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Abstract

This paper presents a study on optimization of the exchanged grinding wheel diameter based on the analysis cost for surface grind-ing
stainless steel. The optimum exchanged grinding wheel diameter is determined by minimizing the cost function. An experi-mental design
was conducted to describe the influence of the input technological parameters i.e., the initial grinding wheel diameter, the grinding wheel
width, the total depth of dressing cut, the Rockwell hardness of workpiece, the wheel life, and the radial grind-ing wheel wear per dress
and the cost components i.e., the machine tool hourly rate and the grinding wheel cost on the optimum diameter. Based on the regression
analysis, a mathematical model to compute the optimum diameter was resulted as an explicit equation. The reliability of the mathematical
model is verified by the result of the experiment. The difference of optimum diameter between the model and the experiment was 1.7%.
For these results, the proposed model can be used for calculating the optimum exchanged grinding wheel for surface grinding; therefore,
this can increase the economic and technical effectiveness of the grinding process.
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1. Introduction

Grinding is an operation applied in almost every type of manufac-
turing process. In industries, it can be accounted about 20-25% of
the amount of expenditures on machining operations [1]. Therefore,
grinding is one of the important technologies to obtain the quality
of the surface finish of components and tight tolerances [2].
Numerous researches have been focused on optimization problems
of a grinding process. Optimum grinding process parameters in-
cluding wheel and machine parameters were proposed on the basis
of minimizing grinding time and maximizing the volume of mate-
rial removed rate [3], [4]. The optimization to reduce the high tem-
perature in the cutting area for grinding process has been proposed
for optimization of parameters for lubrication [5], coolant parame-
ters on surface roughness [6]. The relevance to the optimization of
grinding and dressing parameters was presented for maximizing the
material removal rate [7], minimizing the grinding time [8, 9], as
well as minimizing the dressing and grinding costs [10]. Regarding
the optimization of cost for internal and external grinding processes,
several previous researches presented the cost function based on the
grinding parameters [11-15]. Since then, this field has been contin-
uously studied for surface grinding process. VVu et al. [16] proposed
a study on cost optimization based on the dressing regime parame-
ters. Based on the cost optimization, the replaced grinding wheel
diameter was determined for surface grinding operation for 9CrSi
steel material [17].

This paper is studied on optimization of the exchanged grinding
wheel diameter for surface grinding stainless steel. This work is
continuously developed by the proposed formula [16], which has
not yet carefully evaluated grinding process parameters and cost

components. In this paper, the analysis of the cost for surface grind-
ing based on the grinding technological parameters is investigated,
and the optimum exchanged grinding wheel diameter is determined
by minimizing the cost function. In addition, the influence of the
grinding parameters such as the initial grinding wheel diameter D,
the grinding wheel width Wg,,, the total depth of dressing cut aq,
the Rockwell hardness of workpiece HRC, the wheel life T,,, the
radial grinding wheel wear per dress Wy, 4, the machine tool hourly
rate Cpyp, and the grinding wheel cost Cg,, on the optimum diameter
on the optimum exchanged grinding was considered. In order to in-
vestigate the effect of these parameters on the optimum diameter,
the design of experiment was carried out. By using regression anal-
ysis, a mathematical model was established.

2. Methodology

This section presents the cost analysis of the surface grinding pro-
cess. The schema of surface grinding is shown in Fig. 1. The cost
of the surface grinding process depends on the exchanged grinding
wheel diameter. The procedure for computing the cost function is
described as follows.
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Fig. 1: Schema of Surface Grinding.

The surface grinding cost is based on the manufacturing time tg(h),
the machine tool hourly rate C,,;, (USD/h), and the grinding wheel
cost per workpiece Cg,, (USD/workpiece). Thus, the manufacturing

single cost per piece, denoted by Cg;,, is computed as
Csin = ts.Cpn + ng- 1)
Here, Cgy, can be expressed as

ng = ng,p/np,w , (2)

where Cg,,, is the grinding wheel cost per piece (USD/piece), and
n, ., is the total number of workpieces ground by a grinding
wheel; n,, ,, can be written as follows [2]

_ (Do—De) Np,d
np,W - 2(Wpd+aed) ' (3)

In which, Dy, D, Wpq, and agq are the initial grinding wheel di-
ameter (mm), the exchanged grinding wheel diameter (mm), the
radial grinding wheel wear per dress (mm/dress), and the total
depth of dressing cut (mm) respectively; n, 4 is the number of
workpieces per dress and is calculated by

Npq = Tw/te (4)

in which T,, and t. are the wheel life (h) and the grinding time (h),
respectively. For surface grinding, t. can be computed as

te = lewe ae,tot/(looo Vw Vi Vg Np) . )

