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ABSTRACT

The quality of the surface plays a very important role in the performance of milling as a
good-quality milled surface in a variety of manufacturing industries including the aerospace and
automotive sectors where good quality surface significantly improves fatigue strength, corrosion
resistance, or creep life. This study discussed the issue of surface machined quality and the effort
taken to predict surface roughness. For this purpose, hardened material AISI H12 tool steel with
hardness of 48 Rockwell Hardness (HRC) was chosen for work material. Machining was done at,
High Cutting speed (Ve) from 150 up to 250 m min !, feedrate (V) 0.05-0.15 mm rev* and depth
of cut (DOC) 0.1-0.5 mm. The analysis and observation of the surface roughness were done by
using optical surface roughness machine. Response Surface Methodology (REM) Model was used
to design the prediction model with parameters generated by using Central Composite Face (CCFEF)
methods. A prediction model developed with 90% accuracy with the conclusion of feedrate as the
main contributor to surface roughness followed by cutting speed. Therefore, RSM has been proven
to be an efficient method to predict the surface finish during end-milling of H13 tool steel using
TiAIN coated carbide tool inserts under dry conditions.

Key words: AISI H13, central composite face, surface quality, coated carbide, prediction method,
hot work tool steel

INTRODUCTION

In the recent past, the dimensional accuracy and the surface finish of any manufacturing
process have become very important where manufactured part quality i1s determined by their form
errors and the surface finish. Surface finish 1s 1mportant factor in evaluating the quality of
products. Surface roughness is mostly used as an index to determine the surface finish in
machining process. Surface roughness also affects several functional attributes of parts, such as
contact causing surface friction, wearing, light reflection, heat transmission, ability of distributing
and holding a lubricant, ceating, or resisting fatigue (Lou et al., 1999). Therefore, the desired finish
surface 1s usually specified and the appropriate processes are selected to reach the required quality.
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Realizing the need of the industry, numerous research and study to predict the surface
roughness have been conducted in order to improve the manufacturing process while reducing the
cost of production. Many researchers have actively performed the research to predict the surface
roughness and many methodolegy and appreaches have been introduced. Among the approaches
are the followings (Benardos and Vosniakoes, 2002):

* Machining theory based approaches (Lim ef «l, 1995, Gologlu and Sakarya, 2008;
Tang et al., 2009) and Experimental investigation approaches (Lou et al., 1999; Lee et al.,
2001; Xu et al., 2003)

*  Designed experiments approaches (Hafiz ef al., 2007; Vivancos ef al., 2005; Ghani ef al., 2004,
Mansoura and Abdalla, 2002; Reddy et al., 2008)

¢ Artificial Intelligent (AI) approaches (Dhokia et al., 2008; Ho et al., 2009)

Benardos and Vosniakos (2002) in his review claim that the Response Surface Methodology
(RSM) and Taguchi techniques for Design of Experiments (DoE) seem to be the most wide-spread
methodologies for the surface roughness prediction problem. Therefore, among the researches that
applied these methods are described in the next paragraph.

Among researches using designed experiments approaches in performing their prediction are
Hafiz et al. (2007) who developed the prediction of surface roughness for AISI H13 by using FCBN
insert through application of RSEM, CCD model. They found that feedrate is the common factor that
contributes to surface roughness. Vivancos et al. (2005) in the other hand presented a model for
the prediction of surface roughness in high-speed side milling of hardened die steels by using RSM.
Suhail ef al. (2011) on the other hand applied full factorial RSM to predict surface roughness using
the work piece surface temperature of a turning work piece with the aid of an infrared temperature
sensor. Ghani et al. (2004) applied Taguchi method for the optimization of surface roughness
during the end milling of AISI H13 tool steel. They found that roughness value tends to decrease
with increasing cutting speed and decreasing feedrate. In this research, two objectives has been
fulfilled where they are: To study the relationship of the parameters to the surface roughness with
hypothesis of feedrate as the major contributor to surface roughness and to develop a prediction
model for surface roughness by using RSM (CCF). Based on the previous researches, it is expected
for a high accuracy of model will be presented.

