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Abstracts

This study investigated the life of HSS cutting tool while turning mild steel material. It employed
statistical expenimental design method to develop a predictive tool life model using a centre
composite design of experiment (CCD) comprising of fifleen (15) experiments. First order and
sccond order tool life model were developed with 95% confidence level. The results obtained from
the statistical model are in good agreement with that obtained from experimental data, with average
percentage error of 7% which is reasonably acceptable. Based on ANOVA results, the cutling speed,
depth of cutand rake angle were significant factors that influenced tool life.
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Introduction

Selection of cutting tool and cutting conditions
represent essential elements in process planning
for machining. This task is traditionally carried
out on the basis of the experience of process
planners with the help of data from machining
handbooks and tool catalogs. Process planners
continue Lo experience great difficulties due to
lack of performance data on the numerous new
commercial cutting tools with different
Materials, coatings, geometry and chip-groove
configurations for high wear resistance and
effective chip breaking etc (Jawahir & Wang,
2007). However. specific data on relevant
Machining performance measures such as tool-
life, surface roughness, chatter and vibration.
chip formation. and cutting forces are hard to
find due 10 Jack of predictive models for (hese
Measures. [ence, itis well known that obtaining
liable machining data is very costly in terms of
ime and material (Tsai et al, 2005). Thus,

various methodologies and strategies have been
adopted by researchers in order to predict tool
life in milling and tuming. Four major
categories were created to classify the
methodologies. These are: (i) approaches thal
are based on machining theory to develop
analytical models and/or computer algorithms
to represent the machined surface.

(i)  approaches that examine the efTects of
various factors through t(he execution of
experif*nenls and analysis of the results.

(1i1)  the artificial intelligence (Al)
approaches; (Benardos and Vosniakos, 2003).

DOE is the process of planning the experiments
so that the appropriate data should be collected
which may be analyzed by statistical methods
resulting in valid and objective conclusions,
(Montgomery, 1991). DOE thercfore provides
platform in which the data obtained are uniform

and reduce the total number olexperiments,
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Tool life prediction is important and necessary

in metal cutting, since there is considerable time

lost and this .
result of tool replacement or resel. Therefore, it
is important to predict tool life under varying
a large number

always leads to cost increase as a

cutting conditions. In this study,
ofexperiments were performed and analyzed in

order to establish the knowledge base for tool

life. Hence, this led to the development of

models of tool life using all the critical
parameters that affect cutting process in turning

mild steel using HSS cutting tool.

Materials and Methods

Muaterials and equipment

(a) Workpiece material: Mild steel was chosen
as workpiece material primarily because of its
wide industrial use; relatively ease of machining
and low cost. Metals in this machinability range
usually produce a measurable amount of flank

wear in the cutting time intervals used in the

experiment.  The chemical analysis of

workpiece material was done in Katsina Steel

Rolling Mill, Katsina, Nigeria and is shown on
Table 1.

Table 1: Chemical composition of workpiece
material (mild steel)

Clanent T T T
Tiren Cbon “Manganess ihsphums Sulphur Silicon

T om IR Y T X Y T

(b) Cu[tmg, tool The advanldgcs of I—l'Sé}(;)l-

over carbide are its strength to withstand ¢

littin
force 8

s and the low cost of the tools. From the
ol life point of view, Hsg tool performs
satisfactory at intermittent cutting appllcatlons

but cannot be used for higher cutting speeds |ike

carbide tool. The tool BCOMelry was groung g
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Defence Industries COTPOTalion
Kaduna for proper geometrica] Culllng I
on Table 2. The chemical comp()sllmn
tool which was analyzed at Ka
Rolling Mill, Katsina, Nigerig js s hu‘l
Table 3:

Table2: HSS cutling tool geometr,

e Dimension m

= Back Rake Angle m

vaned (107,127, 14%, 16°, 1%)  Side Rake Angle Y]

0 End Relief Angle ER

o Side Peliefl Angle SeE

6 End Cutung - edge Angla ECE4

15° Side Cutung - edge Angle SCEA

0* Nose Radius NR
T T

Table 3: Chemical composition of Clting
material (HSS tool)

Element Cobalt  Carbon Tungaten Moy bdemum  Cororzan \mon

Compostuon (%) 80 ] 13 95 40 [H

(c) Lathe: The lathe used for this experine
was a 1985 model; type SN 281, ARISS4
ARAD — ROMANIA having 7.5 horsepoié
equipped with a four-jaw universal self-cni
chuck and live centre at the tailstock. I!¥
manual lathe with the following specificat®
cutting depth of the range 0.5 mm to 73 %
cutting speed of 45 to 2000 rpm range. #"
spindle bore, 35 mm longitudinal fecd,ft’fdr“
0f 0.018 to 2.0 mm/rev range and tllff’”‘jp]zl
0f0.5to 56 mm/rey.

. . mfr‘:‘
(d) Vernier caliper; Flank wear measwe
h
were done using vernier caliper, & met
device used to determine small lt‘““[h

reasonable accuracy.
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2.2 Method

(a) Design of Experiment

The proposed relationship between the tool life
and the machining independent variables speed,
depth of cut and rake angle can be represented
by the following equation:
T=ClF"d"rfe ()

where T is the response variable tool life in
minutes, V is the cutting speed in metre per
minute (m/min). d is the depth of cut in
millimetre (mm), r is the rake angle in radian
(rad): C, m. n and p are constants or model
parameters to be estimated using the
experimental results and € is random error
having normal distribution with mean zero. In

order to facilitate the determination of constants

and parameters, the mathematical models were

then linearized by using logarithmic

transformation.