Where, I, W, agtor, and Ny are the calculated grinding length
(mm), the calculated grinding width (mm), the total depth of cut
(mm), and the number of workpieces per grinding time, respec-
tively. The grinding length and grinding width can be computed as
follows: 1. =1,, +(20...30) and w, = wy, + Wgy, + 5, in
which, 1, and w,, are respectively the length and width of the
workpieces (mm) (see Fig. 1). The other parameters in Eq. (5),
Vi, V¢ and vy, are the work speed (m/s), the work feed rate
(mm/min), and the downfeed (mm/pass) as shown in Fig. 1. They
can be respectively calculated as the following regression equa-
tions [16], [18], [19]

vy, = 0.0598 HRC14 ©)
ve = (46 wga®) /Nga* 0

v="_qrcica03 ®

In Egs. (6) and (7), HRC'#, Wgw, and Ng, are the Rockwell hard-
ness of workpiece, the grinding wheel width, and the required
roughness grade number, respectively.

In Eq. (8), fq: is the tabulated downfeed (mm/pass); c;, c;, and c3
are coefficients. For grinding stainless steel, 4 can be expressed
in Eq. (9) as found in [2]. The coefficients, c; and c,, can be deter-
mined in [19]

fge = 0.649 285t vy 098° ©)
¢, = 0.61 tg0466 (10)
¢, = (0.0292 d2-5151) /DY;4949 (11)

Where, tg, dg, and D, are the required tolerance grade, the grind-
ing wheel diameter, and the density of the workpiece loaded on
the machine table, respectively.

The coefficient c5 is selected by the grinding machine age as fol-
lows: ¢ = 1 when the grinding machine age is less than 10 years;
c; = 0.85 when the age is in the interval [10, 20] years, and ¢; =
0.7 when the age is more than 20 years [18].

The manufacturing time including auxiliary time, t¢ in Eq. (1), is
determined by

ts=tetty iy tiap ttewp (12)

In which, t. as known above is the grinding time; t;,, is the time for
loading and unloading workpiece; tgp, tq,, and te, , are respec-
tively the spark-out time, the dressing time per piece, and the time
for changing a grinding wheel per workpiece. The calculation of
these time parameters is described in Table. 1

Table.1: Time Parameters

Time parameters S?)/Im " Equation

Spark-out time figs tsp = (I w.)/(1000 1, v N;)
Dressing time per piece e tap = ta/Mpa

Time for changing a grind- ¢ e = i

ing wheel per workpiece S I

As analyzed above, with a given value of the input grinding param-
eters ie, Dy=500(mm) ; W, =40(mm) ; z=
0.1 (mm); Cppp, = 10 (USD/R); Cgy, = 30 (USD /piece); ns =
1450 (rpm) ; npq =35 aeq = 0.1 (mm) ; T, = 20 (mim) ;
Wpaq = 0.02 (mm/dress), the grinding cost in Eq. (1) depends on
the exchange grinding wheel diameter D,, . Fig 2 shows the relation-
ship between the grinding cost and the diameter of exchange grind-
ing wheel. It is clearly seen that the grinding cost obtains the mini-
mum value at D, ,,, = 475 (mm) (see Fig. 2). For the comparison
between the optimum diameter D, ,, and the conventional ex-
changed grinding wheel diameter, the value of conventional diam-
eter, which can be from 200 to 250mm, is much smaller than the
optimum value. Therefore, the objective function for the grinding
cost depending on the exchanged grinding wheel diameter D, can
be written as

Minimize Cgp, = f(D,) (13)
De,min =< De =< De,max- (14)
subject to
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Rockwell hardness of workpiece HRC, the wheel life T,,, the radial
grinding wheel wear per dress W, , the machine tool hourly rate
Cmn, and the grinding wheel cost Cg,, . Thus, the optimum ex-
changed grinding wheel diameter can be expressed as

De,op = f (DO' vaw' Aeq, HRC, T, Wpd! Cmns ng)- (15)

3. Experimental work

In this section, the experimental work is presented to describe the
influence of the input parameters i.e., the initial grinding wheel di-
ameter Dy, the grinding wheel width W, the total depth of dress-
ing cut a4, the Rockwell hardness of workpiece HRC, the wheel
life T\, the radial grinding wheel wear per dress W, , the machine
tool hourly rate Cy,;,, and the grinding wheel cost Cg,, on the opti-
mum diameter. In order to investigate the effect of these parameters
on the exchanged grinding wheel, the value of the grinding param-
eters is chosen in Table. 2.

