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ABSTRACT

Wood flour/polyvinyl chloride composite (WFPVCC) is a kind of composite material that,
over the years, is becoming more popular in constructions applications. In this work, cutting
forces and machined surface roughness were studied during peripheral up milling of WFPVCC
under different average chip thickness which was obtained by adjusting rotation speed and feed
rate at both high and low speed cutting conditions. The results indicated that cutting forces
components, parallel force (#7,) and normal force () greatly varied during the cutting process.
Maximum F,, maximum Fy and surface roughness increased with the increase of average chip
thickness. Maximum £, and maximum F) at high speed cutting conditions were lower than
that at low speed cutting conditions at a same average chip thickness. The machined surface
roughness at high speed cutting conditions was better than that at low speed cutting conditions
at a same average chip thickness. When meeting the requirement of certain surface roughness,
higher cutting speed can allow higher chip thickness and then decrease the tool wear than lower
speed cutting condition. Maximum negative F, had great impact in machined surface roughness.
Machined surface roughness increased with the increase of maximum negative Fy. Thus,
high speed cutting conditions not only increase the machining productivity, but also decrease
machined surface roughness during the peripheral up milling of WFPVCC.

KEYWORDS: Wood flour/polyvinyl chloride composite, peripheral milling, cutting forces,

surface roughness, average chip thickness.
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INTRODUCTION

WEFPVCC is a kind of composite material more and more popular used in the world, and
gaining entry into the construction and building industries such as doors, windows, or facades
because of its thermal stability, moisture resistance, and stiffness (Thomasnet 2013, Cheng et al.
2012, Fabiyi and McDonald 2010). Additionally, WFPVCC material is superior to high density
polyethylene/wood composites and polypropylene/wood composites with respect to their higher
modulus, creep resistance, weatherability, and flame retardance (Miiller et al. 2011).

Although most shapes of WFPVCC products are formed at initial production, when applied
in door, window, furniture, and other complicated profiled products, with broadening application
of WFPVCC material, most secondary processing methods such as milling, planning, routing
and sanding will inevitably be conducted (Saloni et al. 2011).

Peripheral milling, which is a process consisting of a rotary cutting motion and a linear
feeding motion, is the most common machining operation, a material removal process, which
can create a variety of features on a part by cutting away the unwanted material (R6benack et al.
2013). In addition, high speed machining method is usually realized by milling method through
Computer Numerical Control (CNC) machine. The CNC machine can provide high rotation
speed and high feed rate. High speed machining typically refers to making light milling passes
at high spindle speed and high feed rate to achieve a high material removal rate, resulting in
shorter processing time and reduced production cost (Siitcti and Karagoz 2012, Lou et al. 1998).
Nowadays, the processing of door and window is usually achieved by CNC machine (Zhang et al.
2008). So, the knowledge about the machinability is important during the peripheral up milling
of WFPVCC through CNC machine.

Cutting forces and surface roughness are two important issues in the machining of wood-
based composites, which reflect the machinability of material. Cutting forces have a direct
influence on power consumption, tool wear, heat generation and quality of machined surface
(Guo et al. 2014; Wyeth et al. 2009; Marchal et al. 2009). On the other hand, surface roughness
is an important characteristic that describes the quality of the machining surface being, in most
cases, a technical requirement for machined products. Additionally, the surface roughness also
affects several attributes of machined parts like adhesion, friction, wear, water absorption, and
heat transmission (Soury 2013, Kili¢ et al. 2009, Cheng and Sun 2006). Some researches were
performed to investigate the effect of cutting speed and feed rate on surface roughness in wood
and wood based materials milling by CNC router (Budakgi et al. 2013, Siit¢ii 2013, Sogutlu 2010,
Davim et al. 2009, Barcik et al. 2009, Costes and Larricq 2002). Another researches indicated
that average chip thickness contributed more to increase parallel forces than other factors
(Palmgvist 2003, Huang et al. 2003, Huang 1994). However, few researches were focusing the
investigation on the effect of chip thickness and cutting speed on peripheral milling forces and
machined surface roughness at the same time, and the relation between peripheral milling forces
components and machined surface roughness.

