
when establishing a suitable drilling strategy for the machining of composite materials.

This work also intends to contribute towards setting adequate and sound testing standards to
assess the mechanical strength loss of assembly joints in composite parts.

2. Results and Discussion

The results of the maximum thrust force variation according to drill geometry and feed rate were
largely published and discussed see, for example, [4,5,13—15]. According to that extensive published
work, it is possible to say that, as the feed rate rises, the resultant thrust forces get higher too. It is also
possible to say that different geometries cause a variation in the thrust force evolution during drilling
and, consequently, on the values of the maximum force obtained during drilling, all the other factors
remaining constant: plate characteristics and drill diameter. In addition, it is known that higher
diameters cause larger thrust forces. However, the main focus in this work was on the damage
assessment and mechanical consequences in terms of bearing resistance, so this issue is not discussed
herein.

2.1. Double Cantilever Beam (DCB) Test Results

The results of the DCB test are presented in Table 1, and an example of a load-displacement curve
can be seen in Figure 1. The values obtained in this test are in accordance with other values found in
the published literature [16,17], and were important for the subsequent mechanical testing.

Table 1. Results of the delamination criteria for the three feed rates studied.

Delamination Factor (Fy) Adjusted Delamination Factor (Fy,)

Feed Rate (mm/rev)

Value Standard deviation Value Standard deviation
0.03 1.186 0.05 1.431 0.11
0.10 1.692 0.08 1.959 0.11
0.20 2.196 0.10 2.566 0.16

2.2. Delamination Assessment

The delamination assessment was carried out according to the procedure described in Section 4.2.
The average results concerning the unidirectional plates and all the combinations of drills and feed
rates are presented in Tables 1 and 2, respectively. From these results, it is possible to conclude that,
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as expected, an increase in the feed rate had a direct effect in the delamination extension, for both
assessment criteria. Based on these results and on the previous works referred to above, a clear
connection between the thrust force results and the delamination extension can be established. The
drilling conditions with less damage corresponded to the coupons associated to the lowest feed rate.

Figure 1. Example of a load-displacement curve from a DCB test.
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Table 2. Results of the delamination criteria for tool geometry and tool material.

Delamination Factor (Fy) Adjusted Delamination Factor (Fy,)

Tool geometry

Value Standard deviation Value Standard deviation
WC Twist 1.655 0.07 1.858 0.08
HSS Twist 2.034 0.06 2.719 0.08
WC Brad 1.523 0.12 1.695 0.14
WC Step 1.553 0.06 1.670 0.08

The results from the damage extension related with the tool geometry are shown in Table 2.
It should be noted that, to reduce the amount of data presented, Table 1 presents average values for
the three feed rates used in the experimental work.

Although the stacking sequence was not studied here, it is known that this parameter also
had some effect on the delamination extension. The damage in unidirectional plates tends to be
higher and extended along the direction of the fibers. This effect is less noticeable in cross-ply or
quasi-isotropic plates, where the remaining drilling conditions remain unchanged. Taking into
account the tool influence, the lowest values of damage extension were those obtained for the plates
drilled with Brad drill. This is a special tool, designed to increase the tension of the fiber before
cutting, thus enabling a clean cut and a smooth machined surface. The damage from the step drilled
plates was almost equal. The carbide twist drill holes presented a damage extension that is, on
the average, 10% higher. Confirming the evidence that HSS drills should not be used for drilling
carbon/epoxy composites, the damage extension was always the highest, around 40% more extended
damage on the average.

From these results, it is possible to state that the selection of an appropriate combination of tool
geometry in relation to the characteristics of the plate is more important than the tool’s influence.
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This must always be kept in mind when defining the drilling conditions. Unsurprisingly, the feed rate
has to be kept as low as possible, to minimize damage extension. The limit on this condition is given
by the need to avoid unwanted thermal damages that result from the matrix softening and the need, in
industrial terms, to ensure a reasonable number of hourly productions.

2.3. Mechanical Testing

The results of the bearing stress test are shown in Figure 2, including the results for the step
drill geometry.

Figure 2. Bearing stress test: (a) feed rate effect on the bearing strength; (b) drill geometry
influence on the bearing strength.
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A correlation between feed rate and mechanical loss by the bearing strength can be easily
identified in Figure 2a, as one can learn from the polynomial trend line. Larger values of feed,
although promoting productivity by higher output of drilled plates per hour, had an adverse effect on
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the damage extension, thus leading to mechanical loss. Independently of the tool used, all plates
drilled with higher feed rates had lower values of mechanical resistance. From the lowest to
the highest feed rate used in this experimental sequence, there was an average loss of 8% on the
bearing strength result. This result means that higher feed rates should be avoided when drilling
composite plates.

On the other hand, the same correlation could not be identified for the drill geometry. In spite of
the larger extension of the damaged area, the plates drilled with the twist drill returned higher values
of bearing strength, as observed in Figure 2b. This result suggests that the drill geometry is a key
factor in damage onset and propagation. So, a good selection of the tool, combined with the feed
rate can reduce the damage extension. Nevertheless, one should keep in mind that the existence of
damage, such as delamination, around the hole can sometimes act as a stress relief factor increasing
the force-carrying capacity of the plate. Therefore, testing results can sometimes be odd when
correlating with damage extension caused by diverse drill geometries.

As to the delamination onset test, the results found are presented in Figure 3. These results
correspond to the tests carried out using the tungsten carbide twist drill as a punch. As expected, the
delamination onset load increases with the uncut thickness, according to analytical models
prediction. Regarding the testing speed, there was a large scattering of the results when using the
lowest speed: 1 mm/min. Finally, the experimental work was focused on the two remaining speeds: 3
and 6 mm/min, so more specimens were tested under these two speeds. It seems, from the results
presented herein, that the delamination onset load tends to decrease as testing speed increases.
This aspect of the testing speed will need further attention as the lower feed rates used in drilling,
around 0.01 mm/rev, would correspond to a testing speed of 14 mm/min in a 1400 rpm spindle speed
machine, but without the cutting action promoted by the rotating movement of the tool. There is no
doubt that it is important to establish a range of acceptable testing speeds to enhance and strengthen
the conclusions from this experimental technique.

