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ABSTRACT

Parameter design based on the Taguchi Method was applied to the endmill cutting process for nickel-based super alloys
rather than the conventional sequential methods or experimental design methods in order to optimize the cutting conditions.
“Machining transferability”, which compares the preset removal volume to the actual removed volume, was selected as

the evaluation characteristic used in this method.

Asaresult, if analloy iscut with the optimized conditions obtained with parameter design, an approximately 60% reduction
in variationsin machining transferability, in terms of the standard deviation, can be achieved as compared to the conventional

conditions.

1. Introduction

Conventional machining evaluations are typically
performed using a method based on such quality
characteristics as the machined surface roughness and
dimensions, tool flank wear, and device cutting resistance,
for which experiments are conducted by sequentially
combining various parameters or by cross multiplication to
optimize the machining conditions. When employing such
methods, even if thelevel of a certain parameter is changed
in adirection that is thought would yield favorable results,
often theresults are not as good as had been expected dueto
the interaction between parameters. In addition, while the
experimental design method may employ statistical methods
such that the contribution ratio of each parameter relativeto
the quality characteristics is expressed quantitatively, it is
sometimes difficult to obtain the optimum machining
conditions as a reduced dispersion.

In recent years, parameter design using the Taguchi
method has been proposed. This method differsfrom the
conventional sequential experimental method and the
experimental design method. Examples of using this
method to optimize the high speed milling conditions for
titanium materials and the endmill cutting conditionsfor
guenched steel have been previously reported®®,
However, there are no reported examples of this method
being applied to the cutting of nickel-based super alloys
(difficult-to-machine materials), which are generally
processed by casting and grinding.

We therefore attempted to optimize the machining
conditions for cutting nickel-based super aloys (difficult-
to-machine materials) with a milling machine by applying
the Taguchi parameter design method.
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2. Experimental Design

2.1. Fundamental Function

Evaluating machining according to the Taguchi method
consists primarily of two methods; namely, a method in
which the evaluation is based on transcription of the
machining dimensions, and amethod in which theevaluation
is based on the machining energy. There has been
considerable research conducted recently on the latter
method involving eval uations based on the energy consumed
in machining. This method usesthe energy input and output
as determined by the amount of electrical power supplied to
the machine and the actual amount of electrical power used
by the machine for machining®®. However, it has been
reported that when the energy consumption of the cutting
machine was actually measured, as the electrical power
during machining isrelatively small in comparison with the
power consumed during idling, the difference between the
two could not be measured®.

Therefore, in this study, an evaluation method was
applied based on transcription which works on the principle
that thefunction of cutting isto cut apreset removal volume.

2.2. Signal Factor and Evaluation Characteristic

Thefundamental function of cuttingisto cut and remove
a preset removal volume according to the settings mode.
Ideally, the settings and amount removed are in a
proportional relationship such that, if the settingsare doubled,
then the amount removed is doubled, and if the settings are
tripled, then the amount removed is tripled. If the input
(signal factor) istaken as M (preset removal volume), and
the output (evaluation characteristic) istaken asy (the actual
material removed, or “machined mass’), then the ideal
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relationship between the two is the following proportional
expression:

y=pM )

However, in actual cases of metal cutting, the following
complex equation results due to the effects of various errors
that cannot be controlled (X1, X2, ..., Xn):

y =f (M, X1, X2, ..., Xn) @

However, evenif the correl ation between each effect and
characteristic value can be determined by resolving this
complex relationship, it isnot actually possible to obtain an
optimum solution, including a reduction of the dispersion.

The Taguchi method is a form of optimization for
bringing the functional relationship expressed in equation
(2) closer to the proportional relationship of equation (1).
With the conventional experimental design method, quality
characteristics are used directly as the characteristic values
for analysis. However, with the Taguchi method,
experimental analysisis performed using the characteristic
value of the SN ratio that is converted to the ratio of the
signal and dispersion from signal factor M and evaluation
characteristicy.