The purpose of this study was to investigate the effect of average chip thickness on the
peripheral up milling forces and machined surface roughness of WEFPVCC material at both high
and low speed cutting conditions. Also, study the relationship between peripheral milling forces
components and machined surface roughness.
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MATERIAL AND METHODS

Material

WEFPVCC was used as the tested samples in these experiments which were supplied by
Jufeng Company in China. The dimension of the tested WFPVCC samples was 50 (L) x 50
(W) x 10 mm (T) which contained 40 % modified poplar (Populus euramericana cv.) wood flour,
50 % polyvinyl chloride, 5 % acrylic acid copolymer, 3 wt. % composite stabilizer and 2 wt. %
polyethylene wax. The wood flour was screened through a sieve with mesh 0.7 x 2.1 mm. The
physical and mechanical properties of WFPVCC are described in Tab. 1.

Tab. 1: Physical and mechanical properties of WFPVCC.

Density Flexural strength | Tensile strength | Impact strength | Elasticity modulus
(kg.cm™3) (N.mm2) (N.mm2) (kJ.m2) (GPa)
1.65 4.69 26.21 15.70 4.27
Methods

The peripheral up milling tests for the WFPVCC were performed on CNC 5-axis machine
(MIKRON, UCP 800 Duro). The milling tool with two straight teeth provided by Leitz Tooling
Company was equipped onto the machine. Tungsten carbide, K10, was used as the materials of
cutting edges. Rake angle, sharpness angle and clearance angle were respectively 15°, 50° and 25°.

During milling, wood samples were fastened to a Kisler 9257B quartz three-component
dynamometer, which was fixed to the feeding table of the CNC machine. A charge amplifier
Kistler type 5019A equipped with a 180-kHz analog low-pass filter was used to amplify and
condition input data. The cutting forces were measured according to F,, F,, and F, directions,
which is illustrated in Fig. 1. F, was defined as the cutting force component (parallel force) parallel
to feed direction. £, was defined as the cutting force component (normal force) perpendicular to
feed direction. F, was defined as the cutting force component (lateral force) which was parallel
to axial direction. Each force was calculated as the force per unit width. Cutting forces were
measured five times at each cutting condition and a mean value was reported.

Rotation Speed
"

Feed Speed

-

Fx

Figl:F, Fy and F_ force components during up milling WFPVCC material.

The arithmetic mean deviation of the surface roughness, Ra, was reported to be the most
important parameter for the evaluation of the machined surface quality by Sttt and Karagoz
2013 and Hiziroglu 1996. Thus, in this study, the dependent variable Ra was considered. The Ra
was measured using a Mahr perthometer M2. The Ra parameter was measured on the cutting
surface at five samples at the same cutting condition, and the average value was used in the
analysis.
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Experimental design

The experimental design was designed primarily on the variable of the average chip
thickness which ranged from 0.05 to 0.40 mm. Tab. 2 shows how the average chip thickness could
be obtained in different ways where the cutting tool diameter (D) was 16 mm, the number of teeth
(z) was 2 and the depth of cut (5) was 2 mm. There are two groups of cutting conditions, i.e., high
speed cutting condition and low speed cutting condition, which could reach the same average
chip thickness in this experimental setup. The high speed cutting condition meant average chip
thickness was attained by the combination of high rotation speed and high feed rate. The low
speed cutting condition meant the average chip thickness was attained by the combination of
low rotation speed and low feed speed. The aim of such experimental design was to investigate
the effect of average chip thickness and cutting speed on cutting forces and machined surface
roughness.

The average chip thickness calculating based on the Eq. given by Koch 1964:

U |h

= |— mm
a. —\D (mm)
where:  a,, - average chip thickness in mm,
U - feed rate in mm.min1,
n- rotation speed in rpm,
z - number of teeth on tool,
4 - cutting depth in mm,
D - the tool's diameter in mm.

Each value of average chip thickness has numerous combinations of feed rate, rotation speed,
number of teeth, cutting depth, and diameter of tool.

Tab. 2: The designed average chip thickness value can be reached by either by changing the feed rate at high
rotation speed (left) or by changing the feed rate at low rotation speed (right).