MATERIALS AND METHODS

A series of cutting tests were carried out to verify the surface generation model presented.
Machining was conducted using vertical milling centre type MAZAK machine (Model Nexus
410A-1IT) through dry cutting. Machining was done at high Cutting Speed (Ve) from 150
up to 250 m min!, feedrate (VD) 0.05-0.15 mm rev- And Depth of Cut (DOC) 0.1-0.5 mm.
Parameters used was based on the parameters suggested by Sandvik as the choice of optimized
cutting parameters is very important for controlling the required surface quality (Suhail ef al.,
2010), The experiments for this research were performed on AISI H13 at hardness of 48 HRC as
work material. The chemical compositions of the material are presented in Table 1.

Tool used was indexable tool holder Sandvick Coromill E490 (http./fwww.sandvik.com/) while
for the insert, PVD coated TiAlN carbide insert was chosen for machining as FVD cutting tocls
perform better than CVD cutting tools (Habeeb et al., 2008). While TiAIN is chosen for economical
purpose. Three cutting parameters with three levels of each parameter used in this research are
presented in the Table 2.
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Table 1: Chemical composition of work material as provided by supplier
Chemical composition C Si P S Cr Mo v Mn
% 0.32-0.40 0.80-1.20 0.011 0.002 4.55-5.50 1.00-1.50 0.80-1.20 <0.50

Table 2: Three levels of parameters

Level of parameter

Parameters Low Centre High
Cutting Speed (m min™) 150 200 250
Feedrate (mm rev—1) 0.05 0.10 0.15
Depth of cut (mm) 0.10 0.30 0.50

Parameters for these experiments were generated by using Response Surface Methodology
{RSM) and the analysis and prediction of surface roughness also generated from the same design.
The details of the prediction model are described below. Surface roughness of the material after the
machining was taken by using optical surface roughness measurement machine (Maodel: Wyto
1100) is used. This research was conducted within January 2009 to December 2010,

Prediction model

Mathematical model postulation: The theoretical surface roughness is generally dependent on
cutting tool geometry, tool material, workpiece geometry, workpiece material, cutting conditions,
cutter run-ocut, mode of milling and machine-tool rigidity, etc. However, an empirical relationship
can be formed between surface roughness and the main independent variables, namely, cutting
speed (v), Axial Depth of Cut (a) and Feed (f) which is given as follows (Hafiz et al., 2007)

Ra=Cvalfm (1)

where, Cis a model constant and k, 1 and m are the model parameters. Eq. 1 can be represented
in linear form by using natural logarithm:

InRa = InC + k Inv + | Ina + m Inf (D
The second-order linear model of Eq. 2 can be represented as follows (Kadirgama et al., 2009).

§’2 =y—e=bx,+bx, +bx, +bx; + bnxszzxi (3)

2
+byx: +box X, + b x x; +bxoxaa

Where:

v, = The estimated response based on the second-order equation

v = The measured surface roughness on a logarithmic scale

Xq = 1{dummy variable)

X, Xq, X5 = Logarithmic transformations of cutting speed, feedrate and depth of cut,

respectively
by, by, by and by = The parameters to be estimated
e

The experimental error
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The second order response equation considers the influence of single factor along with their
quadratic and interactive effects over the responses. Thus, it gives more effective prediction of the
responses. In this model, x,, %, and x; represent cutting speed, feed rate and depth of cut,

respectively.

RESULTS AND DISCUSSION

In this research, experiments were performed using full factorial model to observe the
relationship of the parameters to the surface roughness. For prediction model using CCF model, 20
parameters are selected by the design to produce the surface roughness prediction model. A CCF
design is one type of CCD model in RSM. It is chosen as it provides relatively high quality
predictions over the entire design space and do not require using points outside the original factor
range.

The analysis of the result was done in two steps. Step 1 was the analysis on the relationship
between the parameters and their contributions to the surface roughness and step 2, the surface

roughness prediction model analysis.

Step 1

Parameters: Based on the data collected, graph on the relationship of the parameters to the
surface roughness are presented in Fig. 1. From this graph the relationship between the parameter
and surface roughness can be seen. The graph has shown a trend of inereasing surface roughness
with the increment of feedrate especially for cutting speed 150 and 250 m min~!. The second factor
after the feedrate was the cutting speed where the surface roughness also increased as the cutting
speed inecreased. However, when it reach certain point the surface roughness start to decrease
again. This result suits the result as reported by Novakova ef al. (2009) as when cutting speed 1s
increased and reaches certain point, surface roughness will improve and reduced. The same
conclusion for feedrate and cutting speed also reported by Mansoura and Abdalla (2002} in their
research where they stated that the increment of feedrate will inerease the surface roughness
whilst inclement of cutting speed will decrease the surface roughness. However, the depth of cut
gives very little effect to the surface roughness.