Inthisexperiment, the rel ationship between signal factor
M and evaluation characteristic y is expressed by the
following proportional expression:

Y2 = pM: ©

Three levels of signal factors were set (preset removal
volume). Although the actual material removed increases
inproportion to theincreasein preset removal volume, there
are some conditionsthat prevent machining from continuing
due to breakage of the tool and so forth. In such cases, the
valuefor the final machined surface was substituted for the
actual material removed to facilitate data processing (Fig.
1). Thiswas done to identify those conditions that would
result in longer tool life and higher machining accuracy.

QO : Measured data of
o) X machined face

X : Substituted data of
unmachined face

O

Actual machined
mass, y

0
Calculated removal volume, M

Fig.1 Schematic of ideal function

2.3. Noise Factors

Although the conditions can be selected, including
dispersion reduction, to optimize the cutting conditions as
well as the machining and production conditions, at the
experimental design stage, there are many cases in which
optimization is not possible due to unpredictable and not
completely understood error factors. With the Taguchi
method, consideration is given to which realistic conditions
need to be selected, including these error factors. These
unknown elements are incorporated into the experiment as
noise factors.

In this experiment, it was decided to find realistic

conditionswith respect to the following two pointsfrom the
viewpoint of machining efficiency:
(1) Being able to cut accurately, regardless of the cutting
direction (up-cutting or down-cutting)
(2) Being able to cut accurately regardless of the overhang
(short or long).
Integration of these two points yielded the following
noise factors:
N1 (easy cutting): short overhang - down-cutting, the
error actsin the positive direction of cutting
N2 (difficult cutting): Long overhang - up-cutting, the
error actsin the negative direction of cutting

2.4. Control Factors

Control factors refer to each of the parameters that can
be controlled during cutting. In the case of milling, there
are numerous parameters such as the tool specifications
(material, coating, clearanceangle, included angle, tip radius,
tool diameter, etc.), feed per tooth, cutting speed, rotational
speed and cutting direction. With the Taguchi method, an
L 18 orthogonal array, which isless susceptibleto the effects
of parameter interaction, is typically used when designing
the experiment. In this case, although a maximum of eight
parameters can be assigned, each parameter must be ableto
be independently controlled. Five parameters were selected
for thisexperiment consisting of thetool manufacturers, feed

Table 1  Control factors and levels
Level
Factor 5 3

A | Tool maker 1 2

B | Error

C | Feed per tooth Low Middle High
D | Cutting speed Low Middle High
E | Width of cut Low Middle High
F | Depth of cut Low Middle High
G | Error

H | Error

Table 2 L18

EXPp. Control factors Noise
No.| A | B C D E F G | H [N1{N2
11 Low Low Low Low

2|1 Middle | Middle | Middle | Middle

3|1 High | High | High | High

4 |1 Low | Low |[Middle|Middle

51 Middle | Middle | High | High

6 || 1 High | High | Low | Low

71 Low |Middle| Low | High

8 |1 Middle| High |Middle| Low

9 (1 High | Low | High [Middle

10| 2 Low | High | High |Middle

11| 2 Middle| Low | Low | High

12 || 2 High |Middle [Middle| Low

13| 2 Low |Middle| High | Low

14| 2 Middle | High | Low |Middle

15| 2 High | Low |Middle| High

16 || 2 Low | High [Middle| High

17| 2 Middle| Low | High | Low

18| 2 High [Middle| Low [Middle

— 88 —



Optimization of Endmill Cutting Conditions for Nickel-Based Super Alloys

per tooth, cutting speed, width of cut and depth of cut. With
respect to the level values for each parameter, the tool
manufacturerswere assigned thetwo levelsof 1 and 2, while
the other four parameters were set the three levels of low,
medium and high. These were allocated as shownin Table
1. Anarray (L18 orthogonal array) that arranges the levels
of each parameter in the form of 18 sets of experimental
conditionsis shown in Table 2.

2.5. Fixed Conditions

The following were used as fixed conditions:

« tool holder

« tool type (diameter, number of teeth)

« cutting fluid (fluid type, amount of fluid, etc.).

