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Abstract. Polyacetal is commonly used as bushing material because of its
low coefficient of friction and self lubricant characteristics. The polyacetal
is machined by using boring process to produce bushing in certain surface
roughness. The objectives of this research are to optimize three
independent parameters (depth of cut, feed rate and principal cutting edge
angle) of boring process of polyacetal using HSS Tool to achieve the
highest material removal rate and the required surface roughness. Response
Surface Methodology is used to investigate the influence of the parameters
and optimize the boring process. The research shows that the influence of
the boring process parameters on polyacetal is similar compared to on
metal. The result reveals that the optimum result is achieved by applying
the value of depth of cut, feed rate, and principal cutting edge angle is 2.9
mm, 0.229 mm/rev, and 99.1° respectively. By applying these values, the
maximum material rate removal achieved in this research is 1263.4
mm?®/second and the surface roughness achieved is 1.57 pm.
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1 Introduction

Polyacetal or polyoxymethylene or polyformaldehyde is an engineering thermoplastic that has
abrasion and wear resistance, low friction coefficient, good stiffness and hardness, dimensional
stability, fatigue and impact strength, and creep resistance [1]. It can be used as various products or
parts such as toys, fans, and bushings. It is commonly used as a bushing because of its low friction
coefficient and self lubricant characteristics.

Polyacetal bushing is manufactured using boring process to achieve the required shape,
dimension, and surface roughness. In order to achieve the shortest manufacturing time, the material
removal rate must be set as high as possible. However, maximum removal rate will increase the
surface roughness. Parameters of boring process that influence the material removal rate and the
surface roughness are tool material, tool radius, tool geometry, depth of cut, feed rate, cutting speed,
principal cutting edge angle, tool overhang, job length, and coolant.

Beauchamp, Y., et. al., investigate the influence of cutting speed at 100 — 150 m/min, feed rate at
0.075 — 0.105 mm/rev, depth of cut at 0.25 — 0.75 mm, tool nose radius at 0.3969 mm and 0.7938
mm, tool length 65.09 mm and 95.25 mm, and the type of boring bar of boring operation to surface
roughness of carbon steel AISI 1026 material using cemented carbide tool [2]. The research shows
that the increase of the feed rate, cutting speed, and tool nose radius will increase the surface



roughness of the manufactured material. The longer tool will also increase the surface roughness.
Meanwhile, the increase of the depth of cut will decrease the surface roughness.

Similar research has been conducted by Vohra, et. al. [3], Vaishnav and Sonawane [4], Borade
and Deshmukh [5], Kumar, et. al. [6], Panyaphirawat et. al. [7], and Chennu, et. al. [8]. Their
research show that feed rate, cutting speed and depth of cut influence the surface roughness and
material rate removal of various metal materials.

Rico, et. al. [9] and Mohammad, et. al. [10] investigate the influence of tool geometry such as
the cutting edge angle in turning process to the surface roughness of various metal materials using
carbide tool. They conclude that the cutting edge angle will influence the surface roughness of the
material. Karim et. al. [11] in their research report add that the increase of the rake angle will
decrease the value of the surface roughness in the turning process of aluminium material using High
Speed Steel tool.

Other researchers conduct investigation on the influence of boring parameters on the surface
roughness and material rate removal of polyacetal material. Setiawati [12] investigates the influence
of feed rate at 0.08 — 0.12 mm/rev, depth of cut at 0.3 — 1.0 mm, and cutting speed at 90 — 130
m/min to polyacetal material using TiN coated carbide. According to the research, the increase of
feed rate, depth of cut, and cutting speed will increase the surface roughness and material rate
removal. In addition Sugiantoro [13] also conducted an investigation on the influence of depth of cut
at 1.2 — 1.6 mm, nose radius at 0.4 — 1.2 mm, rake angle at 1° — 5°, and the use of coolant to the
surface roughness and material rate removal of polyacetal using tungsten carbide. This research
shows that the increase of rake angle value will decrease the material rate removal and the surface
roughness of polyacetal. Meanwhile the nose radius has negative correlation with surface roughness
and positive correlation with material rate removal. The increase of depth of cut will increase the
material rate removal and the surface roughness. Finally, the use of the coolant will decrease the
surface roughness but has no influence on the material removal rate.

None of previous studies found in the literature investigates nor optimized the influence of
boring process parameters and tool geometry on the material rate removal and surface roughness of
polyacetal material using High Speed Steel (HSS). Even though carbide tool has more superior
characteristics compare to HSS such as wear resistance and material strength, it is considered more
expensive compared to HSS for machining softer material such as polyacetal. For example, carbide
tool will be able to retain its hardness at high temperature but this will not bring any advantage in the
boring process of polyacetal because the process will not reach this temperature. In addition, tools
for plastic machining must always be well sharpened and smooth to achieve a good surface quality.
In this case, HSS is better compare than carbide tool because it is softer and easy be sharpened.

