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PROJECT DESCRIPTION/ DESCRIPTION DU PROJECT
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-

Investigate the interfacial characteristics of polymeric carbon composites (e.g. CFRP) by
understanding thermos-mechanical properties as well as single fiber-matric interactions.
The temperature and material properties required in subthemes III.2 and III.3 could be identified
through investigations performed in this project.

PROJECT OBJECTIVES & METHODOLOGY/ OBJECTIFS DU PROJET & MÉTHODOLOGIE
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-

-

Investigate thermos-mechanical properties of polymeric carbon composites (e.g. CFRP) using
dynamic mechanical analyzer (DMA).
Utilize an atomic force microscopy to investigate the interfacial characteristics between the matrix
and filler materials in a single fiber-matrix interaction. Investigate the effects of filler orientation and
position relative to the tool.
Establish a generic model to describe machining process of the polymeric composite materials based
on the single-fiber investigation and thermo-mechanical properties.
Experimentally verify the model through micro and macro machining processes.
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2. RESEARCH PLAN FOR THE CURRENT PERIOD/PLAN DE RECHERCHE POUR
LA PÉRIOD ACTUELLE (Please list both the technical objectives, methodologies and milestones as stated in the
previous report.)

Research Plan (Jul 2016 ~ Jan 2017)
- The initial research proposal stated that there will be literature survey in this period.
- Preliminary experiments will be performed.
Research Plan (Jan 2017 ~ Jun 2017)
- Thermo-mechanical analysis of composite materials’ properties
- Investigation of magnetic fiber alignment techniques to control fiber alignment
Research Plan (Jun 2017 ~ Oct 2017)
- Investigation of electric field fiber alignment techniques to control fiber alignment
- Preparation of nanocomposite samples (Dispersion and Intensive Pulsed Light)
- Preparation of CFRP samples
- DMA Experiment of Composite Samples
Research Plan (Nov 2017 ~ Mar 2018)
- Preparation of CFRP samples
- DMA Experiment of Composite Samples
- Preliminary thermomechanical modelling
Research Plan (Apr 2018 ~ Oct 2018)
- Experimental cutting of CFRP using direct laser assisted machining technique
- Develop a FEM model using thermomechanical properties found in DMA to machining
Research Plan (Nov 2018 ~ Mar 2019)
- Additional experiments of thermomechanical tests of CFRP
- AFM cutting tests of composites
Research Plan (Apr 2019 ~ Oct 2019)
- Simulating cutting process of CFRP
- Additional experiments of thermomechanical tests of CFRP

3. ALIGNMENT OF RESEARCH PROJECT WITH NETWORK OBJECTIVES/
ALIGNEMENT DU PROJET DE RECHERCHE AVEC LES OBJECTIFS DU RÉSEAU
( Please comment on the alignment of the research project with the overall Network objectives.)

-

This project will provide the temperature and thermos-mechanical material properties as well as filler-matrix
interfacial forces that are needed in Themes I and V for developing digital machining systems for composite
materials

4. PROBLEMS and RESOLUTIONS/ PROBLEMES ET SOLUTIONS PROPOSÉES

( Please summarize any problems arising during the current reporting period and their resolution or plans for resolution.)

Problem/ Problème:
Resolution / Résolution:
April 28/2017
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5. RESEARCH PROGRESS and RESULTS/ PROGRÈS DE LA RECHERCHE et RESULTATS:
(Summarize progress and results below.)

July 1, 2016 – January 31, 2017
In this research period, the main research activity has been the literature survey and planning of the
experimental investigations. Some of the findings in direct relation to the project has been described here.
The demands for composite material parts are increasing in various industrial sectors, but the secondary
manufacturing process of precise finishing of the parts has been limited due to characteristics found in
composite materials. Mechanical machining of composite materials such as CFRPs is known to be extremely
difficult due to the several reasons. The high toughness and material strength of fiber itself resulted in rapid
tool wear, and complicated interactions between the matrices and the fibers led to the burr formation and
fiber pull-outs [Koplev et al. 1983; Rahman et al. 1999].
Thus the precision manufacturing processes used in composite materials have been often limited to the
grinding and resulted in reduction of production efficiency in both time and cost. It is interesting to note, that
machining of composite materials such as CFRPs is known to be extremely difficult due to the fiber
resistance resulting in rapid tool wear, burr formation and fiber pull-outs, but mechanical machining of
nanocomposites have shown increased machining characteristics.
In meso-milling experiments, addition of CNTs in polycarbonate (PC) has resulted in lower cutting forces
and better surface finish than plain PC or CF reinforced PC composite [Samuel et al. 2009]. In the condition
where pure PC would result in burr due to plowing, MWCNT-PC nanocomposite showed chip formation with
clean surface finish. Also it was shown that increase in CNT concentration up to 15 wt.% showed more
improved machinability. The reason for improved machinability has been related to the increased thermal
conductivity due to the existence of CNTs, preventing thermal softening of the polymer-phase.

Figure.1 SEM images of finished surface from micro milling of (a) PS and (b) MWCNT-PS [Mahmoodi et al.
2013]
Similar results were also shown from polystyrene (PS) nanocomposite with MWCNT [Mahmoodi et al. 2013]
where micro-milling of MWCNT-PS showed clean surface finish while pure PS sample had burrs high
surface roughness. The importance of thermo-mechanical properties in composite machining is highlighted
in these studies.
On the other hand, the direct interactions between the tool and nanocomposite fibers have not been studied
yet. The studies have been mostly limited to the bulk machining, the individual interactions between the
fibers, tool and the matrix has not been thoroughly investigated. In other words, fiber orientations, dispersion
and positions have not been considered in composite machining processes.
There was an investigation on the effects of CNT alignment against single-point micro scribing process. It
was shown that scribing perpendicular to CNT alignment requires greater cutting forces than scribing parallel
to CNT alignment, and increase in CNT concentration also increased the required forces [Park et al. 2013].
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However, it was still a micrometer scale scribing, too large to see individual interactions between the tool and
fibers. The lack of studies in nanoscale machining of nanocomposite materials further emphasizes the
importance of studying nano-mechanical machining of nanocomposite materials.
Several studied the interfacial strength using tensile test and/or DMA through the effective moduli model.
This model assumes that there is a small gap between the fiber and surrounding matrix instead of having the
directly connected interface. This gap is called the interphase, which is assumed to be made of the elastic
and shear moduli without any mass. Depending on the type of the matrix, fiber and type of coating, the
interphase may be made of stranded covalent bonding between the fiber and matrix. However in this study, it
is assumed to be Van-der-Waal’s forces are the only type of forces acting at the interphase.
Since the Van-der-Waal’s force analysis require molecular dynamics simulation between the atoms of the
fiber and nearby matrix atoms, the model simplifies it to the uniformly distributed axial, radial and shear
modulus of elasticity. With the known moduli of matrix and fiber materials, it is also possible to identify
effective moduli at the interphase.
The advantage in the effective moduli and failure criteria model is that the effective moduli of the interphase
can be verified using other techniques such as the VDW force model [Shokrieh & Rafiee 2010] or DMA.
When DMA is utilized to verify the effective moduli, first the bulk moduli of the composite material are found
through the DMA technique. Since the sample in DMA technique has the geometry of rectangular box
instead of a cylinder, the axial moduli can be replaced by the transverse moduli.
However these tests do not consider the effects of tool interaction in transverse direction, which would have
large impact in machining of composite materials. The experimental and theoretical analyses performed in
this project would present an established model to understand the machining of composite materials.
Feb 1, 2017 – Jun 30, 2017
In order to understand the behaviours of composite machining processes, the research project has
proposed to use mainly two different methods as it was described in the previous report. The first is to
investigate the thermos-mechanical properties of the composite materials, and the second is to investigate
the filler-matrix interfacial strength via AFM probe based nano-mechanical machining technique. In this
research period, the focus of research has been the investigation of the thermo-mechanical properties of the
nanocomposite materials as well as their dependency on the fiber alignments.
The major challenges in the machining of polymeric nanocomposites, especially thermoplastics, are
evaluation of the cutting force and preservation of the dimensional accuracy of the machined components.
As the long-chain molecules in thermoplastics are held together by relatively weak van der Waals forces, the
produced heat in the shear cutting zone can easily result in poor dimensional accuracy. Large temperature
increases can also lead to free mechanical entanglement of the polymer, increasing its mobility. Poor thermal
transfer and the localization of heat influenced by the thermal conductivity of material can also lead to
melting of the base polymer. Addition of highly conductive carbon nanoparticles such as graphene nanoplatelets (GNPS) and carbon nanotubes (CNTs) could improve the machinability by forming thermally
conductive network within the composite. However, nanoparticles could act as the sources of stress
concentration and crack initiation, where the composite becomes more susceptible to fracture.
For this research project, various polymer matrices and filler materials would be investigated with variation in
concentration, alignment, and dispersion. For this research period, preliminary experimental investigations of
the thermo-mechanical properties of the polycarbonate (PC) nanocomposites where GNPs and multi-walled
CNTs (MWCNTs) were used as the filler materials. To explore the effect of the GNP’s aspect ratio (diameter
to thickness) on the machining behavior of PC, two different grades of GNPs with different aspect ratios were
used in this study.
To prepare the GNP/PC nanocomposites, 2 wt.% of xGNP was mixed with the base PC in a twin-screw
mixer. The MWCNT/GNP/PC nanocomposites were prepared by adding 1 wt. % MWCNT and 1 wt.% GNP
nanoparticles to the base PC. Samples of pure PC were also prepared as references.
Overall, the addition of GNPs and MWCNTs to the PC matrix decreased the yield strength and elongation at
the break of the nanocomposites, but the elastic modulus was increased. The high concentration of
nanoparticles and the resulting poor interface interaction between the nanoparticles and the polymer was
presumably the main reason for the decrease in the yield stress and fracture strain. However, an
improvement of 10-16% in the modulus of elasticity was observed with the addition of 2 wt. % GNPs and
April 28/2017
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MWCNTs to the PC (See Figure 1(a)).