3. Experimental Results

3.1. Examination of the Data

Cutting was performed according to the combinations
in the L18 orthogonal array. According to the Taguchi
method, the larger the difference in the data for each
experiment (differencein SN ratio), the higher the accuracy
that can be evaluated. As an example of this, photographs
of the test pieces after machining in experiments No. 5 and
13 are shown in Figs. 2 and 3. In addition, the data are
shown in Tables 3 and 4, while graphic representations of
those data are shown in Figs. 4 and 5.

Itisclear from the photographsthat, although machining
could be performed to the third level (the third machined

Fig.2 Machined test pieces (No. 5)

Fig.3 Machined test pieces (No. 13)

Table 3 Data of No. 5
y (9)
3
M (mm) N1 N2
1 1289.217 11.10 10. 49
2 2578.434 22.10 20.97
3 3867.651 33.08 20.97

Table 4 Data of No. 13

M (mm?) y (9)
N1 N2
1 1285. 806 10.97 10. 89
2 2571.612 22.01 21.84
3 3857.419 32.95 32.79
Tr 7r
o N1 o N1
6 A N2 6l A N2
[ ] L]
S 5F g 5+
> ? . > °
4+ al
[ ]
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30 40 50 60 70 30 40 50 60 70
M1/2 M1/2

Fig.4 Exp. result (No.5) Fig.5 Exp. result (No.13)

surface) of the signal factor at noisefactor N1 (easy cutting)
in experiment No. 5, in the case of N2 (difficult cutting),
further machining was not possible from part of the way
through the second level (the second surface). In experiment
No. 13, although tool marks remained on the third surface
at N2, machining could be performed to the third surface
for both N1 and N2.

3.2. Calculation of the SN Ratio

An example of calculating the SN ratio is indicated for
the results of experiment No. 5. In addition to showing the
data obtained by taking the square root (/) of the signal
factor and evaluation characteristic, the sum of the squares
was analyzed using those results.

Table 5 Data of No. 5

i y2

N1 N2
1 35.9057 3.3317 3.2389
2 50.778 3 4.7011 4.5795
3 62.190 4 5.7515 4.5795

* Total sum of sguares
§,=3.331 7%+4.701 1>+ ... +4.579 5+4.579 5
=118.713 8 (f=6) 4
* Linear expressions
L1=35.9057 x 3.331 7+50.778 3x 4.701 1 ...

+62.190 4x 5.751 5
=716.027 3 (5)
L2=633.632 8 (6)
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» Sum of squares of the primary effect of the signal factor

S=(LA+L2)2r

areshown in Table 7.
Next, the variance analysis (SN ratio) for each control

=117.744 8 (f=1) @) factor according to the calculated results for the SN ratio
where, and sensitivity is shown in Table 8. In addition, the factor
r=35.905 72+50.778 3*+62.190 42 effect diagram between the SN ration and sensitivity isshown
=7735.3013 (8) inFig. 6 and 7.
« Sum of squares of the noise factor
SN:SNXB Table 7 SN ratio & S (sensitivity) for each experiment
=(716.027 3+633.632 8)/r-117.744 8 Exp. No. SN ratio (db) Sensitivity (db)
=0.438 8 (f=1) (9) 1 11.52 -20.73
* Sum of squares of the error 2 16.83 -20.70
Se=S- §;- S, 3 -22.19 -22.28
=0.530 2 (f=4) (10 4 9.85 -20.70
» Sum of squares of the error, including the effect of the 5 -14.06 -21.19
noise factor 6 19.86 -20.70
S,=S...=S- S 7 13.38 -20.73
" oeed (=5) (11) 8 17.86 -20.69
Theresultsof theforegoing cal cul ations are summarized 9 -13.98 -21.16
inthevarianceresultsanalysisshownin Table 6. Based on 10 - 1341 -21.12
the variance analysis, SN ratio 1 and sensitivity S could be i; ig;i - ggi’;
obtained from the following equations. 3 2074 0,70
1 (Se—Ve) 14 17.11 -20.68
SN ratio:n = 10l0g —2" , =-14.06db (12) 12 13:2? . 23?2
N 17 12.46 -20.71
Sensitivity:S = 101 og% (S;—Ve) =—21.19db (13) — :gge 23:?2 - ;ggg

The results from a similar calculation of the SN ratio
and the sensitivity from the datafor each of the experiments