Test ngl::[}::i:g::sttmg a,, | Lowspeed cutting conditions Test
Number n(r.minl) | U(mm.min1) (mm) n(r.minl) | U(mm.min1) Number
1 18000 5090 0.05 3534 1000 9
2 16000 9050 0.10 2650 1500 10
3 14000 11880 0.15 2356 2000 11
4 12000 13580 0.20 2209 2500 12
5 10000 14150 0.25 2120 3000 13
6 8000 13580 0.30 2062 3500 14
7 6000 11880 0.35 2019 4000 15
8 4000 9050 0.40 1988 4500 16
RESULTS AND DISCUSSION

Cutting force components

Typical evolutions of parallel, normal, and lateral cutting forces during two adjacent cutting
edges processing cycles at the cutting condition are shown in Fig. 2. For one cycle, F, was always
positive and increased as chip thickness increased. It is reported that the cutting edges could

150



Vol. 60 (1): 2015

generate force to push the test specimen forward with the feeding direction which was achieved

by tool holder during peripheral up milling (Iskra and Herndndez 2012).

35 7

A
" Max Fy (High speed)

AMaxFy (Low speed)

Cutting force component (N.mm-")
Maximum parallel force (N.mm-)
8

Cutting cycle of first cutting edge Cutting cycle of second cutting edge 0
0.00 0.10 020 030 0.40 0.50

0 20 40 60 80 100 120 140 160 180 200

Time (0.05 ms) Average chip thickness (mm)

Fig. 2: Progression of parallel, normal, and lateral Fig. 3: Effect of average chip thickness on
cutting forces during two cycles for two cutting edges (n= the maximum parallel force (max F,) at
6000 r.min1, U=12000 mm.min! and h= 2 mm). both high and low speed cutting conditions.

At the beginning of the cutting process, Fy was negative, which meant the cutting edge
pushed the workpiece downward. As the cutting edge advanced in the cutting path, absolutely
normal force F, increased, reached a maximum negative value, then decreased to 0 N.mm,
turned positive and continue upward, pull the chip from the workpiece. When the normal force
was negative, it revealed an important effect on machined surface roughness. Since the negative
F reflects friction between clearance face and machined surface, the raised defects increase easily
with increasing the friction.

The F, was always close to 0 N.mm™ because the milling tools with two straight cutting
edges cannot cause axial force.

Effect of average chip thickness on the maximum parallel force

Fig. 3 shows that the effect of average chip thickness on the maximum F, at both high and
low speed cutting conditions. It can be seen that the maximum £, increased with the increase of
the average chip thickness at both high and low speed cutting conditions under all tested range.
This is because the cutting edge required more energy to remove the thicker chips away from the
workpiece. In addition, it can also be seen that the maximum F, during high cutting speed was
lower than during low cutting speed at a same average chip thickness. This finding confirms that
the cutting force decreases with the increase of cutting speed. The effect of cutting speed on the
maximum £, was becoming significant with an increase of average chip thickness.

Effect of average chip thickness on the maximum normal negative and positive
forces

The evolution of the maximum negative £, and the maximum positive F), in one chip
processing cycle with the increase of average chip thickness at both high and low speed cutting
conditions were shown in Fig. 4. It can be seen that the maximum negative F, increased with
the increase of average chip thickness during high and low speed cutting conditions. Also, the
maximum positive £, increased with the increase of the average chip thickness during high and
low speed cutting conditions under all tested range. This is because the cutting edge required
more energy to remove the thicker chips away from the workpiece.
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In addition, it can also be seen that the maximum negative F, ) at high speed cutting condition
was smaller than that during relatively low cutting speed at the same average chip thickness,
and the maximum positive Fy at high speed cutting condition was also smaller than that during
relatively low cutting speed at the same average chip thickness. This finding, also confirms that
the normal cutting force also decreases with the increase of cutting speed.

Interestingly, the effect of the cutting speed on maximum negative F, was becoming less
important with the increase of average chip thickness, on the other hand, the effect of the cutting
speed on maximum positive Fy was becoming significant with the increase of average chip
thickness.