_ Ve Cutting speed
0-55 Vf: Feedrate
0.50- DOC: Depth of cut

0.45-
0.40-
0351
0301

——Vc =150 m min '
1

0.25 1 —o— V¢ =200 m min |
—A—Ve= in '
0.20 Ve =250 m min

T T T T T T T T 1
Vf=0.05 Vf=0.10 Vf=0.15 Vf=0.05 Vf=0.10 Vf=0.15 Vf=0.05 Vf=0.10 Vf=0.15
DOC = 0.1 DOC=0.1DOC = 0.1 DOC =0.3DOC = 0.3DOC = 0.3DOC = 0.5DOC = 0.5DOC = 0.5

Surface roughness, Ra (um)

Ve=150mmin ' 0.24 0.23 0.26 0.25 0.23 0.32 0.31 0.39 0.25
Ve=200mmin_  0.21 0.24 0.29 0.33 0.30 0.47 0.27 0.28 0.51
Ve=250mmin~ 028 0.27 0.37 0.28 0.27 0.30 0.39 0.54 0.34

Fig. 1: Graph of parameters Vs surface roughness
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Step 2
Prediction model: Machining or material removal with tocls of geometrically define cutting edges
is one of the cldest and indispensable processes for shaping components in manufacturing industry.
It has long been recognized that improving the technological performance of machining operations
as assessed by the surface finish and dimensional accuracy enhances the economic viability of
machining operations. It has also been realized that reliable quantitative predictions of the various
technological performance measures, preferably in the form of models (equations), are essential for
developing constrained optimization analysis. The present work focused on the prediction of surface
roughness in end milling by using RSM. RS5M is a collection of mathematical and statistical
techniques that are useful for the modeling and analysis of problems in which a response of interest.
is influenced by several variables and the objective is to optimize this response. RSM also quantifies
relationships among one or more measured responses and the vital input factors (Patwari et al.,
2010), An analytical model has been developed incorporating those factors that are significant.
From the second order Eq. decribed in material and methods section, a prediction medel from
the RSM design is cbtained as below.

Surface roughness:

_ -0.85070+0.01 2027x,-5.80409x ,+1.33955x ,-0.0000294345x * + 0.54545x (4)

Ra
-1 .71591)(32 +0.004 x,;x, + 0.00025 x,x, - 2.75%,X,

Calculation of predicted surface roughness were done and presented in Table 3 together with
the percentage of accuracy for the experimental result to the predicted surface roughness. From the
accuracy percentage calculation in this table, the average percentage was 90% where the deviation
between the experimental result and prediction data is only 10%. Therefore, the model can be
accepted for application. Hafiz ef al. (2007) who also applied RSM as the medium for prediction of
surface roughness, also manage to get up to 95% confident interval in the research and Ozcelik and
Bayramoglu (2006) managed to get 94% accuracy shows that REM is a rehable model to predict the
surface roughness of the machined surface.

From the data collected, the graph of comparison for the predicted value and experimental
value of surface roughness are presented in Fig. 2. From this graph, a close prediction value with
the actual data can be seen clearly.

§ 0.509 —e— predicted

é 0.40 —a— Actual

4 030

Q

£

s 0.20

g

5 010

9 No. of run

< 0.004+—F—F—F—T—— T e S e L e o e B FL s |
& 1 3 5 7 9 11 13 14 15 17 19 21 23 25 27 28 29 30 31 32

Predicted 0.2 0.2 0.2 02 0.3 04 0.2 03 03 04 03 03 03 02 03 03 03 03 03 03
Actual 0.0 02 02 0203 03 02 03 02 04 03 03 03 02 03 03 03 04 04 04

Fig. 2: Comparison between experimental results and values predicted by 2nd order mathematical
model for logarithm of surface roughness
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Table 3: The design of experiment, comparison of predicted surface roughness with experimental surface roughness and model accuracy