Table 2: Grinding Parameters for Experiment

Factor Code  Unit Low High
Initial grinding wheel diameter Dy mm 250 500
Grinding wheel width Wew  mm 20 50
Total depth of dressing cut Aoy mm 01 02
Rockwell hardness of workpiece HRC - 20 65
Wheel life T, min 10 30
(szrf;(ilsal grinding wheel wear per Woe mm 001 003
Machine tool hourly rate Cn usb/h 5 15
Grinding wheel cost G USD/p 15 50

Minitab 18 was used to conduct the experiment and to analyze the
experimental data. With the eight input parameters as shown in Ta-
ble.2, the total of test runs is 128 (2(8~D) for this experimentation.
As discussed in Sec. 2, the optimum exchanged grinding wheel is
determined by minimizing the cost function in Eq. (1) and also de-
pends on the eight input parameters. Therefore, the optimum diam-
eter of the exchanged grinding at each test run is simply determined
according to the value change of the parameters in the conducted
experiments as shown in Table.3.

Table 3: Experimental Plans and Output Response

S R

W ou gn H

O n Blo W

r (o) t|e3 cks DO o Qea R Tw Wpd th Cgm Dop
r

d rd

er er ¢

4. Results and discussions

Based on the analysis of variance - ANOVA for the data reported
in Table 3, Fig. 2 shows the effect of each factor on the optimum
exchanged grinding wheel diameter D,,. It is clearly seen that the
relation between the optimum diameter and each factor is described
by the straight lines. From the observation of the slope angles of the
straight lines in Fig. 3, the strong influence on the optimum diame-
ter is the initial grinding wheel diameter D,. The other parameters
such as the total depth of dressing cut a.4, the wheel life T,,, the
radial grinding wheel wear per dress W, the machine tool hourly
rate Cp, and the grinding wheel cost Cg,, have the less effect on
the optimum diameter compared to the initial grinding wheel diam-
eter D,. It is also observed that the lines of the factor HRC and the
grinding wheel width W}, are parallel to the horizontal axis; there-
fore the Rockwell hardness of workpiece HRC and the grinding
wheel width W, have insignificant effect on the D,.

Main Effects Plot for Dop
Fitted Means
DO Wow aed HRC Tw Wpd Cmh Cgw

/ >— kﬁ -
300
250

004 — bt 1
250 500 20 50 0.4 0.2 20 65 10 30 001003 5 15 15 50
Fig. 3: Main Effects Plot for Optimum Exchanged Grinding Wheel Diam-
eter.

P
S w»
S o

Mean of Dop
o
wu
o

Fig. 4 presents the Pareto chart of the standardized effects with sta-
tistical significance at the 0.5 level. In Fig. 4, the influence of the
grinding parameters is more clearly evaluated by the magnitude of
these parameters. As seen in Fig. 4, the absolute values of the fac-
tors and the interactions are distributed from the lowest to the high-
est values; therefore, influences of these parameters and interac-
tions are arranged from the smallest to largest effects on the opti-
mum diameter D,,,. From the observation in this figure, the initial
grinding wheel D, (factor A) has the strongest effect on the opti-
mum diameter D,,, because of its largest magnitude among the fac-
tors and interactions.



6624 International Journal of Engineering & Technology
Pareto Chart of the Standardized Effects — —
. oo = Do o 008 3.183 a,qCinp — 0.9975 ayy ng 0.02225T,,Cpup, +
o2 Cator hiame 0.006973 T,, Cgyy — 1.032 WpqCpq + 0021879 CpppCyyy . (15)
H A
¥ | P o
C o HRC Analysis of Variance
Eﬂ ’?— E w' Source DF Adj S5 Adj MS F-Value P-Walue
AG A pd
AE G Cmh Model 19 1822884 95941 112062.50 0.000
Eg " b Linear (=3 1820865 303478 354471.61 0.000
AE Do 1 1799969 1799969 2102421.56 0.000
EE aed 1 2540 2540 2966.46 0.000
gE Twr 1 4912 4912 5737.83 0.000
FH Wpd 1 107 107 125.43 0.000
cF |
0 200 400 600 800 1000 1200 1400 1600 Cmh 1 8075 6075 7095.53 0.000
Standardized Effect Cogw 1 7263 7263 8482.88 0.000
Fig. 4: Pareto Chart of the Standardized Effects. 2-Way Interactions 13 2019 155 181.37  0.000
DO*aed 1 116 116 135.20 0.000
. . DO*Tww 1 222 222 259.89 0.000
The Pareto chart can determine which effects are large but cannot DOmWed ; - - oo co1o
determine which effects increase or decrease the response. There- DO*Cmh 1 276 276 s22.52  0.000
fore, the Normal Plot of the standardized effects presents the trend porcgw ! 229 229 28409 0.000
of the effect of the factors and the interactions of the parameters on e ! ot ot e o
the optimum exchanged grinding wheel diameter D, as shown in sed=Cmh 1 81 81 saea  0.000
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Error 108 ez 1

mum diameter D,,, when the settings change from the low value of
the factors and interactions to the high value. Otherwise, negative
effects located on the left side of the reference line decrease the op-
timum diameter D,,, when the settings change from the low value
of the factors and interactions to the high value. Effects further from
the reference line are more statistically significant e.g., the initial
grinding wheel diameter D, (factor A). It is clearly seen that the
factors and interactions with the blue circles have insignificant ef-
fects on the optimum diameter D,,,,.