40 9
Max negative Fy (High speed)

30 Max positive Fy (High speed)

A Max negative Fy (Low speed)

20 1 @ Maxpositive Fy (Low speed)

High speed

Alow speed

Machined surface roughness Ra (um)

-30 000 005 010 015 020 025 030 035 040 045

Average chip thickness (mm) Average chip thickness (mm)

Maximum normal positive and negative force s (N.mm-)

Fig. 4: Effect of average chip thickness on the Fig. 5: Effect of average chip thickness on
maximum positive and negative normal forces machined surface roughness at both high and low
(max positive Fy and max negative Fy) at both  speed cutting conditions.

high and low speed cutting conditions.

Effect of average chip thickness on machined surface roughness

Fig. 5 shows the effect of average chip thickness on machined surface roughness at both high
and low cutting speed conditions. It can be seen that machined surface roughness increased with
the increase of average chip thickness. In addition, the machined surface roughness at low speed
cutting condition was higher than that at high speed cutting condition. And, the effect of the
cutting speed on the machined surface roughness was becoming insignificant with the increase
of average chip thickness.

It can be concluded that decreasing average chip thickness resulted in small surface roughness
(good surface quality), however it increases the specific cutting work, which can cause more tool
wear (Cristévio et al. 2012, Gronlund 2004). From Fig. 5, it can be noted that it can produce
lower surface roughness at the point C (average chip thickness of 0.15 mm, at high speed cutting
condition) than at the point A and B (smaller average chip thickness of 0.10 and 0.05 mm, and
low speed cutting condition). From tool wear perspective, machining with 0.15 mm produce less
tool wear than machining with 0.10 and 0.05 mm. Thus, for meeting the requirement of certain
surface roughness, the higher cutting speed can allow high chip thickness, and then decrease the
tool wear than lower speed cutting condition.

On the other hand, Tab. 2 illustrates that the small average chip thickness can be reached
through high speed cutting condition (increasing rotation speed at high feed rate) or low speed
cutting condition (decreasing feed rate at low rotation speed). However, it is evident that the
high speed cutting condition can not only increase the machining productivity, but also improve
the surface quality. Therefore, high speed cutting condition is a better method to be used for
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improving the machinability of WFPVCC.

Effect of maximum normal negative forces on machined surface roughness

Previous researches have shown that normal negative force is considered critical for defects
left on the newly created surface (River and Miniutti 1975; Stewart 1980; Stewart and Crist
1982). This force component is responsible for the amount of transverse compression that occurs
when the cutting edge attacks the workpiece. Excessive compression may produce material
crushing at the surface and subsurface as indicated. As the Fig. 1 shows, the negative Fy primarily
occurs in the first stage of the cutting cycle. So, the effect of the maximum negative Fy on the
machined surface roughness is significant. Fig. 6 shows that effect of maximum normal negative
force on machined surface roughness at both high and low speed cutting conditions. It can be seen
that machined surface roughness increased with the increase of maximum normal negative force
at both high and low speed cutting conditions.

9.00
8.00 A
_ Max negative Fy (High speed)
5 7.00 A AMax negative Fy (Low speed)
2
2 600 A
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H
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§ A
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=
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0.00
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Maximum normal negative force (N.mm-)

Fig. 6: Effect of maximum normal negative force on machined surface roughness at both high and low
speed cutting conditions.

CONCLUSIONS

The cutting forces and machined surface quality are two key parameters for reflecting
machinability of WFPVCC. This study was aimed at determining the effect of average chip
thickness and cutting speed on the peripheral up milling force components and machined surface
roughness at both high and low speed cutting conditions. From the results and discussion above,
some significant conclusions can be drawn:

1. Maximum F,, maximum negative F), and maximum positive /7, during high cutting speed
were lower than during low cutting speed at a same average chip thickness.

2. Machined surface roughness increased with increase of average chip thickness at both high
and low speed cutting condition, and machined surface roughness at low speed cutting
condition was higher than that at high speed cutting condition.

3. When meeting the requirement of certain surface roughness, higher cutting speed can allow
higher chip thickness and then decrease the tool wear than lower speed cutting condition.

4. Maximum negative F), had great impact in machined surface roughness, and the machined
surface roughness increased with the increase of maximum negative F..

5. Thus, a high cutting speed conditions not only increase the machining productivity, but also
decrease machined surface roughness during the peripheral up milling of WFPVCC.
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