To increase the productivity in manufacturing process of polyacetal bushing, it is important to
investigate whether the influence of boring process parameters and HSS tool geometry on material
rate removal and surface roughness of polyacetal will be similar compared to their influence on
material rate removal and surface roughness of metal and then optimize the parameters.
Applying deeper depth of cut, faster feed rate, and higher degree of principal cutting edge
angle of boring process will increase the material removal rate and at the same time
increase surface roughness of metal [14, 15]. The first objective of this research is to verify
whether the depth of cut, feed rate, and principal cutting edge angle of boring process have the same
influence on material rate removal and surface roughness of polyacetal and metal. The next
objective of this research is to optimize these three boring parameters to achieve the maximum
material rate removal and the required surface roughness of polyacetal material using HSS tool.

2 Research Design

The boring process in this research is conducted by using CNC turning machine HITACHI
HT20S11 with HSS tool and water coolant. The cutting speed is set to 230 m/min

according to the tool and the work piece type. The tool has end relief angle 70°, nose radius



0.4 mm, rake angle 0° and end cutting edge angle 10°. The tools dimension is designed
according to the recommendation of Pollack, H. W. [14] and Kalpakjian, S.[15].

Three boring process parameters, which are depth of cut, feed rate, and principal cutting
edge angle, are determined as the factors to achieve the value of two responses, which are
material rate removal (MRR) and surface roughness (Ra). The achieved value of the MRR
must be as maximum as possible but the value of the Ra must not exceed 1.6 um. The
maximum value of Ra is determined according to the general surface roughness of bushing.

MRR is calculated by dividing the removed volume of the polyacetal work piece with
the cutting time. The final dimension of the work piece is a cylinder with 25 mm diameter
and 28 mm length. The initial diameter of the work piece is the final diameter plus the
varied depth of cut according to each experiment. To measure the cutting time, a stop watch
with 0.01 second accuracy is used. A calliper with 0.01 mm accuracy is used to measure the
dimension of the work piece. The surface roughness of the work piece is measured by using
Mitutoyo surface roughness equipment with 0.01 um accuracy.

In order to investigate the influence of depth of cut, feed rate, and the principal cutting
edge angle of boring process to the MRR and Ra, a factorial design method is applied. To
obtain independent error estimation, the factorial design is augmented with five centre
points. Then, response surface methodology is employed to optimized those three boring
process parameters in order to achieve the maximum MRR without exceed 1.6 um of Ra.

Several preliminary experiments have been conducted in order to generate the equation
of Ra and MRR. According to the analysis of variant (ANOVA) result, the equations of Ra
and MRR have been indicated not linear. As, there is indication of quadratic effects then the
five levels of factor are implemented. Based on the literature review and the preliminary
experiments, the value of each factor level is determined as shown in Table 1.

In this research the cutting temperature is assumed constant. It is assumed that the tool
deflection and tool wear do not influence the surface roughness of the work piece. The
work piece is assumed homogenous.

Table 1. Value of each Factor Level
Lowest | Low | Middle | High | Highest

Factor ey | ()| © | @ | @esy

Depth of Cut (mm) 1.9 2.1 2.4 2.7 2.9
Feed Rate (mm/rev) 0.166 | 0.18 0.20 0.22 0.234
Principal Cutting Edge Angle (°) 73.2 80 90 100 106.8

3 Results and Discussion

In this research, the experiment is designed to conduct 2° with 5 centres runs and then
added with 6 factorial runs in order to fit the second order or quadratic model. Based on the
experiment, the values of Ra and MRR for each level of factor are shown in Table 2 below.

The experiment result is processed by using statistical software to develop the
prediction of equation model for Ra and MRR. The best model is chosen when it has the
minimum square root of the residual mean square and the maximum amount of variation
around the mean with a condition that calculated probability value must be less than 0.05.
The coefficients for the best model of Ra and MRR shown in Figure 1 are used to develop
the Ra and MRR equations. Then, the developed equation models are tested to verify
whether they are the best model and fit to predict Ra and MRR. Based on the experiment
result, the best model for Ra and MRR are shown in equation 1 and 2 respectively where D
is Depth of Cut (mm), f is Feed Rate (mm/s) and K is Principal Cutting Edge Angle (°).



