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Abstract

The fracture toughness, G, of pure epoxy and epoxy nanocomposites with 10 wt% nano-rubber and 10 wt%
nano-silica particles, was determined using an orthogonal cutting method on a CNC machine. The cutting
forces were measured by a multi-axis dynamometer, and depths of cut were precisely controlled from 30 pm
to 120 um. High speed cutting tools with three rake angles of 10°, 20°, and 30° were used for the cutting. The
fracture results of pure epoxy and 10 wt% nano-silica epoxy composite determined by the cutting test has the
same order of magnitude as which determined by the standard compact tension test. However, for 10 wt%
nano-rubber epoxy, a much lower G, value was measured due to the interaction between the plastic zone size
of the crack tip and the magnitude of cutting depth. The results have indicated that orthogonal cutting could
be an alternative approach to traditional LEFM testing for brittle polymeric nanocomposites. The specimen
preparation and testing procedures would be greatly simplified compared with current fracture test
technologies.
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1. Introduction

The accurate estimation of fracture toughness for ductile, yet tough polymers remains to be a
challenging task in material science. Traditional LEFM testing is affected by the blunting of the
crack tip during crack propagation, which results in over-estimation of the toughness results. Recent
research carried out by Patel et al. [9, 10] has proposed that orthogonal cutting may be a suitable
method for measuring the strain energy release rate, G, for such polymers. The theory was initiated
by Atkins [1-3, 5] who pointed out that the fracture energy in the orthogonal cutting process should
be equally important as the plastic work and frictional loss, and that the critical fracture energy
during cutting be equivalent to the cutting energy extrapolated to the zero depth of cut.
Subsequently, Williams [9] developed a more sophisticated orthogonal cutting model by taking
Tresca yield criterion and Coulomb friction of the workpiece material into account. A linear
relationship between the cutting energy and the cutting depth with the inclusion of the constant
global fracture energy, G., has been deduced. The new theory has been verified by the testing of
some typical high toughness but low strength engineering polymers. The cutting experiment gives
valid toughness results for these materials.

It is expected that this marvel fracture testing technique will also be applicable for a variety of
engineering polymers, in particular, such as tough, yet brittle polymeric composites, thin polymeric
film and micro-fabricated materials. The method will greatly simplify the preparation of testing
specimens and avoid the limit of size requirements in the standard fracture toughness test. Our work
has been focused on employing the orthogonal cutting method to measure fracture toughness of
brittle amorphous epoxy and its nano-modified composites (10 wt% nano-rubber and 10 wt%
nano-silica epoxies). The cutting experiment was performed on a rigid CNC machine where the
depth of cut can be precisely controlled within few hundreds of microns. At this range of cutting
depth, the cut material behaved sufficient plasticity. Continuous chipping process and steady-state
cutting force signals were observed. The cutting condition satisfied Williams’ notion of cutting
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tough, yet ductile polymers. Hence, the same analytical method can be used in the cutting data
analysis.

2. Analysis
2.1 Orthogonal Cutting with Consideration of Fracture Energy

A schematic representation of the orthogonal cutting model developed by Williams et al. [9] is
illustrated in Fig. 1 (a), where a tool with a single cutting edge of rake angle a is driven at a constant
velocity V' to remove a chip of thickness /. and width » from a testing material. The force
relationship of the model may be considered by treating the chip as an isolated system. During a
steady-state cutting process, the chip is hold by two equal and opposite resultant forces F and F”’
under equilibrium condition. F’ is generated by the tool which acts on the back surface of the chip;
F is due to the reaction of the testing material being cut which exerts on the base of the chip. F’ may
be resolved into a friction force S and its normal component N along the chip back surface. § is
responsible for the work expended in fraction as the chip slides over the tool rake face. On the other
hand, F may be resolved into a shear force F; and a compressive force F,, on the base of the chip.
The base of the chip can be considered as a shear plane, of a shear angle ¢, where shear yielding of
the testing material take places. The shear force F; is then responsible for the work expended in
plastic deformation of the testing material. [7-9]

Testing material FrbGe Testing material

(a) (b)
Figure 1. Schematic diagrams of orthogonal cutting (a) force relationship of the cutting system and (b)
geometrical relationship of displacements of forces during cutting.