(a)
(b)
Figure.1 Comparisons of (a) stress-strain curve of the PC and Nanocomposites (2 wt.%) at R.T. and a
test speed of 50 mm/min and (b) thermal conductivities
The thermal conductivity of the specimens was measured according to ASTM D5470. Figure 1(b) presents
the thermal conductivity of the tested specimens at 50 ºC. The thermal conductivity of the base PC was
measured to be 0.21 W/mK. The addition of the nanoparticles to the PC matrix noticeably increased the
thermal conductivity of the nanocomposites. Increases of about 147% and 57% in the thermal conductivity of
the nanocomposites was observed by adding 2 wt. % of xGNP-M-5 and xGNP-M-25, respectively. The
higher thermal conductivity of the xGNP-M-5 filled PC nanocomposites compared to the xGNP-M-25 filled
PC nanocomposites may be attributed to the better dispersion of the xGNP-M-5 nanoparticulates within the
PC matrix, which is in agreement with the tensile test results.
Figure 2 (a) shows the resultant cutting forces versus the FPT. Among the four different materials, the
nanocomposites loaded with xGNP-M-5 showed the highest cutting forces, and the base PC presented the
lowest cutting forces during micro milling. The experimental results in this study showed that the addition of
GNPs to a PC matrix increased the cutting forces. However, Samuel (2009), Mahmoodi et al. (2011) and
Goo et al. (2011) indicated that the addition of CNTs to thermoplastic polymer decreased the cutting forces,
since the CNTs acted as stress concentrators and the formation of cracks ahead of the tool tip during milling
operation, especially at the high feed rates. The increase in micro milling forces in the GNP filled PC
nanocomposites can be attributed to several reasons:
1) The specific surface area of GNPs is noticeably higher than CNTs, resulting in different micro/nano-scale
thermo-mechanical properties, which can influence the machining response of the GNP-loaded
nanocomposites.
2) The rough and wrinkled surface texture of graphene enhances the mechanical interlocking/adhesion with
the polymer matrix, which may result in an increase in the micro cutting forces for graphene-loaded PC
nanocomposites.
3) The large size of GNPs results in an increase in the tool-GNP interaction, which may increase the cutting
forces compared to those of base PC.
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(a)
(b)
Figure.2 Comparisons of (a) resultant cutting forces and (b) resulting surface roughness at varying
feed per tooth.
The GNP and MWCNT filled PC nanocomposites exhibited significantly improved Ra values over those of
the base PC. This was more noticeable at higher feed rates, where the effects of thermal softening at high
cutting velocities were significant. Interestingly, for GNP and CNT loaded nanocomposites, Ra did not show
any specific trend with increases in FPT. The Ra improvement of the GNP and MWCNT nanocomposites
can be explained by the thermal and mechanical characterization tests explained in previous sections.
Adding GNP and MWCNT to the PC matrix significantly improved the thermal conductivity of the material
and decreased the thermal softening effects at high cutting velocities.
In further investigation of nanocomposite properties, it is necessary to align and disperse filler materials
within the polymer matrix to control experimental variances. It is required to understand the thermomechanical properties with respect to the direction of the alignment, but more importantly, it is necessary to
have known orientation of CNT while AFM-probe based nano-mechanical machining technique is applied.
There are several techniques available in order to align CNTs within the polymeric nanocomposites. One of
them is to use the shear stress applied during the injection molding process [Parmar et al. 2013]; however,
the process has shown that the degree of alignment is not uniform within each sample as shear stress is
strong only on the outer surface.
Alternative techniques have been investigated in this research period, and one of them is application of
magnetic field. In order to align CNTs under magnetic field, CNTs are required to be decorated with
paramagnetic nanoparticles. Utilizing the CNTs with gallic acid-iron oxide nanoparticles attached by pi-pi
bonds, solution casting technique was used to solidify polymer nanocomposite under the magnetic fields
created using strong neodymium(NdFeB) magnets, grade N42. Additional degree of alignment could be
achieved by polarizing PVDF matrix, exposed under relatively strong electric voltage current (i.e. ~ 100 V) for
prolonged time.
Magnetic fields were applied in 3 different orientations, one parallel to the length of the sample, one
perpendicular to the length and the other diagonal (45 degrees) to the length of the sample. In order to verify
the alignment of CNTs, electrochemical impedance spectroscopy (EIS) technique was used to measure the
resistance and capacitance of each sample. The sinusoidal wave with amplitude of 10 mV was applied while
the frequency ranged from 100 mHz to 1 MHz. An impedance measurement instrument (Biologic SP 150)
was used with the four-probe method to perform the test while the sample was kept in a Faraday cage to
minimize electromagnetic radiation noise. The resulting Nyquist plots were analyzed to identify the resistance
and capacitance of each sample. The samples with randomly distributed CNTs had the lowest resistance,
and the resistance increased in the order of parallel, diagonal and perpendicular orientation of CNTs,
respectively.
The investigations of the thermo-mechanical properties and the machinability of polymeric nanocomposite
materials were initiated in this study. In order to fulfill the objective of the project, more in-depth investigations
of thermo-mechanical properties are required including dynamic mechanical analysis (DMA), with respect to
varying orientations and concentrations of filler materials. Establishing the thermos-mechanical property
database would contribute to the development of the force model of composite machining process.
April 28/2017
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Jul 1, 2017 – Oct 30, 2017
The investigation of thermo-mechanical properties of carbon based composite materials leads to the
development of a model to describe the machining process of composite materials. While the ultimate goal is
to develop a general model that could describe any type of composite materials, the experimental
investigation has to begin with composites with uniaxial fiber alignment to isolate variables related to the fiber
orientations. Once the thermomechanical properties of unidirectional fiber alignments are investigated, more
complicated type of fiber alignments (i.e. woven CFRP) can be understood.
Therefore, the first step of experimental investigation of thermos-mechanical investigation of composite
materials must begin with preparing experimental samples with uni-directional fiber orientation. While some
long fibers (i.e. carbon fiber) and their composite have readily available commercial products, short fiber
composites (i.e. CNT) do not have readily available products. In this study, we have previously described
techniques using magnetic field to align CNTs decorated with paramagnetic nanoparticles.
However, in the previously described technique, it is found out that paramagnetic nanoparticles affect the
interfacial strength between fibers and matrices since the paramagnetic nanoparticles have relatively large
size (i.e. 100 ~ 1000 nm) compared to the fibers. It was also shown that strong magnetic field caused higher
concentration of fibers near the magnetic poles. In search of the alternative technique, the use of AC electric
field has been applied based on others’ reports [Takahashi et al. 2006, Meyers and Chen 2013]. The use of
AC electric field accelerates the alignment speed as well as maintaining the position of CNTs during the
alignment process.
For the PVDF matrix dissolved in DMF, 10 wt.% of MWCNTs were dispersed in DMF. The CNTs were pretreated with formic acid by sonicating and stirring in the formic acid for 8 hours in 70 °C, which was filtered
later. The solution of nanocomposite was then sprayed on top of the flat glass plate using EFD system,
where 230 V of peak-to-peak voltage was applied at 250 Hz over 3 cm gap. It created an AC electric field of
7.67 kVp-p/m) during the solution casting process of PVDF-CNT nanocomposite. The AC signal was
generated using a function generator which was amplified through PI E-463 HVPZT amplifier.