Figure 3. Delamination onset test results as a function of uncut thickness (%) and test
speed—experimental values and analytical model Equation (1).
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A fourth line was added into the graph of Figure 3, corresponding to the theoretical values
obtained when using Equation (1) and the measured properties of the plates. The experimental results
are higher than the analytical model values. As the uncut thickness increases, the values tend to be
equal. This shows the conservative options of the model, also pointed out by the authors in [13]
enabling a cautious selection of parameters and corresponding thrust forces during drilling thus
reducing the risk of delamination onset during machining.

Finally, when trying to establish a correlation between the tool geometry and the delamination
onset load, no clear trend was found, and some results were surprisingly unstable, giving the general
idea of the existence of outlier factors that could influence the results. The dispersion was higher than
normally expected when testing composite materials and the trends were not steady when changing
from one drill geometry to the other. Some of the factors that could affect this result could be:
inadequate testing speed, misalignment of the punch drill axis with the hole axis, friction between the
hole walls and the drill or even the evidence that this test will not give any difference regarding the
tool geometry. A possible reason is that the piercing action carried out by the drill mainly depends on
the plate interlaminar fracture toughness, and not on drill tip geometry and so the shape of the contact
zone between drill and plate will not be of any importance.

Further testing is needed to establish some conclusions on the testing speed influence together
with a review of the testing device concept and compare the results when using a smaller diameter of
the punching tool—or larger diameter of the blind hole—to prevent friction.

3. Delamination in Composite Materials
3.1. Delamination Mechanism

Delamination is a damage that is likely to occur in the interlaminar region, along the contact plan
between the adjacent layers in laminate parts. It therefore depends not only on fibre nature but also on
resin type and respective properties such as the interlaminar fracture toughness, the elastic modulus or
the Poisson ratio. The delamination mechanisms are divided into push-down and peel-up, according
to on which laminate side it occurs: drill exit or entrance, respectively.

Peel-up is caused by the cutting force pushing the abraded and cut materials to the flute surface.
Initially, the cutting edge of the drill will abrade the laminate. As the drill moves forward, it tends to
pull the abraded material along the flute, and the material spirals up before being effectively cut. This
action creates a peeling force upwards that tends to separate the upper laminas of the plate (Figure 4a).
This peeling force is a function of tool geometry and friction between tool and workpiece [13].

Push-down is a consequence of the compressive thrust force that the chisel edge of the drill
always exerts on the workpiece. The laminate under the drill tends to be drawn away from the upper
plies, breaking the interlaminar bond in the region around the hole. As the drill approaches the end of
the laminate, the uncut thickness becomes smaller and the resistance to deformation decreases. At
some point before the laminate is totally penetrated by the drill, the loading exceeds the interlaminar
bond strength and delamination occurs (Figure 4b). A suitable tool geometry that lowers the thrust
force can reduce the delamination damage [13].

A recent advance on machining strategy was given by Schulze et al. [18] minimizing the damage
by directing the process forces towards the center of the workpiece. This is achieved through a
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combined process of circular and spiral milling on a three-axial machining center. According to the
authors, the advantages of this process still require further research.

Figure 4. Delamination mechanisms: (a) peel-up delamination at entrance; (b) push-down
delamination at exit.

(a) (b)

The works published by Hocheng and Tsao have contributed to the understanding of the
delamination mechanism associated with different drilling conditions, like drill geometry [5,19], the
use of a core drill [14] or the influence of using an exit back-up plate on delamination depending on
drill geometry [8]. In [5,19], distinct drill bits are compared for drilling-induced delamination. The
different drill geometries considered in these works are the twist drill, the saw drill, the candle stick
drill, the core drill and the step drill. In [14], only the core drill was studied, showing that grit size and
feed rate are the most important parameters for delamination reduction and should be kept low.
According to the authors, there are advantages in using special drill bits for composites drilling.
The traditional twist drill provides a reduced threshold of the thrust force for delamination onset
when compared to other geometries. Concerning these geometries, the higher threshold feed rate at
the delamination onset was obtained with the core drill, followed by the candle stick drill, saw drill
and step [5].

A comparative study regarding distinct drill geometries and feed rate was presented in [15]. The
authors assessed the thrust force, surface roughness and delamination extension for five different
drill geometries and two feeds, concluding that the twist drills are well suited for carbon/epoxy plates
drilling. However, only one drill diameter was considered. A study on the cutting variables on
the thrust force, torque, quality of hole and chip was presented in [20]. A comparative study on the
machinability of metallic materials and fiber-reinforced composites and the influence of various
factors on the machinablity of these materials was presented in [21].

3.2. Damage Models

The analysis of delamination during drilling in composite materials using fracture mechanics
has been developed and different models presented. The models referred to herein are based on the
study of carbon/epoxy laminates, although other materials, like glass/epoxy or hybrid composites are
also suitable for their application. The main focus on carbon/epoxy laminates can be explained by the
fragile nature of the carbon fibers, when compared with glass fibers that are less troublesome in



153

machining study. The delamination mechanisms are assumed to be modeled by linear-elastic fracture
mechanics (LEFM), considering the laminate structure of composites, its high modulus of elasticity
in direction 1 and the failure in delamination form.

From known models, the one that is most referred to is the Hocheng and Dharan delamination
model [13]. The authors studied the onset of delamination in two different situations: push-down at
exit and peel-up at entrance. The first one is the result of the compressive thrust force that the drill
exerts on the uncut plies of the laminate, whose thickness is reduced as the drill advances. At some
point, the loading exceeds the interlaminar bond strength of the material, and delamination occurs
(Figure 4b).