Normal Plot of the Standardized Effects
(response is Dop, a = 0.05)

Effect Type
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Do
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Fig. 5: Normal Plot for Dop.

After neglecting the insignificant effects on D,,,, the estimated ef-
fects and coefficients for the optimum diameter are presented in
Fig. 6. As seen that the parameters and the interactions have the p-
values that are smaller than the significant level (o = 0.05). There-
fore, they absolutely have significant effects on the respond.

From the results above, we have the six grinding parameters i.e.,
the initial grinding wheel diameter D, the machine tool hourly rate
Cnn, the wheel life T, the grinding wheel cost C,,, the total depth
of dressing cut a4, and the radial grinding wheel wear per dress
Whpq and thirteen interactions i.e., Cpup*Cgy o Do™* Crppy Do* Ty,
Tw*ngr aed*thr aed*Tw: aed*Wpd: DO*ngv Tw*thr Do*aedv
Aeq™Cawr Do™Wpq, and Wy,q*Cy,, Which affect the optimum diam-
eter. Thus, the mathematical model can be built by using the analy-
sis regression technique in order to compute the optimum ex-
changed grinding wheel diameter for surface grinding. This model
depending on those grinding parameters and the their interactions
can be expressed as

Dop = —1.29 +0.95384 Dy — 67.02 Gpq + 0.0045 T, —
51.1 Wpg — 0.2469 Cppp, — 0.3436 Cyy, — 0.1522 Doapq +
0.001055D,T,, — 0.156 DoWi,q + 0.0235 DyCpy —
0.000733 DyCgyy + 1.436 aoqT,, + 344 agqWpg +

Model Summary

= R-sq R-sqgiadj) R-sq(pred)

0.925279 99.99%% 9. 992%¢ 99.99%

Fig. 6: Estimated Effects and Coefficients for Dop.

The reliability of the mathematical model as shown in Eq. (15) is
verified by the result of the experiment as found in [18]. The input
data of the grinding parameters was used for the experiment and the
mathematical model as follows: D, = 300 (mm) ,
0.115 (mm); T,, = 22.5 (min.); Wpq =

0.02 mm/dress; Cpp =5 USD/h; Cgqy, = 25 (USD/piece).
The optimum exchanged grinding wheel diameter obtained by the
experiment and the model in Eq. (15) was 265 (mm) and 269.59
(mm), respectively. The difference between the mathematical
model and the experiment can be expressed as

Aeq =

5 = (269.59-265).100, _ ..
w 269.59 (16)

The result from Equation (16) shows that the optimum exchanged
grinding wheel diameter is calculated by the formula (16) in accord-
ance with the optimum value obtained from the experiment.

5. Conclusions

In this paper, the analysis of cost for surface grinding stainless steel
was proposed in order to determine the optimum exchanged grind-
ing wheel based on minimizing the cost function. Furthermore, the
optimum diameter also depends on the eight grinding parameters
i.e., the initial grinding wheel diameter D,, the grinding wheel
width W, the total depth of dressing cut a4, the Rockwell hard-
ness of workpiece HRC, the wheel life T,,, the radial grinding wheel
wear per dress W, the machine tool hourly rate Cp,,, and the
grinding wheel cost C,,,. By the design of experiment, the effects
of the grinding parameters on the optimum diameter were investi-
gated. In addition, determining the optimum exchanged grinding
wheel diameter was concluded by a mathematical model. The re-
sults of this work are drawn as follows
e It was found that the initial grinding parameter D, has the
strongest effect on the optimum exchanged grinding wheel
diameter whereas the Rockwell hardness of workpiece HRC
and the grinding wheel width W}, have insignificant effect
on the optimum diameter.
e The positive effects of the three parameters i.e., the initial
grinding wheel diameter D, the wheel life T,,, the machine
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tool hourly rate Cp,, increase the optimum diameter D, .
Whereas negative effects of the three parameters i.e., the total
depth of dressing cut a.4, the grinding wheel cost Cg,,, and
the radial grinding wheel wear per dress W), decrease the
optimum diameter D,,,.

The difference of the optimum diameter between the experi-
ment and the mathematical model was 1.7%. Due to this, the
model is reliable to apply for calculating the optimum ex-
changed grinding wheel diameter in surface grinding tool
steel.
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