Factor 1 Factor 2 Factor 3 Predicted Experimental

Cutting speed (m1mmin™!) Feedrate (mm/ooth) Depth of cut (mm) Surface roughness (um) surface roughness (um)  Accuracy (%)

150 0.05 01 0.21 0.24 88
250 0.05 01 0.26 0.28 93
200 0.10 0.1 0.28 0.24 87
150 0.15 0.1 0.28 0.26 94
250 0.15 0.1 0.36 0.37 98
200 0.05 0.3 0.42 0.33 78
150 0.10 0.3 0.25 0.23 91
200 0.10 0.3 0.36 0.30 83
250 0.10 0.3 0.32 0.27 83
200 0.15 0.3 0.45 0.47 95
150 0.05 05 0.30 0.31 95
250 0.05 05 0.35 0.39 90
200 0.10 05 0.31 0.27 87
150 0.15 05 0.25 0.25 100
250 0.15 05 0.35 0.34 98
200 0.10 0.3 0.36 0.37 98
200 0.10 0.3 0.36 0.35 97
200 0.10 0.3 0.36 0.44 78
200 0.10 0.3 0.36 0.43 81
200 0.10 0.3 0.36 0.43 81
Average accuracy 90

g 0400105'(a) o 02435,
£ 0341438l & §0.350836
5 020277 £o |
0 0.2224103 __Eh- Lo £0.299236 |
Py © 0.247636
8 0.165436 | g 02476% |
3 3
0.15 . 250,00 0.15' =
O'l% 10~ ~225.00 013 e 0250.00
" 008 ;. 200.00 0.10 200,00
B: Feedrate 17500 B: Feedrate  0.08" e 00
0.05 350,00 A: Cutting speed 0.05"150.00 A: Cutting speed

0.458991;

0.407198 ©
£ 0.355405.
$0.303611

©0.251818

Surface

0.15 = ~-4250.00

0.13 - 225.00
0.10 '200.00

B: Feedrate ~ 0.08". 175.00 5. ~
0.05 150.00 A: Cutti ng speed

Fig. 3: Surface roughness as the function of cutting speed and feedrate
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Figure 3 shows the contours of experimental results and predicted surface roughness values
generated by the 2nd order CCF model. Figure 3a, b and ¢ show the logarithmic roughness as the
function of x; and x,, for the minimum, middle and maximum values of x ; Based on Fig. 3, it is
observed that surface roughness decrease when feedrate is decreased while for cutting speed,
surface roughness increase with increase of cutting speed. However, the graphs shows an
increasing trend when it reach certain point. This graph also shows that feed plays the most
influencing factor contribute to surface roughness followed by cutting speed and finally depth of
cut. Same conclusion also reported by Abdullah ei al. (2008), Axinte and Dewes (2002),
Hafiz et al. (2007), Onwubolu (2005) and Jaharah ef al. (2009), as feed possesses the most
significant effect on roughness followed by cutting speed. However, axial depth of cut appears to
have very little effect over roughness value. An increment of cutting speed and decrement of feed
will result in better surface quality in terms of roughness.

This can be related to other condition such as tool wear which is not considered in this research.
The response surface plot 1s a good tool to estimate the region of optimum response which 1s
basically similar to the 3-D wire frame plot. Therefore, Eq. 2 is valid for end milling of AIST H13
tool steels under dry condition using TiAlN inserts with the following range of cutting speed,
feedrate and depth of cut as below:

Cutting speed= 150 m min '< Vc<250 m min '

Feedrate = 0.05 mm/tooth< V{<0.15 mm/tooth
Depth of cut = 0.1 mm=<a<0.5 mm

CONCLUSION

This study presented an experimental investigation on surface finish during the high speed end
milling of AIST H13 tool steel in arder to develop an appropriate roughness prediction model. The
general conclusions that can be made from the current study is feed possessed the most significant,
effect on roughness followed by cutting speed. However, axial depth of cut appears to have very
little effect over roughness value. Other than that, the quadratic second order models, developed
to predict the surface roughness value, could provide predicted values of surface roughness pretty
close to the actual values found in the experiments. The average accuracy percentage calculated
in this model is 90%. Finally, the RSM has been proven to be an efficient method to predict the
surface finish during end-milling of H13 tool steel using TiAlN coated carbide tool inserts under dry
conditions. It also reduces the total numbers of experiment quite significantly.
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