According to the authors, the applicability of LEFM to composite has been previously discussed
and confirmed, provided that crack growth is collinear and the crack is in a plan of material symmetry.

In this model, the critical thrust force for delamination onset, F, is related to properties of the
unidirectional laminate, such as the elastic modulus, E;, the Poisson ratio, v, the interlaminar
fracture toughness in mode I, Gy, and the uncut plate thickness, #:

8G Eh*"
o0kt

Rt W
A comprehensive summary of the steps towards free-delamination holes can be found in [22].
Starting from the model presented in Equation (1), Zitoune and Collombet [23] developed a

numerical model and compared the results obtained with the two processes—numerical and

analytical. The validation of the numerical model is carried out thanks to quasi-static punching tests
in an experimental assembly very similar to the one presented here. A good correlation has been

noticed between the numerically calculated efforts and those which were experimentally obtained.
3.3. Damage Extension Assessment

After laminate holes are drilled, it is important to establish criteria to compare the delamination
extension caused by different machining processes in an easy way. Damage extension can be
evaluated through NDT. Some examples are: the use of a tool maker’s microscope [4], ultrasound
techniques [24], acoustic emission [25], enhanced radiography [26,27] (Figure 5a), C-Scan [28]
(Figure 5b) or Computerized Tomography (CT) [28—30] (Figure 5c¢). In all these methods, the main
goal is to obtain images representing the hole surrounding areas that can be further analyzed and
measured, mainly for diameters and areas.



154

Figure 5. Damage evaluation: (a) radiography [26]; (b) ultrasonic C-Scan [28];
(¢) computerized tomography [28].

(a) (b) (c)

Then, it is possible to carry out the quantification of the damaged region to calculate a factor that
numerically expresses the damaged region extension and shape. Chen [31] presented a comparing
factor that enables the evaluation and analysis of delamination extent in laminated composites. That
ratio was called the delamination factor, Fy; and it was defined as the quotient between the maximum
delaminated diameter, Dy,ax; and the hole nominal diameter, D, (Figure 6):

F, =D, /D, (2)

In the experimental work presented in [31], the author examined the effects of tool geometry and
cutting parameters as well as of tool wear on the delamination factor. Two types of drills were used:
a carbide drill and a HSS drill. The damage zone was evaluated by using radiographic
non-destructive inspection, and the results showed a near-linear relationship between the
delamination factor and average thrust forces for both drill materials. The author also concluded that
the thrust force increased when the drill point angle increases and that the helix angle did not have a
significant effect on this force. Also, the tool flank wear causes an increase of the delamination
factor, as the thrust force increases with the tool wear.

Figure 6. Measurement of the maximum delaminated and hole diameters.

Although the feed rate has a strong influence on the thrust force; the cutting speed has not shown
a significant effect on that force. Finally; the author noticed the absence of a built up edge during
carbon/epoxy machining.



155

Mehta et al. [32] have suggested a different ratio with the same purpose, named damage ratio,
Drart; defined as the ratio of the hole peripheral damage area, Dyiag; to the nominal drilled hole area,

AAVGa i.e.,:

Drat = Dvar/Aave (3)

This hole damage evaluation method is based on the existence of damage images from
C-Scan and pixel counting of the digitized damage area, as described in [32], or from digitized
radiographs [33]. In spite of the interesting approach of this criterion, it will not be used in this work.

One limitation of Chen’s criterion is related with situations when the delamination involved is not
circular, but presents breaks and cracks. In such cases, the values of the delaminated area are more
appropriate for the damage quantification. Based on this, Davim et al. [34] presented a novel
approach known as the Adjusted Delamination Factor, Fy,:

_ Dmax Amax
Fau =0y B (4)

where A,y 1s the area corresponding to the maximum delaminated diameter Di,y; and A4 is the hole

nominal area. In this new criterion, the first term is the conventional delamination factor and a second
term was added to take into account the damaged area contribution, and the parameters o and 3 are
used as weights. Their sum always equal to 1 (one).

4. Experimental Work and Discussion
4.1. Composite Plates Production and Drilling

For the experimental work, a batch of 300 x 300 mm? carbon/epoxy plates using prepreg CC160
ET 443, SAATI, Appiano Gentile, Italy, with 24 layers were produced. The unidirectional plates
intended for DCB testing had a 70 mm Teflon® insert, Wrightlon, AirTech, Huntington Beach, CA,
USA, at the extremities to act as a pre-crack. The plates were then cured for one hour under 300 kPa
pressure and 130 °C, followed by cooling. Final plate thickness was equal to 4 mm. Then, the plates
were cut into test coupons of 135 x 36 mm” for the bearing tests and the delamination onset test
experiments and in coupons with dimensions according to the mechanical test specifications—DCB
test, tensile test. Calcinations tests according to EN ISO 1172:1988 [35] were performed and the
result showed a fiber content of 64%. Tensile tests according to ASTM D3039-08 [36] were also
carried out and the plate’s properties, presented in Table 3, were found (see Section 2.1).

Table 3. Material properties.

Property Fiber Content (%) R,,(MPa) E,(GPa) E,(GPa) v G;.(N/mm)
Value 64 1700 111 7 0.29 0.419
Standard deviation — 20 9 1 0.05 0.017

The experimental work initiated with the drilling of the laminate plates for thrust force
monitoring, delamination measurement by enhanced radiography and automated computational
algorithms of image processing and analysis and mechanical tests. Then, the composite coupons were
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tested according to ASTM D5961-10 [37]—Procedure A. Finally, the results of the delamination
damage assessment were correlated with the bearing stress and delamination onset tests results.