Table 2. Experiment Result

Factor Value

Response Value

Depth of Cut Feed Rate Prllrzlglpalo\Cu][tmg Ra MRR
(mm) (mm/rev) ge(o)ng € (um) (mm®s)
2.1 0.18 80 0.94 741.73
2.7 0.18 80 0.84 788.18
2.1 0.22 80 111 866.37
2.7 0.22 80 1.13 929.94
2.1 0.18 100 1.06 743.78
2.7 0.18 100 1.09 926.28
2.1 0.22 100 1.57 881.64
2.7 0.22 100 1.66 1132.6
1.9 0.20 90 0.73 754.15
2.9 0.20 90 0.74 1105.5
2.4 0.166 90 0.56 743.50
2.4 0.234 90 1.2 1146.9
2.4 0.20 73.2 0.91 938.69
2.4 0.20 106.8 1.63 936.50
2.4 0.20 90 0.77 914.90
2.4 0.20 90 0.79 916.31
2.4 0.20 90 0.77 910.96
2.4 0.20 90 0.78 910.58
2.4 0.20 90 0.76 911.54

Estimated Regression

Coefficients for Ra

Term Coef  SE Coef T P
Constant 0.793398 0.0450 17.062 0.000
depth 0.004160 0.03410 0.122 0.905
feed 0.191578 0.03410 5.618 0.000
kr 0.188249 0.03410 5.521 0.000
feed*feed 0.076238 0.03374 2.260 0.042
kr*kr 0.214124 0.03374 6.347 0.000
S = 0.1260 R-Sq = 88.9% R-Sq(adj) = 84.7%
Estimated Regression Coefficients for MRR
Term Coef SE Coef T P
Constant 905.00 11.30 80.117 0.000
depth 82.70 13.32 6.207 0.000
feed 94_02 13.32 7.057 0.000
kr 26.32 13.32 1.975 0.068
depth*kr 41.06 17.41 2.358 0.033

5 = 48.24 R-5q = 87.5%

Fig. 1. Coefficients of the best model for Ra and MRR.

Ra = 0.793398 + 0.004160 D + 0.191578 f +0.188249 K +0.076238f2 +0.214124 K?

R-Sg(adi) = 83.9%

MRR =905+82.7D +94.02f +26.32 K +41.06 D.K
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The equation 1 shows that the increase of the depth of cut, feed rate, and principal
cutting edge angle will increase the surface roughness. Based on the equation 2, it can be
predict that the material rate removal will be increased when the depth of cut, feed rate, and
principal cutting edge angle are increased. These equations show that the depth of cut, feed
rate, and principal cutting edge angle of boring process have the same influence on material rate
removal and surface roughness of polyacetal and metal.

Before optimizing the optimized the depth of cut, feed rate, and principal cutting edge
angle to achieve the maximum material rate removal and the required surface roughness,
the residual test must be conducted. The test indicates both equations fulfil the requirement
in order to perform the optimization.

The response optimizer of the statistical software shows that the optimum point for
surface roughness and material rate removal are achieved when the value of depth of cut,
feed rate, and principal cutting edge angle are set 2.9 mm, 0.229 mm/rev, and 99.1°
respectively. The maximum material removal achieved by implementing these parameter
values is 1269.72 mm?/s. In the same time, the achieved surface roughness is 1.599 pum.

In order to verify whether the predicted equations can be used to achieve the optimum
surface roughness and material rate removal, a confirmation test experiment is conducted.
The result of the confirmation test experiment is shown in Table 3. As shown in Table 3,
the average maximum material rate removal is 1263.4 mm?®/s and the average achieved
surface roughness is 1.57 um. Therefore, the result of the response optimizer can be used to
estimate the optimum point for surface roughness and material rate removal.

4 Conclusions

This research reveals that the influence of the depth of cut, feed rate, and principal cutting
edge angle of boring process on the surface roughness and the material rate removal of
polyacetal bushing is similar compared to their influence on metal. The result of this
research also shows that the achieved maximum material removal rate is 1263.4 mm?®/s. The
maximum material removal rate is achieved when the value of depth of cut, feed rate, and

principal cutting edge angle are set 2.9 mm, 0.229 mm/rev, and 99.1° respectively. At this
condition, the achieved surface roughness is 1.57 pm.

Table 3. Result of Confirmation Test

Depth of Cut | Feed Rate Principal Cutting Edge Angle Ra Maximum MRR
(mm) (mm/rev) ® (um) (mm?/s)

2.9 0.229 99.1 1.57 1259

2.9 0.229 99.1 1.58 1264

2.9 0.229 99.1 1.56 1265.5

2.9 0.229 99.1 1.59 1264.5

2.9 0.229 99.1 1.59 1259.7

2.9 0.229 99.1 1.54 1267.4
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