Function generator

𝑉෨

Power amplifier

Nanocomposite
Solution

Copper
electrodes

Figure 1. Experimental setup of CNT alignment using AC electric field
Once the nanocomposites are solidified, the electrochemical impedance spectroscopy (EIS) was performed
to identify their alignment. The spectroscope (Biologic SP-150) was used with 10 mVp-p voltage, frequency
swept from 100 mHz to 1 MHz while varying the sample and the orientation. The controlled sample without
CNT alignment (i.e. random orientation) was measured across width and length as well as the sample with
aligned CNTs. When the sample with CNT alignment was measured across the width, it was measured
perpendicular to the CNT alignment and vice versa for the measurement across length (see Figures 2).
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R
R

(a) Measurement across width, random orientation

(b) Measurement across length, random
orientation

R
R

(c) Measurement across width, aligned

(d) Measurement across length, aligned

Figure 2. EIS measurement of nanocomposite samples
Resistance of the nanocomposites in the measured direction can be identified utilizing the Nyquist plots
achieved from the EIS measurements. The resulting resistance values are shown in the following table 1.
The plain polymer matrix of PVDF showed large resistance value compared to CNT nanocomposites. The
randomly oriented nanocomposites showed resistance almost constant regardless of the direction as it was
expected. In the case of nanocomposites with aligned CNTs where AC electric field was applied, the
measurement perpendicular to CNT orientation showed resistance significantly larger than the measurement
parallel to the CNT orientations. Such phenomenon was expected since there is larger gap between CNTs
perpendicular to its alignment. From the resistance values highly dependent on the measurement orientation,
one could conclude that the CNTs were well aligned.
Table 1. Resistance measured from EIS of nanocomposite materials
Sample

Direction

Resistance (Ω)

Plain PVDF

Either

53277 ± 1245

Random

(a) Across the width

3721 ± 200

Random

(b) Across the length

3694 ± 200

Aligned

(c) Across the width

30120 ± 2200

Aligned

(d) Across the length

5359 ± 1150

RW/RL
1
1.03

7.48

Once the alignment was confirmed, nano-mechanical scribing using the atomic force microscope (AFM) was
performed to identify the interaction of individual fibers and the matrix. Utilizing a conical AFM probe
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NSERC CANRIMT - NETGP 479639 - 15 (2016-2021)
Interim Progress Report – February 1 – June 30, 2017
PROJECTS III.2&III3: Modeling Composite milling and drilling

Processes

(Nanoscience HSC-20) with the high spring constant (650 N/m), a constant vertical thrust force of 20 µN was
applied while AFM probe scribed through the nanocomposite at the constant speed of 1 µm/s. The
experiment was performed in five different samples and orientations as it was performed with EIS tests.
In the fiber-matrix interaction model we propose, the total cutting forces are the sum of the forces applied by
ploughing of the matrix material, resistance from the fiber due to the shear stress applied to the each end of
the fiber:

FC   mat ( AVep  V AVpileup  AVfiber)  2rf sin o ( L1 1  L2 2 ) (Eq. 1)
where the L1 and L2 are the length of each fiber end under shear stress and τ1 and τ2 are shear stress
applied to each region. Applied shear stress is directly related to forces applied to each region. Because the
forces applied to each end of the fiber is equal even if the length of fiber is different, the applied shear stress
is inversely proportional to the length of the fiber end. Considering that the ultimate tensile strength of the
fiber is much larger than the critical interfacial shear stress, the peak force could be described as:

Fp   mat ( AVep  V AVpileup  AVfiber )  4r f sin o L2 max

if

L1  L2 and  t   ult,t (Eq. 2)

Fp   mat ( AVep  V AVpileup  AVfiber )   ult,t ( L1  L2  2r ) if

 t   ult,t

(Eq. 3)

Based on the computational simulation, Chang et al. has reported that individual CNTs would have maximum
shear stress of approximately 30 MPa in PVDF-CNT nanocomposites. Assuming this is the critical interfacial
shear stress, the peak force of composite machining should expereince additional 1.2 to 14.1 µN compared
to pure matrix cutting.

Figure 3. Schematic of the fiber-matrix effective moduli and failure criteria model under scribing tool
The resulting peak force showed somewhat close cutting forces. Compared to the peak force of cutting pure
PVDF (16.4 µN), scribing perpendicular to CNT had the peak force of 31.7 µN, which was the increase of
15.3 µN. However, it is not clear if the resulting forces measured from AFM scribing experiments verified the
model. For example, the experiment was performed over 10 µm of scribing length, which should encounter 3
different CNTs assuming they are perfectly dispersed. The fact that there is only one visible peak at the initial
scribing stage, which is also found in pure PVDF scribing, leads to the suspicion that it is not resulting force
from scribing over a single fiber as it was modelled (see Fig. 4).
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Figure 4. Cutting force comparison of nanocomposite AFM scribing

The initial peak at the beginning of the scribing can be described by building up of larger pile-ups due to the
fiber entanglement with other fibers, where multiple interactions of fibers are assumed. In order to verify the
proposed model, it is required to control the experiment to scribe through only a single fiber-matrix
interphase.
Therefore, two different techniques could be investigated further. First is a technique to identify the exact
position and orientation of CNT, such as the acoustic AFM technique. The other technique is to control the
depth of CNTs within the nanocomposite, growing CNTs in arrays and slicing a single layer to ensure the
CNT positions.
In parallel to the study of aligned CNT, another experiment investigation was performed to achieve
controlled fiber-matrix interfacial properties. This is called the defuntionalization technique, because it
involves removing the functionalized branches from CNT surfaces using intensive pulsed light (IPL).
As it was described above, fabrication of nanocomposite materials involves an additional technique to
improve the dispersion of fibers. Otherwise agglomeration of nanofibers would cause uneven distribution of
fiber, leading to overall decreased mechanical strength as well as anisotropy in the composite. Among
various techniques, the oxidation technique is very common because it treats CNTs before they are mixed
with polymer and more effective than any other techniques.
However, oxidation of CNTs with carboxylic acid branches cause defect in CNT itself, decreasing the overall
conductivity as well as altering the fiber-matrix interfacial characteristics due to the presence of acid
branches. In order to reduce the oxidated CNTs back to pristine CNTs while maintaining the improved
dispersion status achieved by oxidated CNTs, the nanocomposite will be exposed under IPL during the
solidification process. The instantaneous (approx. 6 ms) exposure to IPL supplies enough energy to reduce
the oxidated CNTs back to pristine CNTs.
The proposed technique has been applied to graphene oxide (Park and Kim 2015), however it has not been
applied to CNTs yet. In order to verify the hypothesis, experiments were performed. First, CNTs were treated
with formic acid for 8 hours in 70 °C. The CNTs were then filtered and washed in vacuum filtration setup. A
half of the treated CNTs were exposed to IPL, then they were suspended in deionized water. For
comparison, acid-treated CNTs without the exposure to IPL and pristine CNTs were also suspended in
deionized water via sonication for 30 minutes.
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(c)