The drilling operation was carried out in a 3.7 kW DENFORD Triac Centre CNC machine
(Denford, West Yorkshire, UK). As it has been previously identified, feed rate is crucial compared to
spindle speed in the development of thrust forces [26]. The cutting speed was kept constant and equal
to 2800 rpm and the feed rate had three levels: low feed rate of 0.03 mm/rev, intermediate feed rate
equal to 0.10 mm/rev and high feed rate of 0.20 mm/rev. These cutting parameters were selected
according to previous published works [15,26,33] as well as the tool manufacturer’s recommendation.
A tool diameter of 6 mm was used combined with the three drill geometries: twist, Brad and step.
Details on the drills can be found in [15]. The tool selection is in line with past papers published by
the same authors, see [6,12,15,26,33]. Twist drill is still the most common drilling tool used in
almost every tool shop, Brad drill is a commercial drill normally available in tool manufacturers’
catalogue and step drill is an experimental prototype tool that has been studied and developed by the
first author along the last years. Although other geometries are normally referred to in published
papers [3-5,7,8,11,14,18-22,28] they are not often found in current tools products.

The experimental sequence described herein does not correspond to a complete factorial or to a
Design of Experiment plan as there were some limitations on the tool availability and number of test
coupons. Considering HSS tools, there are no Brad or step tools or other geometry for composites
material drilling. This option was to highlight the worst possible case in terms of experimental results
and to enable us to demonstrate the consequences for mechanical test results when comparing
the results of HSS and WC twist drill. So, the main target is the comparison of three different
tool geometries.

For the DCB test specimens according to ASTM D5528-13 [38], it was necessary to bond piano
hinges at the edge of the Teflon insert. To enable the bonding operation, both the piano hinges and
the extremities of the specimens were prepared with sandpaper, carefully cleaned and bonded using
industrial adhesive Araldite® 2012 (Everberg, Belgium). Then, one of the sides of each specimen
was painted white and marked with vertical lines every 2 mm with a special mark at the end of
the Teflon” insert (Everberg, Belgium).

The specimens for the delamination onset test were blind drilled using an end mill and stopping
the machining cycle to have different uncut thicknesses according to the height corresponding to
one to four plies, that is to say, 0.15 mm, 0.30 mm, 0.45 mm and 0.60 mm.

4.2. Delamination Assessment

After the drilling process, the delaminated region around each drilled hole was evaluated using
enhanced digital radiography. To generate a suitable image contrast, the plates were first immersed
in di-iodomethane for approximately 15 to 20 min. Then the radiographic images were acquired
using a 60 kV, 300 kHz Kodak 2100 X-Ray system associated with a Kodak RVG 5100 digital
acquisition system (Kodak Corp., Rochester, NY, USA). The exposition time was set to 0.125 s.

Each radiographic image was computationally processed to identify and characterize the regions
of interest: hole region, delaminated and non-delaminated regions. The hole region corresponds to
the central area, the delaminated region consists on a dark border around the machined hole, and the
non-delaminated regions are lighter areas located outside the damaged region (Figure 7) [26].
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The final goal of the image processing and analysis performed was to automatically measure
the damaged diameters and areas in each radiographic image. This was achieved by using in the
image segmentation step a neuronal network with 1 input layer with 3 neurons, 1 hidden layer
with 7 neurons [39], 1 output layer with 3 neurons, and the logistic function [40] as the neurons
activation function, which was trained using the back propagation learning algorithm [41]. The
inputs of the network were each image pixel’s value, and the output was the correspondent
segmentation region. Further details of the neuronal network used can be found in [42]. After the
identification of the three regions presented in an input image, the related diameter and area values
were computed: the diameters were calculated by searching for the longest diagonal within the
delaminated region, and the areas by summing up the pixels within the associated regions.

Figure 7. Pipeline of the computational processing of a radiographic image: (a) original
image; (b) image segmented by using a neuronal network; (¢) identification of the
delamination region.

(a) (b) (©)

The values obtained from the radiography images can be used to determine the delamination
factor, Fyg, [31], the Damage Ratio, [32], and the adjusted delamination factor, Fy,, [34], according to
Equations (2), (3) and (4) (see Section 3.3).

So, taking advantage of the computational techniques of imaging processing and analysis, the
adjusted delamination factor was used in this work for damage assessment.

4.3. Mechanical Testing

In all the tests performed in this work, a Shimadzu AG-X/100 kN Universal Testing machine
(Shimadzu, Kyoto, Japan) equipped with a Trapezium X software for data registration was used.

The DCB tests according to ASTM D5528 -13 [38] were carried out at a testing speed of
5 mm/min both for pre-crack and final crack opening. The values of time, force and displacement
were registered by the Shimadzu machine system, and a synchronization method was developed
to ensure data correlation between the force and crack opening. The values of the energy release rate
were calculated using the Modified Beam Theory method with a 5% offset for the initiation values of
the interlaminar fracture toughness in Mode I, Gy.
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The mechanical test carried out to assess the damage effects on plate resistance in the area of
the mechanical joint was the “Bearing test” according to ASTM D5961M-10 [37]. This test was
used to assess the effect of the delamination extension on the mechanical properties of the drilled
plates in the joint area. Test coupons of 135 x 36 mm” were cut and drilled under the same
experimental conditions.

Finally, for the delamination onset test, a device based on the work of Lachaud ez al. [11] was
designed and built, see Figure 8. With the purpose of evaluating the several possible effects of
test variables, three different testing speeds were used: 1 mm/min, 3 mm/min and 6 mm/min. These
testing speeds were combined with the plates previously drilled with blind holes machined using
twist, Brad and step drills. Details on these drills can be found in [15]. To carry out the test, a
perpendicular load was applied using a drill as a punch (Figure 8). The drill movement was only
linear, without rotation.

Figure 8. Delamination onset test: (a) device presented in [11]; (b) experimental work.

