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Abstract

The utilization of unused forest products is beneficial, and therefore the
application of natural fibers to FRP products has been proposed. Bamboo fibers
have attracted particular attention because bamboo has the fastest growth rate
among various types of renewable natural fibers. Moreover, bamboo fibers have
high specific strength and stiffness appropriate for structural materials. In the
present study, we explain a new method designed to obtain high-quality bamboo
fibers by effectively end-milling them with a machining center (MC) using
numerical control (NC) and an automatic tool changer (ATC), which enables the
manufacture of a wide variety of products. NC programs encoding a spiral tool
path were used for the bamboo pipe in order to obtain bamboo fibers effectively.
The fiber length and diameter were evaluated at various feed rates, cutting
speeds, and depths of cut in the fiber direction. Microscopic observation showed
that the length of the fibers obtained can be controlled by selecting the depth of
cut along the bamboo fiber direction and the diameter can be controlled by
adjusting the feed of the end-mill center, which is determined by spindle speed
and feed speed of end-mill under a constant end-mill diameter. Thus the desired
fiber shape can be controlled with consistently high accuracy using end-milling
by adjusting the cutting conditions. Moreover, using spiral tool path end-milling
with a straight cutting edge tool can efficiently acquire high quality straight
bamboo fibers with no thermal damage.
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1 Introduction

Recently, industrial products made of fiber reinforced plastic (FRP) such as glass
fiber-reinforced plastic (GFRP), are being utilized extensively because they have
high specific tensile strength (that of GFRP is as high as steel) but are
significantly lighter. The use of such materials may have a negative
environmental impact because of problems associated with their disposal or
destruction. Conversely, the utilization of unused forest products is beneficial to
the environment, and therefore a method of acquiring and applying natural fibers
to FRP products has been proposed [1-7]. Bamboo fibers, in particular, have
attracted attention because bamboo has the fastest growth rate among the various
types of renewable natural fibers, and is grown throughout Japan. Moreover,
bamboo fibers have high specific strength and stiffness as appropriate for
structural materials [8, 9]. Bamboo fibers have been obtained from the wood-like
plant through various methods, such as crushing or heat steaming the bamboo
stems. Using these methods, however, it is difficult to control the diameter,
length and other dimensions, as well as to obtain large quantities of a consistent,
uniform shape as necessary for high-quality fiber components in industrial
materials [10]. This paper attempts to obtain high quality bamboo fibers by end-
milling with a machining center (MC) as an alternative to previous conventional
methods. The MC makes it possible to manufacture many kinds of products and
the proposed method boasts some advantages over conventional methods. The
shape of the bamboo fibers can be controlled because all the machining center
processes are controlled by digital program. Moreover, the spiral tool path
should produce uniform bamboo fibers and allow accurate control of the shape
of fibers by variation of the cutting conditions.

2 Experimental method

2.1 Material

Naturally growing Mousouchiku bamboo was used as the base material. The
bamboo was cut using a metal saw into 100 mm-long bamboo pipes in order to
remove the bamboo joints. The bamboo pipes were then set on the table in an
MC and end-milled. The waste bamboo obtained was used as the bamboo fibers
used in the experiments.

2.2 Machining equipment and conditions

A ROBODRILL (Type: T14iDs, FANUC Co., Ltd.) was used as the MC for
milling. The end-mill tool used in the experiments was a square type with two
straight cutting edges, and made of high-speed steel without coating films on the
tool surface. The end-mill diameter was 6 mm. Table 1 shows the machining
conditions. The tool followed a spiral path from the perimeter to the center with
a cutting depth of 50 um per one cycle in the radius direction of bamboo, as
shown in Fig. 1.
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Table 1: Machining conditions.

Spindle speed S (rpm) 2500, 5000, 10000,
15000, 20000

Feed speed F' (mm/min) 250, 500, 750,

1000, 2000

Depth of cut in radius direction R, (mm) 0.05

Depth of cut in bamboo fiber direction 4, (mm) 2.5,5,8,10

End-mill radius » (mm) 3

Number of end-mill cutting edge Z 2

End-mill

Figure 1: Spiral tool path.

End-mill

Figure 2: Convex contour cutting.