Figure 5. Colloidal tests of (a) pristine CNT, (b) acid-treated CNT and (c) acid and IPL treated CNT
As it is observed in the colloidal tests (Fig. 5), pristine CNTs were deposited at the bottom of bottle right 5
minutes after the sonication. However, acid treated CNTs remained dispersed and suspended, while acid
and IPL treated CNTs deposited less than pristine but more than the acid treated CNTs. This proves that
oxidating CNTs with acid then exposing it to IPL reduce it back to pristine CNT at certain degree.
For the more clear evidence, PDMS nanocomposites were fabricated using 5 wt.% of CNTs. A sample was
made with pristine CNT, the others using CNTs treated with formic acid. The solution of PDMS-CNT
nanocomposite was exposed to IPL. Once the nanocompoistes were completely solidified, the resistance of
samples were measured.
It was found out that the nanocomposite without acid treatment had 300 kΩ of resistance, which decreased
to 80 kΩ with acid treatment. The resistance further decreased to 65 kΩ when it was exposed to IPL. From
these results, it could be concluded that the CNTs could be reduced back to their pristine state while
maintaining dispersion characteristic.
With the establishment of nanocomposite preparation techniques, other fiber reinforced materials (i.e.
CFRP) are also prepared. Prepregs of carbon fibers were purchased (Fiber Glast), unidirectional and woven.
Single-layer, double-layer, 5-layers and 10-layer CFRPs were produced using pressure molding machine,
applying 135 °C of temperature and 250 kPa of pressure.
Currently the tensile mode sample holder of DMA system is damaged and in repair, delaying the thermosmechanical analysis of composite materials. Once it is repaired, experiments will be performed with varying
temperatures to identify storage and loss moduli of the composite materials, glass transition temperature and
their interfacial strength.
Nov 1, 2017 – Mar 30, 2018
In this research period, thermomechanical analysis of CFRP using DMA has been performed. For the first
step of the investigation, the uni-directional CFRP samples were prepared to understand their properties
from the very basic.
The unidirectional, non-woven standard modulus (SM) carbon fiber prepregs were prepared (Fiberglast
3112). It had the epoxy resin content of 37 %, and its basic properties were provided by the manufacturer
(see Table 1). The properties of the carbon fibers were also provided by the manufacturer (see Table 2).

ρ (g/cc)
1.21

SM

Tg (ºC)
124

Fiber
12K Tow

Table 1
Properties of the Epoxy Resin used in CFRP
E (GPa)
UTS (GPa)
ε at break
H2O absorption (%)
2.8
79.0
0.045
3.9
Table 2
E (GPa)
230.28

Properties of the sample CFRP prepregs
Er (GPa)
UTS (GPa)
thickness (mm)
15.11
4.90
0.31

m (gsm)
305
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Prepregs were placed in a compression molding machine and cured at the pressure between 11.8 to 13.3
PSI, average value maintained at 12.0 PSI. Curing began with a temperature ramp up from room
temperature up to 154 °C, maintained at the temperature for 1 hour, then decreased until 60 °C with ramp
rate less than 5°C/min.
Also to compare the relationship between the number of layers and the resulting interfacial strength, the
unidirectional prepregs of 2 layers, 3 layers and 5 layers were cured. When the layers were stacked, all
prepregs were stacked in the same orientation. The cured CFRP samples were cut into the desired geometry
of 15 mm X 35 mm cantilever beams. The samples were cut out from the cured CFRP fabrics in such way
that the orientations of fibers were varied. Fiber directions were parallel (0º), perpendicular (90º) and
diagonal (45º) to the length of the sample geometry (see Figure 1).

Figure 1. CFRP Samples with respect to fiber orientations
While CFRP samples were prepared via compression molding machine and cutting with respect to the fiber
orientations, neat epoxy resin samples were also prepared in the same dimension. The material properties of
the epoxy resin identified using DMA will be the major reference to find the interphase material properties.
In order to investigate the thermomechanical properties of the prepared CFRP samples, a DMA machine
(TA Instruments DMA Q800) was utilized in a single cantilever mode. In this mode, the sample is clamped at
both ends while one end is fixed at stationary position and the other is flexed (see Figure 2).

Figure 2. Experimental setup for DMA in the single cantilever mode
For all of the samples, experiments were performed at 1 Hz of frequency and 0.1 % strain amplitude.
Temperature was increased from the room temperature to 240 ºC with the 5 ºC of increment every minute.
Throughout the experiments, the force and displacement was measured over the time, which provides the
basis of the stress, strain, storage modulus, the loss modulus and the damping factor in addition to the glass
transition temperature.
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The experimental investigation of CFRP samples was performed by recording applied force and
displacement while the temperature was increasing inside the furnace. The experimental data was analyzed
to find the storage modulus E’, loss modulus E’’ and the loss factor tan δ of the sample composite material.
Since the loss factor is the ratio of the storage and the loss modulus, only the storage modulus and the loss
factor are shown for the analysis.
First, the storage modulus and the loss factor of CFRP samples with different number of layers were
analyzed and plotted for comparison. The storage modulus and the loss factor of neat epoxy sample were
also plotted for the references (see Figures 3). It is shown that the storage modulus decreases with
increasing temperature, and the rate is rapid especially near the glass transition temperature. The glass
transition temperature can be more clearly identified from the damping factor at the pick, which was ranged
from 122 to 125 ºC.
It was also observed that the number of layers affected the thermodynamic properties significantly. The
storage modulus was the highest with the 2-layered samples, and in decreased with the increasing number
of layers. The damping factor near the glass transition temperature of 10-layerd CFRP sample was almost
similar to that of the neat epoxy resin, while the storage modulus was still larger than the epoxy resin.
The difference in the thickness of the CFRP composite should not result in differences in the storage
modulus and the damping factor in ideal conditions. However, it is possible that each surface to surface
contact between the layers of CFRP prepregs could have not cured ideally, leaving defects such as air
bubbles and cracks. Such defects could lead to increased damping and reduced elasticity, as it is shown in
the results.

(a)

(b)

Figure 3. The comparison of (a) the storage modulus and (b) the damping factors over the temperature with
different number of layers in parallel orientation of fibers
Thermodynamic properties of the CFRP samples with different orientation of fibers were also comparatively
analyzed. The samples showed glass transition temperature ranging from 126 to 128 ºC, in a small range
similar to the samples with different number of layers. Between the orientations, it was clearly shown that
there was a large difference in storage modulus of the samples but not much of the difference in the damping
factor between the samples with different orientation of fibers (see Figure 4).
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(a)

(b)

Figure 4. The comparison of (a) the storage modulus and (b) the damping factors over the temperature with
different orientation of fibers in 5-layered CFRP samples
It is well known that the carbon fibers have much lower elasticity in radial direction than the longitudinal
direction, resulting in the relatively poor composite storage modulus as well. It is also possible that the
interphase has decreased modulus in radial direction.
Based on the experimental investigations, preliminary study of modelling the fiber-matrix interfacial strength
has also been performed. A new model is proposed to quantify the interfacial strength between the fiber and
matrix via DMA. This model considers that there is a virtual interphase material with homogeneous material
properties with perfect load transfer ability for both the fiber-interphase and the interphase-matrix interactions
(see Figure 5).

Figure 5. The inclusive interphase model
This virtual ‘interphase’ represents the empty space between the fibers and matrix where interfacial
interactions occur. It also includes the volume of matrix around the fibers that have altered molecular
arrangements, which is known have material properties different to the bulk matrix material. By combining
these two difficult-to-identify phases and representing it with a homogeneous interphase material, the fibermatrix interface can be represented in a simplified model of the inclusive interphase where its material
properties. Thus the modulus of elasticity and damping factor of the interphase material would represent the
load transfer ability and shear friction in the real composite material.
The material properties of the interphase could be identified using the rule of mixture. For the simple Rule of
Mixture for fiber and matrix in ideal conditions, the modulus of elasticity where strain is applied in parallel to
the fibers is:
This virtual ‘interphase’ represents the empty space between the fibers and matrix where interfacial
interactions occur. It also includes the volume of matrix around the fibers that have altered molecular
arrangements, which is known have material properties different to the bulk matrix material. By combining
these two difficult-to-identify phases and representing it with a homogeneous interphase material, the fibermatrix interface can be represented in a simplified model of the inclusive interphase where its material
properties. Thus the modulus of elasticity and damping factor of the interphase material would represent the
load transfer ability and shear friction in the real composite material.
The material properties of the interphase could be identified using the rule of mixture. For the simple Rule of
Mixture for fiber and matrix in ideal conditions, the modulus of elasticity where strain is applied in parallel to the
fibers is:
𝐸𝑐 = 𝑣𝑓 𝐸𝑓 + (1 − 𝑣𝑓 )𝐸𝑚

(1)

where Ec is the modulus of elasticity of the composite, Ef is the modulus of elasticity of the fiber, Em is the
modulus of elasticity of the matrix and vf is the volume fraction of the fiber. Rule of mixture for the strain
perpendicular to the fibers is:
𝐸𝑐 = (