() (b)

5. Conclusions

Carbon fiber reinforced laminates were drilled with the objective of comparing the performance
of three different tool geometries regarding the bearing stress and delamination onset load. Relevant
results considered for assessment were the delamination extension and the mechanical strength by
the bearing stress test and delamination onset test. A batch of plates was prepared to perform DCB
tests. According to the experimental findings, it was possible to make the following conclusions:

e As expected, when dealing with composite materials, some dispersion on the results
was found;

e The results of the DCB test to determine the interlaminar fracture toughness were within
the predicted values;

e The synchronization system developed for the DCB test allows for an easy trace of the
load-displacement curve and crack opening measurement, reducing error hazard,

e The feed rate influence is well known and the results confirmed that higher feeds
correspond to higher delamination extension and lower values of bearing resistance. So, in
conventional drilling, the feed rates should be kept as conservative as possible;

e In the delamination onset test, as the uncut thickness increases, the delamination onset load
also increases. This was an expected outcome.
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e Also in the delamination onset test, as testing speed increases, the delamination onset result
tends to decrease. For this test, there is a need to establish a standardized speed and to
enhance the procedure for test results robustness:

e The influence of the punch geometry (drill) has to be thoroughly investigated as no clear
trend was found.

e In future works, the effect of alternative stacking sequences, like cross-ply or
quasi-isotropic, deserve some attention.

e Future development of the present work will have the purpose of adding analytic and FEM
models for the simulation of drilling with delamination onset determination.
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A hole nominal areca
Aavg nominal drilled hole area
Amax area corresponding to the maximum delaminated diameter
Dy hole nominal diameter
Dinax maximum delaminated diameter
Dgrat damage ratio
Dyar hole peripheral damage area
E, elastic modulus in 1-direction
E> elastic modulus in 2-direction
Forit critical thrust force for delamination onset
Fy4 delamination factor
Faa adjusted delamination factor
Gle interlaminar fracture toughness in mode I
Gire interlaminar fracture toughness in mode II

V12 Poisson ratio
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Experimental Analysis of the Influence of Drill Point Angle
and Wear on the Drilling of Woven CFRPs

Norberto Feito, José Diaz-Alvarez, Antonio Diaz-AlvareZ, José Luis Cantero
and Maria Henar Miguélez

Abstract: This paper focuses on the effect of the drill geometry on the drilling of woven Carbon
Fiber Reinforced Polymer composite (CFRPs). Although different geometrical effects can be
considered in drilling CFRPs, the present work focuses on the influence of point angle and wear
because they are the important factors influencing hole quality and machining forces. Surface quality
was evaluated in terms of delamination and superficial defects. Three different point angles were
tested representative of the geometries commonly used in the industry. Two wear modes were
considered, being representative of the wear patterns commonly observed when drilling CFRPs:
flank wear and honed cutting edge. It was found that the crossed influence of the point angle and
wear were significant to the thrust force. Delamination at the hole entry and exit showed opposite
trends with the change of geometry. Also, cutting parameters were checked showing the feed’s
dominant influence on surface damage.

Reprinted from Materials. Cite as: Feito, N.; Diaz-Alvarez, J.; Diaz-Alvarez, A.; Cantero. J.L.;
Miguélez, M.H. Experimental Analysis of the Influence of Drill Point Angle and Wear on the
Drilling of Woven CFRPs. Materials 2014, 7, 425814271.

1. Introduction

Carbon Fiber Reinforced Polymer (CFRP) composites combine fatigue and corrosion resistance,
light weight and high specific stiffness and strength. These properties make CFRPs suitable for a
wide range of structural applications [1]. Within this family of materials, woven graphite fiber epoxy
composites have been extensively used in aerospace, automotive and civil applications. Woven
CFRPs exhibit higher strength-to weight ratio and higher fracture toughness than unidirectional
composites [2].

Although composite components are manufactured close to the final shape, they usually require
machining operations in order to achieve dimensional tolerances and assembly specifications. In
most cases the component is drilled previously to mechanical joining [3]. Drilling operations of
woven carbon composite CFRPs should be designed to be productive processes ensuring the quality
of the resultant component. This operation is performed in a high value component, the susceptibility
of the composite to undergo machining-induced damage highlights the importance of controlling
the process. The composite is exposed to the generation of damage during processing, mainly
delamination. This phenomenon is related to machining parameters and drill geometry. Drilling
operations of CFRPs involve strong tool wear due to the presence of hard fibers; wear progression
leads to variations of the initial geometry of the drill [4].
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Various authors have studied CFRPs drilling, mainly in the case of unidirectional composites.
A brief summary of the contributions focusing on woven CFRP drilling is presented in the
following paragraphs.

Karpat et al. [5] analyzed the drilling performance of the double point angle drill for woven
CFRP laminates. Uncoated carbide drill and diamond coated carbide drills with different drill point
angles were tested in drilling experiments of thick fabric woven CFRP laminates. The feed was more
influential than cutting speed on damage generation. At elevated feed rates, the hole diameter
tolerance was observed to be more critical than the hole exit delamination.

The influence of the drill point angle on the machining forces and the drill hole quality (in terms of
delamination, fraying and burr formation) was analyzed in [6] for woven CFRPs. Increased point
angles resulted in enhanced thrust force; however, the torque remains almost constant. The quality at
the hole entrance was enhanced when increasing point angles while it was poorer at the exit. The
increment of cutting speed lead to negligible differences in the hole quality but resulted in increased
thrust forces and decreased drilling torques. This behavior was also observed when drilling cross-ply
composite materials with twist drill bits [7]: point angle equal to 120° produced less delamination at
hole entry than point angle equal to 85° even though the thrust force was higher in the former case.

The influence of different types of tool geometry when drilling unidirectional CFRP [0/90],3 was
analyzed in [8]. “SPUR” drill bit (commonly used for wood materials) gave the best results causing
small damage extension in the hole perimeter. On the other hand, a twist drill presented higher
delamination located at the hole entrance. Similar tests were carried out on unidirectional CFRPs
in [9] showing no advantage for step drill when compared with commercial drill bit, which reduced
the surface damage.