From another standpoint, the resultant force, F, may also be decomposed into F.-bG, along the tool
moving direction and F, which is perpendicular to the tool moving direction. F, is the cutting force
delivered from the tool which is responsible for the total work dissipated in the cutting process. F;
arises from the existence of F, which is described as a transverse force to maintain the steady-state
during cutting process. G, is considered as the global fracture energy reserved in the testing material.
Furthermore, G, is modelled as a reaction force towards the cutting direction to prevent the
material from separation, where b represents the width of cut. [9, 10]

2.2 An Energy-based Approach to Determine the Fracture Energy

In the orthogonal cutting system as illustrated in Fig.1 (a), the total cutting energy delivered by the
tool is considered to be completely dissipated into the plastic work of the chip, the frictional loss
due to tool-chip interaction and the fracture work of the testing material [9], where

dUdiss = dUplast + dUﬁict + dUﬁ’act (1)
In force-displacement relation, Eq. (1) becomes
F.dx = F.dx, + Sdx, +bG dx 2)
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where dx represents the incremental displacement of tool movement. The corresponding
displacements owing to F and S, dx, and dxy, respectively, can be derived based on the geometrical
relationship as shown in Fig. 1 (b) [9]
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Considering force equilibrium of the chip, the friction force on the tool-chip interface may be
expressed as

S=(F.-bG,)sina+F, cosa (5)

On the other hand, the shear force on the shear plane can be modelled in accordance with Tresca
yielding criterion. It is assumed that the shear plane is formed at a critical shear stress which is half
of the yield strength of the testing material [9], thus,
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where bh/sing is the effective area of the shear plane.
Substituting Eq. (3) to (6) into (2), we have
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Thus, the fracture energy, G, induced by the cutting process can be determined from the linear plot
of F./b-(Ft/b)tang versus (tanp+1/tanp)h data [9, 10], where

tang = hcﬂ (8)

< —sina
h

and /. represents the chip thickness.

3. Experimental
3.1 Cutting Experiment Set-up

Cutting tests were carried out on a hydraulic driven rigid CNC machine (Minini Junior 90 M286). A
customised tool post and a sample holder were made to cope with orthogonal cutting. The cutting
forces were measured by a multi-component dynamometer (Kistler 9257B). The cutting force
signals were recorded by an digital oscilloscope (Agilent 54621A) and the data were processed in
Excel. A set of high speed cutting tools (Cobalt M42), of rake angles 10°, 20° and 30° and clearance
angle 4°, were used in the experiment. The tools were sharpened with tip radii less than Sum.

3.2 Testing Materials
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A diglycidyl ether of bisphenol A (DGEBA) epoxy resin, Araldite-F (Ciba-Geigy, Australia), cured
using piperidine (Sigma-Aldrich, Australia) with a ratio of 100:5 (epoxy/piperidine), was used as
the base material. For two epoxy nanocomposites, one has 10 wt% SiO, nanoparticle produced from
Nanopox XP 22/0616 resin (Hanse-Chemie AG, Germany), which consists of well dispersed silica
nanoparticles (40 wt%) with an average particle size of 20 nm, while the other has 10 wt% spherical
rubber particle produced from a bisphenol master batch resin with 25 wt% well dispersed rubber
nanoparticles of 100 nm in size (Kaneka Corporation, Japan). [6, 11] For the cutting experiment, the
testing materials were prepared into approximately Smm thick rectangular blocks.

The values of fracture toughness G, and yielding stress oy of the testing materials have been
determined from conventional compact tension and tensile tests [6, 11], where the CT test followed
ASTM D5045 while the tensile test followed ASTM D638.

3.3 Cutting Test Method

The testing material and tool were firmly gripped on the sample holder and tool post, respectively.
Cutting started with first a few thin sectioning of the testing material in order to flatten the cut
surface. Subsequently, consecutive cutting operation was performed with a speed of / mm/s and the
depths of cut were varied from 30um to 120um. After each cut, the chip was collected for further
measurement.