𝑣𝑓

𝐸𝑓

+

(1−𝑣𝑓 )
𝐸𝑚

−1

)

(2)

Now, considering the interphase material into the model and re-stating the Rule of mixture, one can find
following equations for the modulus of composite and the loss factor:
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𝐸𝑐 = 𝑣𝑖 𝐸𝑖 + 𝑣𝑓 𝐸𝑓 + 𝑣𝑚 𝐸𝑚

(3)

1 − 𝑣𝑓 = 𝑣𝑖 +𝑣𝑚

(4)

tan 𝛿𝑐 = 𝑣𝑖 tan 𝛿𝑖 + 𝑣𝑓 tan 𝛿𝑓 + 𝑣𝑚 tan 𝛿𝑚
(5)
Assuming that the damping of carbon fiber is negligible (tan 𝛿𝑓 = 0) and the storage modulus obeys the rule of
𝐸𝑚

mixture (

𝐸𝑐

=

1
1−𝑣𝑓

−

𝐸𝑓

), following equation can be written to identify the loss factor of the interphase:

𝐸𝑐 (1−𝑣𝑓 )

𝐸𝑚
) tan 𝛿𝑚
𝐸𝑐
where the δ is the phase lag between the stress σ and strain ε, where they can be represented as:
tan 𝛿𝑖 = tan 𝛿𝑐 − (1 − 𝑣𝑓 )(

(6)
(7)

𝜀 = 𝜀0 sin 𝜔𝑡

𝜎 = 𝜎0 𝑠𝑖𝑛(𝜔𝑡 + 𝛿)
(8)
The loss factor tan 𝛿 is the ratio between the loss (𝐸′′) and storage (𝐸′) modulus, where the storage modulus
represents the elastic portion and the loss modulus represents the viscous portion where energy is dissipated
as heat.
𝜎0
𝐸′ = 𝑐𝑜𝑠𝛿
(9)
𝜀0
𝜎0
𝐸′′ = 𝑠𝑖𝑛𝛿
(10)
𝜀0
With the given loss factor of the interphase, Eq. (4) and Eq. (5) is utilized to identify the volume fraction of the
interphase and the matrix, vi and vm. This leads to the identification of interphase modulus, Ei, by using Eq. (3)
and the known modulus values of the fiber and the matrix.
Based on the given thermomechanical properties of the sample and the known material properties of carbon
fibers from the manufacturer, the simplified interphase model was utilized to find the thermomechanical
properties of the interphase. Table 3 shows the resulting interphase properties, only at 50 ºC for the
convenience of comparison. First, based on the measured damping factors of the composite in Figure 3(b)
and 4(b), the Eq. (6) was used to find the damping factors of the interphase tan δi. The known damping
factor can then lead to identification of the volume fraction of the interphase and the matrix, using Eq. (4) and
(5). Knowing the volume fraction of the interphase and the matrix, the Eq. (3) was utilized to find the modulus
of elasticity of the interphase.
In all the calculation, the properties of the matrix were referred to the measured properties of the neat epoxy
sample. The properties of the fiber were assumed that the modulus of elasticity was constant at the value
given by the manufacturer while its damping factor was considered negligible.
The increasing number of CFRP laminar layers resulted in the increasing damping factor of the interphase,
increasing volume factor of the interphase and decreasing modulus of the elasticity. Such phenomena in the
thermomechanical properties of the interphase with the increasing number of layers fits the assumption
where there was increased amount of defects between laminar due to the imperfect bonding. However, this
also indicates that the interphase calculated in this study does not truly represent the interphase between the
fiber and matrix only. If there was perfect bonding between the layers of CFRP prepreg laminar, the
thermomechanical properties of the interphase should have been constant regardless of the number of
laminar used in the samples.
Table 3 Analyzed interphase properties at 50 ºC
#
of
laminar

Orientation

tan δc

Ec
(GPa)

tan δi

νi

Ei (GPa)

2-layers

Parallel

0.0226

216.4

0.0225

0.27

476.61

5-layers

Parallel

0.0960

159.0

0.0953

0.39

187.48

10layers

Parallel

0.1285

41.6

0.1253

0.51

85.80

5-layers

Perpendicular

0.0784

19.4

0.0738

0.42

31.81
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5-layers

Diagonal

0.0714

128.8
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0.0708

0.40

309.89

The CFRP sample with fiber orientation perpendicular to the sample length also showed expected results.
The resulting interphase modulus was the smallest in all samples, as the fiber modulus was also small. At
the same time, the volume fraction of interphase was almost constant at 0.39 ~ 0.42 regardless of the fiber
orientation whether it was parallel, perpendicular or diagonal to the sample length. The results showed that
the volume fraction of the interphase was dependent on the number of layers, supporting that the volume of
interphase was related to the interfaces between the layers of the laminar.
In order to verify the simple interphase model and evaluated interphase thermomechanical properties, a set
of finite element analysis (FEA) was performed. In this FEA, a homogeneous cantilever bar with measured
thermomechanical properties is compared to a composite cantilever bar consists of the matrix, the fiber and
the interphase with the calculated thermomechanical properties and the volume fraction (see Figure 6).

Figure 6. The inclusive interphase model
The material properties of the measured composite sample, shown in Figures 3(a) and (b), were used as the
properties of the homogeneous beam. For the composite beam, the material properties of the fiber from the
manufacturer, the measured neat epoxy properties shown in Figures 3(a) and (b) and the calculated
interphase properties shown in Table 3 were used to define its materials. The contacts between the matrix,
the interphases and the fibers were considered to be completely bonded since the virtual ‘interphase’
material represented the actual interfacial reactions between the fiber and the matrix. The resulting
frequency response functions (FRF) of the 2-layered, parallel oriented sample of the measured composite in
homogeneous material properties and the interphase model are shown in Figure 7.

Figure 7. The comparison of FRFs between the homogeneous beam with measured composite material
properties and the simplified interphase model
It is shown that the FRFs of the two models are almost identical to each other in the frequency range of from
0 to 2000 Hz where the first mode is found. From the results in the simulation, it is possible to conclude that
the simplified interphase model fits well with the experimentally measured bulk composite material
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properties.
There were several assumptions and limitations in this study. It was assumed that the carbon fibers were
maintaining the constant material properties, and its damping ratio was considered negligible. In the reality
the carbon fiber was also to be affected by temperature. It also simplified the composite materials in the
matrix, fiber and the interphase between the fiber and matrix, disregarding the interfacial characteristics
between the layers of the laminar. The study was also limited in the DMA analysis itself, as the effects of
varying amplitudes and frequencies were not investigated.
Furthermore, it was unable to identify the relationship between the fiber-matrix interfacial strength especially
in the debonding cases just from the DMA investigations. In the future study, it is required to improve the
sample preparation steps, and include static tensile test where fiber debonding can be related to the
thermomechanical properties of the interphase.
Apr 1, 2018 – Oct 30, 2018
Results from the last research period provided some thermomechanical properties of the CFRP. In this
research period, the thermomechanical properties of the CFRP collected from the last research period was
utilized and combined with the new technique called dynamic laser assisted machining (DLAM) process. This
new technique utilizes the fact that CFRP changes its mechanical properties when the temperature is
increased, especially above the glass transition temperature Tg. When the temperature is increased above
Tg, there is a drastic decrease in the storage modulus E’ to the entire workpiece. The decrease in the
composite E’ is related to the loss of the interfacial strength, as shown in the decreased damping factor of
the samples. It is assumed that the application of high heat could reduce the cutting forces, and improve the
surface finish.
The conventional laser assisted machining (LAM) technique, however, had difficulties when it was applied to
composites such as CFRP. Carbon fibers have spectral absorptivity of approximately 60 to 70 % only, and
the high conductivity of carbon fiber transferred heat away from the zone. Thus it required higher energy of
laser to increase the temperature to the desired value at the point of interest (i.e. stress concentration, tool
edge), which resulted in high energy consumption and large heat affected zone. Since the epoxy resin of the
CFRP was heat sensitive, the overheat often caused damage to the overall workpiece instead of improving
the machining efficiency.
In this research, a new technique called DLAM was applied. In DLAM, the laser is not applied ahead of the
cutting tool, but the laser is directly applied to the point of stress by going through the transparent sapphire
machine tool (see Figure 1).