On the other hand, wear evolution influences drill geometry. The initial design of the fresh tool
is modified because of wear progression and, consequently, the effective cutting geometry is
varied.

Mayuet et al. [10] carried out drilling tests of woven CFRP with conventional carbide drill
geometry. It was demonstrated that the abrasion due to the presence of hard fibers was the
dominant wear mechanism. The matrix adhesion had a much lower effect. The influence of wear in
hole quality was demonstrated since delamination at the hole exit increased significantly as the
number of machined holes increased.

Iliescu ef al. [11] analyzed the influence of feed rate and tool wear in drilling of woven CFRPs
with coated and uncoated drills. The feed rate and tool wear were the most significant factors
affecting the thrust force. The torque was much less sensitive to wear than the thrust force. The
contact length and the axil force applied at the cutting edge were the main factors involved in wear
evolution, in both cases considered (coated and uncoated drills).

Shyha ef al. [12] analyzed the drilling of small holes (1.5 mm); with two different geometries:
conventional twisted and stepped. Delamination at the hole entrance was higher for the stepped drill
than for the twisted drill. Increases in the feed rate also lead to delamination enhancement. However,
the increment of point angle, from 118° to 140°, lead to decrease of delamination.

Rawat and Attia [13] analyzed the tool wear mechanisms of carbide tools in high speed drilling
(10,000-15,000 rpm) of woven CFRPs. Fracture (chipping) at the beginning of drilling process and
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subsequent abrasion were the main wear mechanisms. Abrasive wear on the flank face of the primary
cutting edge was stronger than the wear at the rake face.

The influence of cutting edge rounding (CER) and its correlation with surface damage in drilling
of woven CFRPs was analyzed in [14]. A correlation between delamination, machining forces and
cutting edge rounding was found. Numerical analysis of the influence of CER in the elemental case of
orthogonal cutting has been developed by the authors in [15]. The interest of analyzing drilling-induced
delamination has motivated the recent development of complex models for drilling. These numerical
models have shown good correlation between measured and predicted torque and thrust force as well
as delamination extension [16,17].

Although drilling operations of woven composite have motivated the development of different
studies, it is still a challenge to advance the comprehension of the effect of tool geometry and the
level of wear. In fact the analysis of the crossed effect of the tool geometry and the geometrical
changes due to wear progression has been poorly developed in the literature.

The objective of this paper is analyzing the effect of the drill point angle combined with the
geometrical effect of drill wear evolution. Two different types of wear modes were studied: flank
wear (commonly identified in the literature as the dominant wear mode) and cutting edge honing
(resulting from the transition from new acute to used cutting edge). The effect of cutting parameters
(cutting speed and feed rate) were also studied. Resultant thrust force and torque have been evaluated
together with surface integrity, analyzed in terms of delamination at the entrance and exit of the hole.

2. Experimental Work
2.1. Workpiece Material

The material studied in this work is a woven CFRP composite, based on AS-4 carbon fiber and
epoxy matrix (55.29% resin content) manufactured by Hexcel Composites (Madrid, Spain). The
specimens were cut in plates of 120 mm x 29 mm and 2.2 mm thick, composed of 10 plies with the
same fiber orientation. The characteristics and mechanical properties of the workpiece provided by
the composite manufacturer are presented in the Table 1, where p is density; E; elastic modulus in
the direction i; v; Poisson coefficient; G elastic modulus in shear directions; X;, ¥; and S,
maximum tensile stress in longitudinal and shear directions respectively; X. and Y. maximum
compressive stress in longitudinal directions.

Table 1. Characteristics and mechanical properties of the composite.

P E,=E, E; (V] V13 = U3
1570 Kg/rn3 68 GPa 10 GPa 0.22 0.49
Gy, Gy = Gy3 X =%, X.=Y, S,
5 GPa 4.5 GPa 795 MPa 860 MPa 98 MPa

2.2. Drills

Uncoated helicoidal carbide drills recommended by the manufacturer GUHRING for CFRPs
drilling were used. Nominal diameter was equal to 6 mm with 30° helix angle. Three different values
of the point angle 90°, 118° and 140° were used. Three different stages concerning wear evolution
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were tested: fresh drill, flank wear equal to 0.3 mm and honed cutting edge with length equal to
0.05 mm (see Figure 1).

Figure 1. Edge geometry of the drills: (a) fresh tool; (b) flank wear; and (c¢) honed edge.
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The worn geometries were artificially generated using grinding. The level of wear has been stated
according to values corresponding to the end of tool life in the literature. Faraz et al. [14] reported a
value of flank around 0.25 mm corresponding with advanced wear progression. On the other hand,
honed edge is an approximation to chipping wear observed in drilling CFRP. As drilling starts
chipping appears because acute cutting edges are not able to tolerate high stress. This phenomenon
was reported by Rawat et al. [13] with an extension of honed edge zone similar to that considered in
the present work.

2.3. Machining Tests

The drilling tests were carried out on a machining center (B500 KONDIA, Kondia,
Elgoibar, Spain). The machining center was equipped with a rotating dynamometer (Kistler 9123C,
Winterthur, Switzerland) used for the measurement of the three force components F, F,, F. and the
drive moment M. on the rotating tool. The acquisition system coupled to the machine tool is shown in
Figure 2.