2.3 Theoretical cutting configuration

Figure 2 shows a diagram of the geometrical configuration. Here, f, is the feed of
the cutting edge (mm/tooth), £;, is the feed of the end-mill center (mm/tooth), r is
the end-mill radius (mm), R, is the depth of cut in the radius direction per cycle
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(mm), R, is the bamboo radius after cutting (mm), « is the angle between the f,
and f;, directions (rad), and ¢,, is the cutting engagement angle (rad). The tool
path approaches to a circumference path because the depth of cut in the bamboo
pipe radius direction is very small comparing with the end-mill radius and the
bamboo pipe radius.
The cutting arc length L and the maximum thickness 4 are obtained
respectively based on the geometrical configuration shown in Fig. 2.
L=r-sina,, (1)
h=f, -sin(a,, + ) 2
Here, the depth of cut in the radius direction per cycle R, is very small
compared with the end-mill radius » and the bamboo pipe radius R,. As a result,
the cutting engagement angle «,, is extremely small, so as to be nearly zero.
Therefore, eqn (3) can be obtained from eqn (1) using the approximation
SINUpy = Uy
L=r-a, 3)
Eqns (4) and (5) can be obtained by the geometrical relation of the triangle
that consists of the bamboo pipe center point, the end-mill center point, and the
sharp end of the end-mill cutting edge, as shown in Fig. 2.
r-sing,, =(R, +R,)-sina 4)
r-cosaw+(RI,+RV)-cosa=Rh+r (%)
Eqn (6) is obtained from the relation that the ratio of the feed of the cutting
edge f, and the feed of the end-mill center f;, is equivalent to the ratio of the
distance from the spiral path center to the end-mill center point and to the sharp
end of the end-mill cutting edge.

& _ R +7r ©6)
/. R, +R
Here, the eqn (7) is conducted by eqns (2), (4), (5), and (6).
h=f, -sina, (7

Therefore, eqns (8) and (9) can be obtained by replacing the parameters
utilized in this study shown in Table 1 into eqns (3) and (7).

L:r-arccosr_R" (3
v
et Rf, R )
S-Z\r r

2.4 Evaluation method of bamboo fiber quality

The length and diameter of one hundred randomly selected bamboo fibers were
measured using an optical microscope. Then aspect ratio, calculated by dividing
the fiber length by the diameter, was then calculated to give an indication of the
length and narrowness of the obtained fibers. Here, a theoretical fiber diameter
Dy, seems (L+h)/2 in this method.
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Figure 3: Change of bamboo fiber shape with cutting speed
(f.,=0.05 mm/tooth, 4,=10 mm).

3 Results and discussion

3.1 Influence of cutting speed on acquired bamboo fiber quality

Figures 3(a), 3(b) and 3(c) show the changes in fiber shape with cutting speed
under a constant feed of the end-mill center of 0.05 mm/tooth and a cut of depth
in the fiber direction of 10 mm. Figure 3(d) shows the coefficient of variation of
the acquired bamboo fiber shapes at various cutting speeds. The coefficient of
variation is calculated by dividing the standard deviation by the mean value.

Here, the cutting speed V' (m/min) and the feed of end-mill center f;, can be
calculated by eqns (10) and (11), respectively.

V=2mr-S (10)
F

=—— 11

Jo =5 (11)
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Therefore, the feed speed F' was adjusted for various spindle speed in order to
match the constant feed of the end-mill center. Under these conditions, the end-
milled sections of the fibers are theoretically uniform. That is, L and 4 are 548.5
pm and 9.1 pm, respectively, from eqns (8) and (9). As a result, the theoretical
diameter is about 276.5 pm.

§ o i}‘g_iﬂiibo pipe -
(a) Optical view (b) =94 m/min (c) V=188 m/min  (d) V=377 m/min
(5=5000 rpm) (5=10000 rpm) (5=20000 rpm)

Figure 4: Cutting  temperature as  monitored by  thermography
(f.,=0.05 mm/tooth, 4,=10 mm).

The results verify that the diameter of the end-milled bamboo fiber decreases
with cutting speed until about 200 m/min though obtained fiber diameter has
good agreement with theoretical one under low cutting speed. However, above
this speed, the fiber diameter remains almost constant. On the other hand, the
fiber length is almost constant, at 10 mm, for any cutting speed. As a result, the
aspect ratio increases with cutting speed until about 200 m/min and then plateaus
at a fiber diameter of about 150 um at the cutting speeds above 200 m/min.
Higher cutting speed with greater feed speed improves the machining
throughput. However, the coefficient of variation for the fiber diameter, fiber
length and aspect ratio show a similar tendency of increasing with cutting speed.
Therefore, a cutting speed of about 200 m/min is suitable in order to obtain high
efficiency machining and maintain low variation. It seems that the bamboo fiber
diameter is controlled by cutting speed under about 200 m/min.

On the other hand, the increased cutting heat generated may damage the
bamboo fiber in end-milling; the cutting temperature increases with cutting
speed. The cutting temperature in steel rises to 800 °C or higher. The melting
points of bamboo pipe components of cellulose, hemi cellulose, and lignin are
about 240, 180, and 420 °C, respectively. The temperature in bamboo cutting was
monitored by thermography as a non-contact method. It can be seen that the
temperature in bamboo cutting also increases with cutting speed as shown in
Fig. 4. However, up to a cutting speed of 200 m/min the temperature grows to no
more than about 70 °C. It can be concluded that under these conditions bamboo
fibers end-milled from bamboo will sustain no thermal damage.

3.2 Influence of cut of axial depth along the fiber direction on acquired
bamboo fiber quality

Figures 5 shows the microscopic images of end-milled bamboo fibers under
various axial cut depths. It can be seen that uniform, straight fibers with no

WIT Transactions on The Built Environment, Vol 85, © 2006 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



High Performance Structures and Materials III 175

thermal damage are acquired. However, fibers end-milled appear as powders
with smaller axial cut depth.