4. Results and Discussion
4.1 Cutting Results for Pure Epoxy and Epoxy Nanocomposites

Cutting results are presented for pure epoxy and two epoxy nanocomposites. Cutting forces F, and
F,, and chip thickness /. are measured for a range of cutting depths /. The data are evaluated by Eq.
7, as shown in Fig. 2.
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Figure 2. Cutting results for (a) pure epoxy with specimen width b=5.57mm, (b) 10% nano-rubber epoxy
with specimen width 5=5.04mm, and (c) 10% nano-silica epoxy with specimen width b=5.40mm. The cutting
velocity was at / mm/s. The legend shows the rake angle in degrees.

Table 1. Yield stress and fracture toughness for epoxy and its nanocomposites [6, 11].
Pure epoxy 10% nano-rubber epoxy 10% nano-silica epoxy

Method Testingrate  oy(MPa)  G.(kJ/m’)  oy(MPa)  G.(kJim’)  oy(MPa)  G.(kJ/m’)
Cutting test Imm/s 87.46+2.47 0.59+0.21 77.38+125 0.65+0.09 84.52+1.73  0.89+0.15
CT test Imm/min -- 0.28+0.25 -- 1.93+0.1 -- 0.69+0.05




13th International Conference on Fracture
June 16-21, 2013, Beijing, China

Tensile test Smm/min 42.1+2.6 - 37.6£0.8 - 46.5+1.1 -

The linear regression analysis has been shown in the plots of F./b-(F/b)tang versus (tanp+1/tanp)h
data. The gradient gives the yield stress, oy, which was deduced in accordance with Tresca yield
criterion, and the y-intercept is the fracture energy, G., of the testing material induced by cutting.
The oy and G, determined from the cutting test are compared with those determined from standard
compact tension and uni-axial tensile tests, as listed in Tab. 1.

4.2 Results Discussion

The compact tension test gives G. values of 0.28+0.25 kJ/m?, 1.93+0.1 kJ/m* and 0.69+0.05 kJ/m’
for pure epoxy, 10% nano-rubber epoxy and 10% nano-silica epoxy, respectively. Cutting test gives
higher G, results for pure epoxy and 10% nano-silica epoxy, but within reasonable limits. The cause
of discrepancy is attributed to the complication in the estimation of depth of cut, /. Since the tool
cannot be perfectly sharp, the lower portion of the tool tip may result in a ploughing of the testing
material during the cutting process. Thus, the measurements of the cutting depth were
overestimated by the size of 6, as shown in Fig. 3 (b).

Actualtooltip ([
-

Testing material Testing material
(a) (b)
Figure 3. Schematics of orthogonal cutting with (a) an ideal sharp tool, and (b) an actual tool with a tip

radius r.

Assuming that half size of the tip radius contributes to the ploughing process, the fracture energy
that was over estimated by ploughing could be approximated by

G'= oo, 9)

where the tool tip radius used in the experiment was around Sum; oy is the yield stress determined
from the cutting test. [4] Hence, the actual fracture energy induced by cutting for pure epoxy
becomes

2.5x87.46

G, =0.59k] / m* — kJ I m* =037kJ | m* (10)
1000
and also, for 10% nano-silica epoxy
Gc=o.89w/mz—%k}/m2 ~0.68k] / m’ (1)

which are in good agreement with the results derived from the compact tension test.

The cutting test gives 0.65+0.09 kJ/m® for the G. value of 10% nano-rubber epoxy. The result is
about 3 times lower than that given by the compact tension test. In this particular case, the cutting
result is most likely affected by the crack tip plastic zone size of the testing material. The estimated
plastic zone size in the compact tension test for 10% nano-rubber epoxy is about 190um, which is
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far above the nominal depth of cut for the cutting test: 30um to 120um. Thus, the plastic zone size
induced by cutting is confined and the measured G, value is much more conservative.

Finally, it is noticed that cutting method always determines high values of yield stress compared
with those determined from the tensile test. This has been ascribed to large strain and high strain
rate on the shear plane during the chip formation process [9].

5. Conclusion

The fracture toughness of epoxy and its epoxy nanocomposites with 10 wt% rubber and silica
nanoparticle has been measured by use of an orthogonal cutting method. The cutting method has
been proven as a valid way to characterise the G. of ductile and moderately tough polymeric
materials [10]. This work expands the applicability of the method to brittle and tough amorphous
polymer and its nanocomposites. It is believed that with the careful examination of the cutting
quantities and the material property, orthogonal cutting could become an alternative approach to
easily determine the fracture toughness of a wide variety of engineering polymers.
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