(a)
(b)
Figure 1. Schematic illustrations of the (a) conventional LAM and (b) DLAM processes
Sapphire is single-crystal alumina, a transparent material with excellent chemical stability and valuable
mechanical, thermal and optical properties. Sapphire tool has been used for fine machining of metal and
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machining of hard-to-cut materials. Due to good transmissivity and heat resistance, sapphires can be an
alternative to diamonds that are often used in LAM applications. DLAM improves the heating efficiency,
reduces the required power consumption, and minimizes occurrences of overheating. Thus, it has great
potential to improve the machining condition of CFRP. As a novel attempt, DLAM was applied in the
machining of CFRP in this study. A series of cutting tests were performed on CFRP with different fiber
orientation varying cutting conditions. Cutting forces, surface finish and chip morphology are examined and
compared to identify the improvement of CFRP machining by using DLAM.
Orthogonal cutting tests were carried out on an ultra-precision vertical CNC milling machine (KERN Micro
2255). Instead of using the high-speed milling capability, a custom-made tool holder was installed with the
DLAM tool system and mounted on the spindle (see Figure 2). A multimode fiber-coupled diode laser with a
wavelength of approximately 808 nm was used to heat the workpiece material. A fiber collimator was used to
focus the beam. The detailed specifications of the laser are shown in Table 1. For the cutting tool, a halfsphere sapphire tool mounted on a customized clamp was utilized for both the turning and orthogonal cutting
experiments. The transmittance of sapphire at a wavelength of 808 nm is around 83%, which is sufficient to
allow the laser beam to go directly through the sapphire.
Table 1 Specifications of the multimode fiber-coupled diode laser
Items

Details

Laser Type

Continuous wave

Wavelength (nm)

808 ±5

Maximum output power (W)

10.4 (Power adjustable)

Spot diameter (mm)

1

Power density

(W/cm2)

Laser beam profile type

1270
Gaussian

Figure 2. Experimental setup of DLAM orthogonal cutting operation
The workpiece was placed on top of a 3-axis miniaturized piezoelectric table dynamometer (Kistler 9256C2).
Measured forces were amplified through dual-mode charge amplifiers, collected and recorded at the
sampling rate of 1 kHz using a data acquisition (DAQ) system.
Comparison tests of conventional turning and DLAM turning were performed with different depths of cuts (ap)
and cutting speed (Vc). Two depths of cut (0.1 and 0.2 mm) were applied. The cutting length for each cut was
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approximately 20 mm. No lubrication was applied for all experiments. Each experiment was repeated four
times to identify the mean value and standard deviation of each experimental result.
For the orthogonal cutting experiments, the depth of cut was 0.01 mm and the feed rate were 150 mm/min,
which was kept constant throughout the experiments. The manipulated variable was power output of the
applied laser beam, controlled at 0 and 4.3 W. Each experiment was repeated four times to identify the mean
value and standard deviations.
With the application of direct irradiation from the laser, the material in the cutting area was heated directly
with small amount of laser power. From the observation of experimental results, there was a reduction in
cutting forces, along with improvements in surface finish. The cutting forces were measured and compared
with different laser output powers and fibre orientation.
In figure 3, the cutting forces (tangential and feed forces) resulting from the plain cutting are shown. Regular
oscillations in the cutting forces are observed for both laser conditions. The oscillations are due to the
different orientations of the fibres woven into the CFRP sample. When the feed direction was parallel to the
fiber orientation, the cutting forces are around 20 N for both force components in the case without the laser.
If the cutting tool was fed to workpiece in the direction perpendicular to the fiber direction, the feed force and
tangential force increased to 50 N and 70 N, respectively. Applying DLAM decreased both tangential and
feed forces, especially when the tool was fed perpendicular to the fiber orientation.

Figure 3. Tangential and feed forces resulting from the orthogonal cut of CFRP in plane, with and without the
DLAM process
For side cutting, the cutting forces are constant with minor oscillations when no laser is used (see Figure 4).
When the laser is applied, both cutting forces are reduced about 30%, and there are fewer fluctuation in the
forces compared to the cutting process without laser.
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Figure 4. Tangential and feed forces resulting from the orthogonal cut of CFRP in side, with and without the
DLAM process
When DLAM is applied, the cutting forces are reduced by 20% to 30%. Tiny particle chips are observed
during the cutting process when the tool was fed in the direction parallel to the fiber orientation. For the cut in
the direction perpendicular to the fiber orientation, the shapes of the chips are small strips of fibres.
The surface finish of the CFRP workpiece is examined using a ZETA 3D profilometer. As shown in figure 5,
for the surface finish in plain cut where the fibre orientation is 90° to the cutting direction, when there is no
laser assistance, many breaches are seen at the machined surface edge; however, when the laser is
applied, a smoother edge is observed (circled in red dotted line). For the plain cut, the surface roughness
values of the machined surfaces are listed and compared in Table 2. As shown in the table, there is a slight
improvement to the surface roughness when the laser is applied, as the mean surface roughness Sa and the
root mean square roughness Sq decreased.

(a)
(b)
Figure 5. Microscopic photograph of machined surface of CFRP workpiece in plain cut, (a) without the laser
and (b) with the laser
Table 2 Comparison of the surface roughness of machined surfaces in plain cut
Type of Surface Roughness

0W

4.3 W

Sa (μm)

3.38 ±0.16

2.86 ±0.30

Sq (μm)

4.36 ±0.27

3.72 ±0.38
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43.39 ±1.05

For the surface finish in side cut, no obvious difference is observed (figures 6). However, uncut fibres are
easily seen when the laser is not applied. This result indicates that the fibre fracture criterion may be
influenced by laser heating, which may also be the reason for the smoother edge observed in the plain cut
machined surface. The surface roughness values of the machined surfaces in side cut are compared in
Table 3.

(a)
(b)
Figure 6. Microscopic photograph of machined surface of CFRP workpiece in side cut, (a) without the laser
and (b) with the laser
Table 3 Comparison of the surface roughness of machined surfaces in side cut
Type of Surface Roughness

0W

4.3 W

Sa (μm)

2.39 ±0.13

2.09 ±0.11

Sq (μm)

3.06 ±0.15

2.73 ±0.20

Spv (μm)

64.25 ±2.17

28.00 ±7.81

Again, the decrease in Sa and Sq due to the application of the laser is minimal. However, in the side cut, the
peak to valley values of the surface roughness Spv decreased significantly when the laser was applied,
almost by 44 %. Along with the less fiber pull-out and fractured fibers remaining on the surface, the decrease
in the surface roughness means that the application of the DLAM increased the surface quality of the CFRP
cutting process.
In order to explain the phenomena found in the experimental cutting processes, a FE model of CFRP cutting
simulation was prepared. An inclusive interphase model introduced in the last research period was applied to
the model, representing the material properties of CFRP workpiece in three phases – the carbon fiber, epoxy
resin matrix, and the interphase. The interphase properties were defined based on the DMA tests.
A rectangle CFRP workpiece model was built in ABAQUS, the depth of the cut is 15 µm, the height of the
workpiece is 45 µm, and the length of the workpiece is 100 µm. The element type used in all models is
CPE4RT, which is a 4-node plane strain thermally coupled quadrilateral that has bilinear displacement and
temperature, reduced integration, and hourglass control. The properties of resin and carbon fibre were
defined with Johnson-Cook constitutive model.
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Figure 7. A 2D FE model of CFRP orthogonal cutting process
Currently, there have been critical errors in the model due to the lack of the information on the damage
criterion on the fiber and resin. More thorough investigation will be performed to improve the FE model and
explain the effects of DLAM in CFRP cutting process, enabling the estimation of the resulting cutting forces
and surface finish from the simulation.
Nov 1, 2018 – Mar 30, 2019
Investigation of the fiber-matrix interaction of composite materials is important to understand the machining of
composite materials. In the past, it was shown that DMA could be used to find the effective moduli of the
interphase area while the fiber cutting analysis could find the failure criteria between the fiber and the matrix.
The true nature of the interfacial strength could only be found when the information from both experiments is
combined together in the model.
In this research period, use of the AFM was planned to understand the CFRP cutting process more deeply, by
preparing a set of controlled experiments were to investigate the effects of the angle of attack from the fiber to
the tool and the length of the fiber. From the previous study (Figure 3 from Nov 2017 – Mar 30, 2018, Report),
the estimated maximum force was calculated assuming the tool was cutting right at the center of the fiber,
while the cutting direction was perpendicular to the fiber orientation. However, in the realistic condition, one
cannot expect to have fibers oriented in perfectly perpendicular condition, nor cutting directly at the middle of
the fiber (see Figure 1).
Importance of identifying interfacial strength within composite materials has led to various analytical and
experimental investigations including finite element analysis and molecular dynamics simulations. In most
studies, the condition was specifically narrowed to the condition where the stress and strain are applied in the
direction parallel to the fiber alignment. Thus the experiments and simulation have been mostly limited to the
simple pull-out experiments [Kelly and Tyson 1965].