N

4,

(2) 4,=2.5 mm (b) 44=5 mm (©) 4,=10
Figure 5:  Microscopic images of fibers end-milled from bamboo

(f2=0.05 mm/tooth, V=188 m/min).
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Figure 6: Change of bamboo fiber shape with depth of cut in fiber direction.
(f2=0.05 mm/tooth, V=188 m/min).

Figures 6 shows the changes in fiber shape with axial depth of cut under a
constant feed of the end-mill center of 0.05 mm/tooth and a cutting speed of
188 m/min, the conditions determined to be optimum for acquiring high quality
bamboo fibers efficiently as described in section 3.1. Moreover, L and 4 are
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respectively 548.5 um and 9.1 um, respectively, under the same condition of

constant fiber section for various cutting conditions as given in section 3.1.
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Figure 7: Change of bamboo fiber shape with feed of the end-mill center and
the depth of cut in fiber direction (f;,=0.05 mm/tooth,
V=188 m/min).

It is clear that the fiber diameter measured shows almost constant value,
which is almost half of theoretical one, with the axial depth of cut as shown in
Fig. 6(a). On the other hand, the fiber length increases with the axial depth of cut
as shown in Fig. 6(b). The result shows that the fiber length agrees very well
with the axial depth of cut, as the data points lie almost exactly on a line of slope
1 (Fig.6(b)). As a result, aspect ratio increases with axial depth of cut as shown
in Fig. 6(c). Fibers with a large aspect ratio are desirable to confer superior
material properties to the FRP. It may be effective to increase the axial depth of
cut in order to obtain high quality bamboo fibers. However, the coefficient of
variation of fiber diameter, length and aspect ratio seem to have minimum values
at an axial cut depth from 5 to 8 mm. Therefore, it seems effective to set the axial
cut depth from 5 to 8 mm in order to acquire high quality bamboo fibers.
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3.3 Influence of feed of end-mill center on acquired bamboo fiber quality

In this section, we investigate the change in shape of the fiber section with
changes in the feed of the end-mill center adjusting spindle speed and the feed
speed based on eqn (11). In this study, cutting arc length L is constant because L
is a function of the end-mill radius and the depth of cut in the radius direction per
one cycle as described by eqn (8). However, end-mill radius is a constant 3 mm
and the depth of cut in the radius direction per one cycle is a constant 0.05 mm.
On the other hand, the maximum thickness of 4 changes with spindle speed and
feed speed under a constant end-mill radius, depth of cut in the radius direction
per one cycle, and number of the cutting edge of the end-mill as shown in eqn
(9). Therefore, the shape of bamboo fibers end-milled under various values for
the feed of the end-mill center, determined by dividing the feed of the end-mill
center by the spindle speed, and the axial cut depth in the bamboo fiber direction
are investigated in this section. Larger values for the feed of the end-mill center
give thinner end-milled bamboo fibers. The maximum thickness of /4 is 3.0, 9.1,
and 36.4 um for values of the feed of the end-mill center of 0.02, 0.05, and 0.20
mm/tooth, that is, the theoretical fiber diameter is 276, 279, and 292 pm,
respectively, in this study.

Figure 7 shows the experimental results. It is clear that the smaller diameter
bamboo fibers can be obtained with smaller values of the feed of the end-mill
center, independent of the axial depth of cut in the fiber direction as shown in
Fig. 7(a). In the case of a feed of the end-mill center of 0.20 mm/min, the fiber
diameter measured agrees with theoretical one of 292 um. However, the fiber
diameter becomes smaller in case of smaller feed of the end-mill center of 0.05
mm/tooth. On the other hand, the fiber length is controlled very well by the axial
depth of cut at a feed of the end-mill center of 0.05 mm/tooth or greater.
However, the fiber length becomes smaller in the case of a small feed of the end-
mill center of 0.02 mm/tooth for each axial depth of cut. As a result, the aspect
ratio attains a maximum at a feed of the end-mill center of 0.05 mm/tooth when
h is 9.1 pm. Therefore, a feed of the end-mill center of 0.05 mm/tooth seems
suitable for obtaining superior bamboo fibers in end-milling of bamboo pipe.

4 Conclusions

End-milling using a machining center that follows a spiral tool path was tried for

the production of high quality bamboo fibers. The shape of the fibers end-milled

from bamboo pipe was evaluated under various cutting conditions, giving the
following results.

(1) End-milling with a machining center that follows a spiral tool path is
effective for obtaining high quality, straight bamboo fibers with no thermal
damage.

(2) It is possible to accurately control the bamboo fiber length by adjusting the
axial depth of cut.

(3) A higher cutting speed can provide bamboo fibers with smaller diameter.
However, the decrease in bamboo fibers diameter with higher cutting speed
saturates at a certain cutting speed.
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(4) Suitable conditions were determined for acquiring bamboo fibers of the
desired shape.
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