Table 8 Analysis of variance — SN ratio

) ] Factor F S \% p
Table 6 Analysis of variance (No.5) A | Tool maker 1 140546 3 | 1405463 | 3.6%
Factor | F | Sum of squares Variance C | Feed per tooth 2 391.876 0 195.9280 | 10.2%
Primary effect B 1 117.744 8 117.744 8 D | Cutting speed 2 76.083 6 38.041 8 2.0%
Noise factor NxB | 1 0.438 8 0.438 8 E | Width of cut 2 1570.217 3 785.108 7 40.7%
| ____Emor | e | 4 1 05302 | 01325 F | Depth of cut 2 186.696 2 93.348 1 4.8%
N’ 5 0.969 0 0.193 8 e | Error 8 1488.005 9 186.000 7 38.6%
Total T 6 118.713 8 Total 17 3853.425 3 226.672 1
20
15}
g 10t
s sl / X\&X
o
& °or
-5}
-10 L L L L L L L L L L L L L L L L L L L L L L L ]
12 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
A e (3 D E F e e
Factor and levels
Fig.6 Factor effect diagram of the SN ratio
-20-
5 -205F
z ></>< /%X H\< N >x< & >&<
-
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Fig.7 Factor effect diagram of the Sensitivity
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According to the Taguchi method, in a factor effect
diagram of the SN ratio, the larger the difference between
thelevelsof afactor, the higher the contribution ratio relative
tothe evaluated characteristic of that factor. Inaddition, the
larger the SN ratio of a level, the greater the degree of
agreement with the goal (the improvement of transcription)
of that level.

Sensitivity S calculated from equation (13) can be
expressed by equation (14) using linear slope b from the
fundamental function (Fig. 1). In this experiment, 3
theoretically expresses the density of the portion removed
by cutting.

Sensitivity: S = 10log [ (149

Since the density of the nickel-based super aloy usedin
this study was 8.53 x 10° g/mm?, ideal sensitivity S
calculated by equation (14) becomes-20.69 db. If thevalue
of sengitivity Sissmall, the density of the portion removed
by cutting isalso small. In other words, this means that the
preset cutting volume was not removed.

Sincethetrendsfor each level wasthe same for both the
SN ratio and sensitivity based on Figs. 6 and 7, itisbelieved
that the sensitivity could be improved by selecting a level
having a high SN ratio.

In this experiment, as is clear from Table 8, the
contribution ratio of thewidth of cut demonstrated the highest
value at 40.7%. Although the large effect of the width of
cut demonstrated a similar trend in previous machining
experiments, the contribution ratio in this present experiment
could be quantitatively determined with the other factors.
On the other hand, since the contribution ratio of the error
was also 38.6%, thisindicated that it isat alevel that could
not be ignored in comparison with the control factor.

4. Estimation of the Optimal Conditions

4.1. Estimation of the Optimal Conditions

In order to estimate the optimal conditions, a level was
selected at which the SN ratio reached amaximum for each
control factor based on the factor effect diagram of the SN
ratio shownin Fig. 6, and thiswas compared with the current
conditionsasshownin Table 9. Thecurrent conditionswere
set using the results of sequential combinations based on
each type of machining experiment, and coincidentally
agreed with those of current experiment No. 2.

Table 9 Optimal and current conditions

Factor Optimal condition | Current condition
A |Tool maker 2 1
C |Feed per tooth Middle Middle
D |Cutting speed Low Middle
E [Width of cut Low Middle
F |Depth of cut Low Middle

Sincetheonly control factor that exhibited the samelevel
for the optimal conditions and current conditions was the
feed per tooth, and the levels were different for the other
four factors, the extent to which an improvement in
transcription could be expected was quantitatively estimated.

4.2. Estimation of the SN Ratio under Optimal
Conditions

The SN ratio was estimated under optimal and current

conditions from the SN ratios at each level of all the control

factors to determine the gain. The comparative results are
shown in Table 10.