Figure 1. Schematic of fiber orientations for a realistic composite cutting process
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In the process of the mechanical machining process, the process rarely involves axial loading; the process is
rather described by application of transferred load concentrated in a small area. Thus the process of failure
cannot be simulated by simple pull-out experiments.
The objective of this study is to experimentally investigate the behaviours of critical failure in fibers and polymer
matrices under transverse load are investigated experimentally. Strands of horizontally hanging carbon fibers
will be held by polymer matrices at the ends, where the length of fibers in contact with the polymer is
manipulated.
Specifically, the critical amount of force applied to pull out fiber is compared between the simple pull out tests
and the transverse load test while varying experimental parameters. The length of fiber in contact with the
polymer, the ratio of the length of fiber in contact with the polymer at each end of the fiber, angle of attack and
distance of the hanging wire are varied.
Understanding the fiber-polymer interactions under the concentrated transverse load starts from the
understanding of how it differs from the simple pull-out experiments. Figure 2 provides a schematic illustration
of the fiber under transverse load, held by polymer matrices at both ends. While the total length of the fiber is
L, the length of the fiber embedded in the polymer matrices at each end of the fiber is denoted as L1 and L2.
The distance between the two block of mass, d, can be controlled to be equal to or smaller than the length of
the remaining fiber, letting the hanging fiber to sag due to the gravity.

Figure 2. Schematic of fiber under concentrated transverse load, top view
When the concentrated transverse load is applied (FC), the force is resisted by the x-axis force vector of the
fiber’s tension force. The equilibrium of forces is maintained until the critical force is reached where either end
of the fiber is pulled out of polymer or the fiber breaks.
Depending on the length of the hanging fiber and how far the center of the load is located from the holding
ends of the fiber (d1 and d2), the angles of tension (T) vector (θ1 and θ2) is determined with respect to the fiber
ends. Assuming the fiber and the tool applying the transverse load has frictionless contact; the force of tension
is applied uniformly along the hanging part of the fiber. The magnitude of tension (T) found in the fiber is:

T

FC
sin 1  sin  2

(1)

where the angle θ1 and θ2 are defined by the ratio of how far the fiber is elongated over how far the center of
the load is located from each holding end.

1  arctan

x
d1

x
 2  arctan
d2

(2)

The smaller the angle θ1 and θ2 are, the larger the instantaneous tension applied to the fiber in comparison to
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the applied load FC. Carbon based fibers are known to have extremely high tensile modulus of elasticity E (i.e.
carbon fibers have approximately 4 to 6 GPa of modulus of elasticity), and it means the angle θ1 and θ2 would
be small as the hanging fibers will not elongate.
In a simple pull-out test, the axial pulling force is directly transferred as a tension (see Figure 3 (a)). Thus
the load is distributed among the surface area of the fiber and it is assumed to be uniformly distributed.

(a)

(b)

Figure 3. Schematic of external force applied to fiber in (a) simple pull-out and (b) transverse load test
DiFrancia and others studied various literatures regarding the single fiber pull-out and categorized the shear
stress associated in the pull-out process into three [DiFrancia et al. 1996]. They are called the interfacial bond
shear stress τbond, the interfacial debond shear stress τdebond and the interfacial sliding shear stress τpull-out.
The interfacial bond shear stress is the amount of shear stress applied at the interface at the moment of crack
initiation. If the length of embedded fiber L is equal to or smaller than the critical length of effective stress
transfer Lc, failure mechanism is catastrophic (i.e. the maximum load Tmax is equal to the load of crack initiation
Tini). If not, the point at sudden change of increasing slope of the force over displacement is considered to be
the moment of crack initiation. Then the interfacial bond shear stress τbond force is considered to be uniform
over the surface area of the interface where Tini is the pulling force at the moment of crack initiation and rf is the
radius of the fiber.

 bond 

Tini
2r f L

(3)

If Tmax ≠ Tini, the interfacial debond shear stress has to be assessed. It is the amount of shear stress applied at
the interface during the crack propagation where energy is dissipated through friction in the length of fiber
where it is already debonded. It is found from the slope of the applied load versus crack length a:

 debond 

dT
da(2r f )

(4)

The interfacial sliding shear stress is the amount of shear stress applied at the interface purely due to friction
between sliding fiber and the surrounding matrix once debonding is complete. It is found from the slope of the
applied load versus displacement:

 pullout 

dT
dy(2rf )

(5)

Depending on the type of the interface, the crack propagation speed could be too fast to distinguish interfacial
debond stress. There are several studies reporting bond shear stress and sliding shear stress that could be
used as reference.
However, when the force is applied in transverse direction on the hanging fiber as shown in Figure 2(b), there
is an additional vector of load applied to the embedded fiber, in addition to the uniaxial load applied in the
simple pull-out test. The load in x-axis, Tx would apply additional normal stress to the fiber in x-axis and the
stress would be concentrated more on the exit of the fiber than the embedded end of the fiber. There has not
been a specific study investigating how the additional stress applied perpendicular to the fiber orientation
would affect the debonding or the sliding processes.
The interfacial sliding shear stress is known to be affected by the coefficient of friction and the amount of radial
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compression load applied by the chemical shrinkage of the matrix and thermal mismatch between the matrix
and the fiber. In such case, increase in stress due to the transverse load may increase the sliding shear stress.
It is not known whether the interfacial strength between the fiber and matrix has any relation to the additional
normal stress. It is possible, however, that the additional normal stress cause change in material properties of
the surrounding matrix or the interphase layer. Thus a mechanistic approach is required to measure apparent
shear stress for the bond, debonding and sliding shear stress and express them in terms of variables α, β and
γ where they are dependent on the ratio of Tx/Ty.

 bond,app 

Ty ,ini
2rf L

   dTy 


 da 
r
2

f 



 debond, app  

 
 pullout  
 2rf

 dTy 


 dy 



(6)

(7)

(8)

The variables α, β and γ are experimentally investigated at various θ to find the relationship between the ratio
of Tx/Ty and the apparent shear stress measured at the interface. It is further investigated with varying lengths
of embedded fiber, identifying critical length Lc and observing if there’s any effect of critical length due to the
additional transverse load.
Apparatus used during the experiment consists of two parts. The first part involves polymer matrix and carbon
fiber and is where mechanical reactions to the force occur. The steel structure is fastened onto the spindle of
micro milling machine, and plastic cups are attached to the structure using strong adhesive such as super glue.
The second part of the structure involves the part that applies and measures the force applied to the carbon
fiber. A force sensor is placed on the stage and fastened using the appropriate method. A 3D printed plastic
part is attached to the force sensor using bolts. The plastic part is capable of holding a thin steel rod upright,
perpendicular to the flat surface of the force sensor. The steel rod is the part that applies force Fc onto carbon
fiber as the stage is moved slowly along the feed direction. Via Newton’s third law of motion, the force Fc
experienced by the carbon fiber will also be experienced by the plastic part fastened onto the force sensor,
allowing the sensor to measure the force applied to the carbon fiber (See Figure 4).