Drilling induced damage was quantified in terms of the delamination factor (F,) being the ratio
between the maximum diameter of delaminated area and the nominal diameter of the hole (see
Figure 3). Other defects induced during machining were analyzed from observation of images of the
machined hole obtained with a stereo microscope (Optika SZR, Ponteranica, Italy).
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Figure 2. Experimental device for drilling tests.
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Concerning the cutting conditions, the drilling experiments were conducted without coolant and
the cutting parameters summarized in Table 2. Machining operations in composites are commonly
carried out in dry conditions because it is required to avoid the composite contamination with the
cutting fluid. The machining parameters (cutting speed 25—-100 m/min and feed 0.05-0.2 mm/rev)
were selected following the recommendations of the drills manufacturer GUHRING for drilling CFRPs.

Table 2. Cutting parameters used in drilling tests: £, feed and V, cutting speed.

Parameter Range
f[mm/rev] 0.05 0.1 0.15
V' [m/min] 25 50 100

Drilling tests were performed using a supporting back plate previously drilled with hole diameter
equal to 6.2 mm. The use of back plate is commonly desired in industry when drilling plates of
composite in order to diminish delamination. The influence of the position of the drilled hole related
to the textile float was not considered in this paper. Although this parameter may influence the
delamination, the drilling tests were carried out in random relative positions of the drill to the textile
float. Observed delamination did not show significant differences for the tests carried out in the same
cutting conditions despite the variations of the relative position drilled hole/float, indicating low
influence of this parameter.
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3. Results and Discussion
3.1. Thrust Force and Torque

The evolution of thrust force and torque with cutting time was recorded using the dynamometer.
The maximum level of thrust force obtained during drilling tests is presented in Figure 4. The
maximum thrust force obtained with new and worn drills is presented for the different values of point
angle and cutting speed considered. It is possible to observe the negligible influence of the point
angle on thrust force when fresh drill is used since the projection of the resultant force in the axial
direction is the same for all point angles. The increment of feed lead to thrust force enhancement
(the maximum values of thrust force obtained with new tools ranged between 50 and 150 N for all
cases tested).

Figure 4. Thrust force for three point angles at different cutting speeds (measurement
variations are indicated including error bars): (a) cutting speed 25 m/min; (b) cutting
speed 50 m/min; and (¢) cutting speed 100 m/min.
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Honed tools showed increasing thrust force (around 50%—65%) with the increment of point angle.
The thrust force also increases with the point angle when the flank wear geometry is tested. Relative
variations around 100% are observed when the angle ranged from 90° to 140°. This trend is observed
for all values of cutting speed analyzed.

The enhancement of the feed also resulted in increased thrust force in all cases analyzed. The
variation is small for the fresh geometry. However, the increment of thrust force with feed reached
increments around 50% and 70% when drilling with flank and honing wear respectively.

The increased values of thrust force due to the use of worn tools are related to enhanced risk of
delamination. This trend is observed in the range of cutting speed tested (25-100 m/min). The
progression of wear in both cases analyzed (flank wear and honed edge), increases the effect of the
feed and the point angle on the thrust force.

In the case of new tool, torque decreased when the point angle increased from 90° to 118° and
increased slightly when the angle changed from 118° to 140°. However, for both worn tools, flank
wear and honed edge, maximum values of the torque were observed for the point angle 118°. The
influence of feed in torque was much higher than in the thrust force, for all cases. The increment of
feed lead to torque enhancement in the range 53%—100%.

Concerning the influence of cutting speed, slight decrease of thrust force and torque were
observed when the velocity was increased. This trend has been also reported in other works in the
literature for woven [12,14] and unidirectional composites [7].

ANOVA analysis presented in Table 3 showed that the main contributing factors for thrust force
were tool geometry, point angle and feed rate. For all cases, p-value < 0.05 and Test F >> Fa, = 5%.
The cutting velocity factor did not present a statistical significance because p-value > 0.05 and
Test F < Fa = 5%. This analysis corroborates the previous discussion concerning the prevalent
influence of the worn geometry and the thrust force. On the other hand Davim ef al. [18] showed the
same effect with ANOVA analysis in previous research.

Table 3. ANOVA analysis developed for thrust force.

Factors SS DF MS F F* P*
A: Geometry 3.57 x 10° 2 1.79 x 10°  242.83 3.12 0.0000
B: Point Angle 525385 2 262692 35.71 3.12 0.0000
C: Cutting Speed 3023.19 2 1511.59 0.21 3.12 0.8147
D: Feed rate 192734 2 96367.1 13.1 3.12 0.0000
Residual 529651 72 7356.26 - -
Total 4.82E+06 80 — — — —

SS: Sum of squares; DF: Degrees of freedom; MS: Mean square; F: F-test value; P *: Probability;
* Significant at the 5% level.
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3.2. Surface Quality

The hole quality was evaluated in terms of hole diameter, delamination factor at the entrance and
exit of the hole and other qualitative defects related to surface damage.

The diameter was measured after each drilling test using a micrometer Mitotuyo model 368-101
(Kawasaki, Japan). The values of diameter measured showed a reasonable quality for a drilling
operation with a nominal drill diameter equal to 6 mm.

The delamination factor F,; was calculated as the ratio between maximum diameter of
delaminated area and the nominal diameter of the drill (6 mm). The drilled holes were examined with
an optical microscope in order to measure the delaminated area. Examples of delamination at the
hole entrance (peel up) and at the exit (push out) are shown in Figures 5 and 6.

Figure 5. Peel up delamination at the hole entrance for new tool (a), flank wear tool
(b) and honed edge tool (¢) with point angle 118°, /=50 m/min and /= 0.05 mm/rev.
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Figure 6. Push out delamination at the hole exit for new tool (a), flank wear tool (b)
and honed edge tool (¢) with point angle 118°, "= 50 m/min and /= 0.05 mm/rev.

The maximum delamination factor obtained after drilling tests at the hole entry and exit is

presented in Figures 7 and 8 respectively.