Table 10 Estimation of average value (db)

Optimal Current Gai
condition condition ain
SN ratio 32.15 12.33 19.82
Sensitivity -20.25 -20.67 0.42

According to the estimated results for machining
performed under optimal conditions, the SN ratiowas 32.15
db, indicating that a gain of approximately 20 db could be
expected in comparison with the 12.33 db figure under
current conditions. On the other hand, the SN ratio based
on the results of experiment No. 2, which was equivalent to
the current conditions, was 16.83 db, resultingin adifference
of 4.50 db between this value and the estimated value of
12.33 db. Thisisbelieved to have been dueto error factors
not grasped conventionally, aswas shown in the previously
mentioned table for the control factor analysis of variance
(Table 8). A confirmation experiment was then conducted
to clarify the manner in which the gain would be affected in
the case of machining under the estimated optimal
conditions.

5. Confirmation Experiment Results and
Discussion

The confirmation experiment was conducted under the
optimal and current machining conditions (Table 9) as
determined by the Taguchi parameter design method as
previously described. Theresults of calculating the SN ratio
and sensitivity are shownin Table 11.

Table 11 Confirmed result (db)
oot
ptlrr?al Curr'e.nt Gain
condition condition
SN ratio 18.48 10.50 7.98
Sensitivity -20.67 -20.70 0.03

In the case of machining under the optimal conditions,
the gain of the SN ratio in comparison with that under the
current conditionswas 7.98 db. Asisshowninthefollowing
calculations, thisindicatesthat dispersion of thetranscription
of machining can be reduced by roughly 60% in terms of
the standard deviation.

When the slope is represented by B and the dispersion
(standard deviation) is represented by o, the SN ratio
calculated by equation (12) can be represented by equation
(15).

B 2
SN ratio:N = 10log (;) (15)
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Accordingly, thefollowing resultswere determined when
the SN ratio under optimum conditions is represented by

M opty the slope by [3 (o)’ and the dispersion by G opry whilethe
SN ratio under current conditions is represented by 1,
the slope by B, and the dispersionby 6.

(cur)

Nopy = Ner) = 2010 <&°p‘)> 1OIog(B(°”r) 7980 (16)

Inaddition, the following results hold true since
B from Table 11.

Opt) -

2

N¢opyy —Neury = 10l0g ( O't:;) =7.98 (17)
.. | Oten 2= 100798 = §.281 (18)
) '

2 20 5506 (19)

O(opt)
Accordingly,
Oy = 040y (20)

On the other hand, a gain of only 7.98 db could be
obtained in the confirmation experiment, corresponding to
roughly half that of the 19.82 db gain for the SN ratio
indicated by the estimated results. In addition, according to
theresults of the confirmation experiment, the SN ratio under
current conditions was 10.50 db, indicating a considerable
difference from the 16.83 db figure for the SN ratio in the
case of the preliminary experiment. Thus, problemsremain
with respect to the reproducibility of the experiment itself.

In this study, the machining transcription, which
comparesthe preset removal volumewith the actual removed
volume, was selected for the evaluation characteristic. In
this case, although the SN ratios are equal if the actual
machined mass as the evaluation characteristic is the same,
even under different machining of conditions, when
considering an evaluation of the entire machining system,
there is the possibility that the effects of the parameters,
including the error, were not fully understood.

For example, in the case of a machine whose spindle
rotational speed is set by feedback control, the rotational
speed is kept constant by increasing the electrical power
when the cutting resistance increases and the spindle
rotational speed momentarily decreases. Asaresult, evenif
theevaluation characteristicin theform of transcription were
to be the same, the amount of energy used for machining
(the amount of power consumed) would increase. This
surplusenergy would then end up being converted into heat,
vibration or noise, and this could generate dispersion.

Thus, instead of just considering the machined mass, it
is believed to be necessary in the future to further add the
amount of power consumed and other factorsrelevant to the
entire machining system to the evaluation characteristicsin
order to improve the optimization of machining conditions
and the accuracy of gain estimation.

6. Conclusions

The Taguchi parameter design method was used to
optimize the endmill cutting conditions for nickel-based
super aloys with the following results:

(1) The dispersion of machining transcription could be
reduced by about 60% when machining was performed
under the optimal conditions.

(2) It is necessary to review the evaluation characteristic
based on the complete machining system in order to
further improve the accuracy of conditions selection.
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