Figure 4. Schematic of experimental setup
A commercially available strand of CF is prepared (Fibre Glast 2048) at a length of 5 cm. To prepare the
samples, liquid epoxy was prepared inside a 3-D printed cylindrical container. The liquid polymer is poured into
two 3D printed ABS plastic cups until the surface of the polymer reaches the rim of plastic cups for consistent
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height and amount of polymer. Both ends of a single strand of carbon fiber are embedded straight into each
cup of the liquid polymer by desired embedded length. Then the epoxy was hardened using UV light exposure.
A micro diamond tool (Microstar TB21221) with the edge radius of approximately 20 nm is mounted to KERN
Micro system. The 3-axis stage of the KERN Micro system has a feedback controlled stage driver with 100 nm
resolution. A Kistler piezoelectric dynamometer (Kistler 9257b) is mounted on top of the 3-axis stage, where
the sample is attached on top of it. The forces are measured in 3 axes utilizing the dynamometer with mN of
resolution.
For each type of sample, cutting experiments are performed with varying parameters. With a constant feed
speed of 5 µm/s, the probe is fed into the samples for a length of 10 cm. The y-axis position is varied in three
different numbers (0, L/3 and 2L/3) where L is the length of the fiber. The z-axis position is varied in three
different numbers as well (3rf, 2rf, and rf,). Finally, the orientation of the fiber is varied in four different angles
from the feed direction (0, π/6, π/3 and π/2). Each experiment has to be performed five times at each
experimental condition.
The experiments couldn’t be performed in this research period as the previous HQP with experience graduated
and left the project. The new HQP started in the middle of the period and the progress was made to develop
the experimental setup. The experiments will be performed to define the shear stress and failure criteria in the
varying angle of attack and embedded fiber lengths. Once the investigation is complete, it will be compared to
the forces related to the CFRP and pure epoxy matrix, establishing the relationship between the three to
develop a cutting force model of CFRP in relation to the interfacial strength.
Apr 1, 2019 – Oct 30, 2019
In order to validate the inclusive interphase model introduced to describe the material properties of the CFRP
workpiece in Nov 1, 2017 – Mar 30, 2018 research period, we are trying to build a FE model and simulate
cutting process with a commercial FEA software ABAQUS/Explicit. A 2D FE simulation of orthogonal cutting
UD-CFRP will be used in which the workpiece behavior represented by a combined micromechanical and EHM
(equivalent homogeneous material) model. The former was used to simulate the material properties in the
vicinity of the tool while the later used for the remaining bulk material in order to introduce adequate stiffness in
the cutting direction while reducing computational cost of the analysis.
A rectangle CFRP workpiece model was built in ABAQUS, the depth of the cut is 5 µm, the height of the
workpiece is 45 µm, and the length of the workpiece is 80 µm. The geometry used for this model has been
illustrated in Figure 1. The width of carbon fibers is selected equal to its diameter (7.5 µm). The other
dimensions have been chosen to satisfy the volume fractions. The element type used in all sections is
CPE4RT, which is a 4-node plane strain thermally coupled quadrilateral that has bilinear displacement and
temperature, reduced integration, and hourglass control.

Figure 1. Geometry for 2D FE model of CFRP cutting simulation
Prior to the final complicated model simulation, two simpler models are simulated which do not include direct
laser-assisted machining. In the first model, the interphase was excluded from the model and only carbon
fibers and epoxy resin are considered. In the second model, the interphase are also considered in the model.
At the cutting zone, the matrix and fiber are simulated as individual phases with different material properties
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and failure modes. Unfortunately, because of the lack of data for material properties (including plasticity and
failure parameters) of epoxy resin and carbon fiber, modeling cutting of carbon fiber reinforced epoxy is really
difficult and many assumptions should be considered which causes some errors for the simulation.
Elastic behavior of the material is defined by the Young modulus and Poisson ratio. The behavior of epoxy
resin is highly dependent on the strain rate. If the cutting speed is sufficiently low, this behavior can be
simplified and presented by static or semi-static stress-strain curve. Based on this assumption, stress-strain
curves at different strain rates are used to model plasticity and failure behavior of epoxy resin. In this model,
the graph below is used for the epoxy matrix:

Figure 2. Compressive stress-strain at room temperature
However, if a comprehensive plasticity model is developed and used as the input into the model, the results
will be much more reliable. The dynamic behavior of epoxy cannot be predicted using the Johnson-Cook
model. Therefore, in order to accurately describe the dynamic constitutive behavior of epoxy, some equations
have been proposed in the literature. For instance, a constitutive equation that is a modified version of the
Johnson-Cook model was suggested:
𝜎 = 𝐴𝜀 𝑛 𝑒

[−(

𝜀 𝑚 𝑛
) ( )]
𝜀𝑦
𝑚

𝑇 − 𝑇𝑟 𝑘
[1 − (
) ]
𝑇𝑚 − 𝑇𝑟

(1)

where σ is the axial compressive stress in the specimen loaded under a uniaxial stress condition, ε is the
corresponding axial strain, εy is the axial strain where yield (peak) is reached, A (=7.573 MPa) is a constant, n
(=1.224) is a strain-hardening factor, and m (=1.345) is a strain-rate factor (The reference strain rate was
1.1×10-2 s-1).
Similarly, it has been found that the following equation describes the strain-rate dependence of the yield strain:
𝜀𝑦 =

2
𝜀̇ ℎ
𝐵(𝑡𝑎𝑛ℎ [𝑙𝑛 ( ) ]) + 𝜀0
𝜋
𝜀̇0

(2)

where B (=0.0551) is the variation amplitude of yield strain with strain rate, h (=0.1441) is the strain rate factor
on εy, the reference strain rate 𝜀̇0 (=64.70 s-1) represents the strain rate of the turning point and ε 0 (=0.0849) is
the yield strain corresponding to the reference strain rate 𝜀̇0 . As these coefficients have been extracted for
epoxy, Epon 828/T-403, it would be better to calculate them again for the epoxy resin used in this study.
Hence, in this study ductile damage mechanism was used to simulate progressive damage of matrix material.
Isotropic hardening (cold work) has been included in material definition. A damage initiation criterion is required
to define the initiation point of each damage mechanism. Then, the damage will progress based on a defined
damage evolution criterion until the elements are deleted.
Elastic properties and Johnson-Cook parameters have been extracted for carbon fiber to model its plasticity
behavior:
Table 1 Johnson-Cook parameters for carbon fiber
E (GPa)
𝜐
A (MPa)
B (MPa)
n
C
m
230
0.3
1890
590
2.81
0.001
106
In some models, unlike an isotropic material, in which elastic properties are the same in all directions, carbon
fibers are considered as a transversely isotropic material in which the stiffness is much higher along the axis of
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the fibers. The maximum principal stress criterion is used to simulate brittle fiber failure. Fiber elements fail
when maximum tensile/compressive principal stresses exceed the tensile/compressive strengths of the
material.
As the EHM section of the workpiece does not come into contact with the tool, it is defined as an orthotropic
homogeneous material with pure elastic behavior.
In this simulation, to simplify the model, the geometry shown in Figure 3 was used.

Figure 3. The simplified geometry to simulate cutting process
Figure 4 shows the simulated cutting for carbon/epoxy composite.

Figure 4. Simulated cutting process for carbon/epoxy composite
As it was mentioned, the results are not accurate based on many assumptions that were made. In the next
step, after developing a failure model for the interphase, this phase will be added to the model as well.
Moreover, as it was mentioned in Nov 1, 2017 – Mar 30, 2018 research period report (Table 3), the
thermomechanical properties of the composite material are dependent on the number of layers. Hence, the
properties of the interphase are also affected by the thickness of the samples. The increasing number of CFRP
laminar layers resulted in the increasing damping factor of the interphase, increasing volume factor of the
interphase and decreasing modulus of the elasticity. Such phenomena in the thermomechanical properties of
the interphase with the increasing number of layers fits the assumption where there was increased amount of
defects between laminar due to the imperfect bonding. However, this also indicates that the interphase
calculated in this study does not truly represent the interphase between the fiber and matrix only. If there was
perfect bonding between the layers of CFRP prepreg laminar, the thermomechanical properties of the
interphase should have been constant regardless of the number of laminar used in the samples.
Thus, instead of using prepregs and press them to make the composite samples, we are trying two other
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methods. The first one is hand lay-up and the other one is vacuum assisted resin transfer molding (VARTM).
After testing these samples, the results will be compared to the last method to check whether the properties
are still dependent on the thickness or not.
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Plans:
In the upcoming research period, we plan to continuously perform dynamic mechanical analysis of composite
materials (CFRP and CNT nanocomposites), measuring stress and strain in varying frequencies and temperatures
ranging from 20 to 250 degree Celsius. The number of fibers in layers will be considered, as well as the alternating
orientation of fibers per layers. The experiments will also include the DMA analysis of composite materials with fibers
oriented in different directions.
Furthermore, we will work on the finite element model for cutting process of CFRP. After developing a failure model for
the interphase, the simulation will be done considering all three phases (carbon fibers, epoxy resin and the interphase)
Milestones:
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