Figure 7. Maximum delamination at hole entry (measurement variations are indicated

including error bars).
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Figure 8. Maximum delamination at the hole exit (measurement variations are
indicated including error bars).
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Delamination factor at the hole entry increased with point angle when drilling with a new tool.
However, when a worn tool is used the influence of point angle is almost negligible. Concerning
the influence of wear in the delamination factor at hole entry it is observed that the worn geometry
produces less fraying of the fibers, and thus the extension of delamination is lower than in the case of
fresh geometry. This behavior is consistent with the trends reported in [5] where similar effect was
observed with angle point higher than 180°. The lowest delamination factor was obtained for drills
exhibiting flank wear (in the range 1.14—1.18) while honed drills lead to slightly increased entrance
delamination (around 1.3).

The delamination factor at the hole exit increased with wear, showing that the holes machined
with flank wear the highest delaminated areas. This fact is related to the increment of the thrust force
with wear progression.

The opposite effect of wear in the delamination factor considered at the hole exit and entrance can
be explained as follows: when the cutting edges of drill bit make contact with the material, a peeling
force through the slope of the drill results in separating the plies from each other. When the edge
starts to wear, this force diminishes due to the decreasing sharpness. This fact elevates the thrust
force but diminishes the peel force, leading to reduced peel up (related to hole entrance delamination)
and elevated push out (corresponding to exit delamination) mechanisms.

Tables 4 and 5 show the results of the ANOVA analysis corresponding to the entry and exit
delamination factor. Drill geometry is the main factor with statistical and physical significance on
delamination factor (p-value < 0.05 and Test F >> Fa = 5%). Feed rate and point angle might
have a low contribution to delamination but not a negligible one (Test F > Fa = 5%). Finally,
for both cases cutting speed is not a significant factor (p-value > 0.05 and Test F < Fa = 5%).
Shyha et al. [12] and Davim et al. [18] came to the same conclusion with a similar ANOVA analysis
for CFRP woven composites.



Table 4. ANOVA results for entry delamination factor.

Factors SS DF MS F F * P*
A: Geometry 0.485973 2 0.24299 60.58 3.12 0.0000
B: Point Angle 0.05018 2 0.02509 6.26 3.12 0.0031
C: Cutting Speed 0.020491 2 0.01025 2.55 3.12 0.0848
D: Feed rate 0.118565 2 0.05928 14.78 3.12 0.0000
Residual 0.28877 72 0.00401 - - -
Total 0.96398 80 - — - -

SS: Sum of squares; DF: Degrees of freedom; MS: Mean square; F: F-test value; P *: Probability;

* Significant at the 5% level.

Table 5. ANOVA results for exit delamination factor.

Factors SS DF MS F F* P*
A: Geometry 0.722067 2 0.361033 36.05 3.12 0.0000
B: Point Angle 0.108919 2 0.054459 5.44 3.12 0.0063
C: Cutting Speed 0.008956 2 0.004478 0.45 3.12 0.6412
D: Feed rate 0.138689 2 0.069344 6.92 3.12 0.0018
Residual 0.721059 72 0.010015 - - -
Total 1.69969 80 - - - -

SS: Sum of squares; DF: Degrees of freedom; MS: Mean square; F: F-test value; P *: Probability;

* Significant at the 5% level.
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It was possible to observe other defects related to the hole quality. Normally, fraying (Figure 9)

was not observed at hole entrance for all geometries tested. Fraying was observed at the hole exit

with both worn geometries. Flank wear produced less fraying than honed edge tool, and in some

cases, it could be confused with chipping. It was observed that this defect increases when the point

angle is higher, 118° and 140°. This defect showed a negligible dependence on feed.
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Figure 9. Hole entry quality variation with feed for different geometries with 180°
point angle and V"= 50 m/min.

=0.05 mm/rev =0.1 mm/rev =0.15 mm/rev
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Concerning chipping (Figure 10), all geometries showed this defect both at the hole entry and exit.
For worn tools, this defect was observed more frequently than for new tools and was enhanced for
high feed. Increasing cutting speed has the same effect but less marked.

Another frequent surface defect was spalling, also observed with all geometries analyzed, but in
different ways. For the honing tool, this defect was observed in a homogeneous area surrounding the
hole entry, and located at some affected points at exit. Holes machined with flank wear and fresh tool
showed this defect in concentrated zones at the hole entry and exit respectively, but it was more
severe than that found with honing geometry. It was mainly observed with high feeds (0.15 mm/rev).

Finally, fuzzing (Figure 10) increased with point angle and feed and appeared mainly associated
to machining with the honed edge. It was normally found together with spalling.
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Figure 10. Different defects related with hole quality found after drilling. (a) fraying;
(b) chipping; (c¢) spalling; and (d) fuzzing.

Chipping

4. Conclusions

In this paper the influence of drill point angle and worn geometry in drilling of woven CFRP
composite has been analyzed. The main contribution of the paper is the analysis of the crossed effect
of the drill point angle and the geometrical changes due to wear progression. Moreover, the worn
geometry was artificially generated ensuring the level and type of wear imposed and avoiding
coupled effects of different wear patterns combined in the tool.

The following conclusions can be drawn:

Drill point angle influenced thrust force when it was combined with the effect of wear
progression. However, fresh tools showed negligible influence of the drill point angle on thrust force.
This fact is important for drill geometry selection since the evolution of wear could lead to
inacceptable levels of thrust force.

Wear progression had a different effect on delamination at the entry and exit hole. While entry
delamination diminished with wear progression, exit delamination was enhanced. The most
favorable results concerning delamination were obtained with the lowest value of the drill point
angle: delamination factor at entry and exit hole increased with the drill point angle. This result is
important for the workpiece inspection after drilling, establishing critical zones. In addition, during
the drill selection, the favorable effect of low drill point should be accounted for.

ANOVA analysis showed that the most influential parameters on thrust force and delamination
were tool geometry (wear and point angle) and feed, while cutting speed has negligible influence.
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This result is important in order to define productive processes with high removal rates ensuring
quality requirements of the workpiece.
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