To develop the first-order model. a design
consisting of fifteen experiments was selected.
The design of experiments has an effect on the
number of experiments required. Therefore, itis
essential to have a well-designed experiment SO
that the number of experiments required can be
minimized. A central composite design (CCD)
consisting of 15 experiments was used. This
central composite design provides five levels
for each independent variable and coded values
of the variables are shown in Table 4. The
central composite, first-order design (with three
factors) consisting of 15 experiments Was used
o develop the first order model 25 shown in

Figure |, . These 15 tests consis
hen ¢« - —wtennninlrencatecd

{ of 4 factorial

five times as shown on Table 5. Since the
second-order model is very flexible, easy to
estimale the parameters with method of least
square error, and work well in solving real

response surface problems.

0, V2,9

| J)(I.l.-l)
|

0,0,V
#d

Xy el — 1@ (V20,0

(0, -v20)

Figure 1: Central Composite Design consisting
of 15 experiments

Depending on the capacity of the cutting tool, an
augmented length of = /2 was considered for
this study. The augment points consist of five
Jevels for each of the independent variables
denoted by - v/2,-1,0, +1,+V"2.

Table 4: Designed experimental factors and
their levels
Levels Lowest Low Centre IThgh  Highest
Coding -2 -1 0 -+ +\'2
Ay . Cutting Specd (m/min) 1938 196 55 79.2 Ill?
Xy, Depth of eut (mny) 0 73 156 225 100 175

0279 0244 0209 0.175

X, Rake angle (radian)

Scanned with CamScanner



G OF MILD STCEL WITH HSS CUTTIN

G TOOL USING STATISTICAL METHOD

o !
TOOL LIFE PREDICTION [N TURNIN

Table 5: Experimental conditions and coding

Curting Depth  Rake

“Tmad ;S ecariw

e T) oD Coding af Levels speed  ofcui angle
o \ A \7
92 3 0279
1 Factonal I 1 1 79, : g e
2 Factonal 1 -1 l 792
i Factenal -1 1 | J9 o 3 Q209
- Factoral 1 | 1 90 15 0279
s Cenme \] ] 0 §5 1.23 0244
5 Centre Q o 0 55 2125 0244
T Centie 0 0 (1} S5 228§ 0244
3 Centre 0 o [\ 35 225 0244
9 Cenire o 0 0 35 225 0.244
0 Axual -1 4142 ] 0 1ox 228 0244
i Axial 141421 (4 ] 1o 225 0244
= Axal 0 -lara2 o sS 075 0244
3 Asial 0 14142 0 ss 375 0244
. Axul o 0 -ld142 53 225 0314
1< Axial 0 o 141421 55 225 0175

(b) Turning process

The experiments were performed in the
machine shop of Scientific Equipment
Development Institute (S.E.D.1), Minna, Niger
state.  The machining test was carried out by
turning mild steel on a Jathe (SN 281: Romania)
with HSS cutting tool at different cutting speeds
(V). depth of cuts (d) and rake angle with
Constant feed rate ( f)of0.224 mm/rev. The HSS
tool was clamped in the tool holder ang a
cylindrical bar of mild stee] of ] 4¢ mm diameter
by 500 mm length was selected for turning, The

steel bar utilizeq in this €Xperiment yyagq
purchased from 5 local vendor
preépared for thjg €Xperimenta|
Proper preparatiop v,

in Kaduna apg
Setup. When the

mm/rev. A tool with a rake angle as indicaled 3
the experimental design was selecte( and y,
appropriate cutting speed was ge( The
corresponding depth of cut as indicateq ; N the
experimental design was then adjusteq This
was accomplished by turning the CTOSS-feg,
hand wheel mounted on the compound reg untj)
the tool tip barely touched the Workpiec,
surface. A micromeler slip ring on the hang
wheel was rotated to show zero depth of ¢ n
the scale and this indicated the reference Pointt,

take the required depth of cut.

The tool was then moved longitudinally past the
end of the workpiece and the hand wheel rotated
to move the tool inward until the desired depth
of cut was obtained. The desireq feed and
spindle speed were selected by levers on the
headstock.  When these steps were
accomplished, the cut was ready to be made.
The stop watch was checked for operation,
spindle lever engaged, and the feed mechanism
engaged. At the instant of contact between the
tool and workpiece, the stop watch was started
The experiments were performed with various
cutting speeds, depths of cut and rake angle 2
indicated in Table 5 and the corresponding tool
life is taking with the stop watch using vernier
caliper. Itwas decided not to use cutting fluid i?
the experiment as dry cutting condition®
facilitate faster tool wear and eliminate 2"

uncontrollable effect a cutting fluid may have
ontool Jife. ’
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Table 6: Experimental conditions for turning
process

Fector | Value Il
“Toal Shape (513a cake angle) |Wf': I AT T A —
Culting Mad None (dy cut)
Cumng spesd 195,396,550, 79 2 and 110 m/jpin

Luath oreut 78 0S0 228 300 and V75

Feed rate [RARE NITTINTAN

When the prescribed time period was over, the
feed lever was disengaged, the tool backed away
from the work, and the spindle lever disengaged
ending the cycle. At each cutting condition, the
turning process continued until tool failure,
which was based on the average flank wear (VB
= (0.3 mm). The flank wear was measured at a
time interval of 2 minutes until tool failure, and
this was done by removing the tool from the
experimental setup. Another workpiece was
mounted in the lathe, with corresponding
variables as designed, and the cycle repeated

until all experiments were conducted.

Results and discussion

Since the experiment was conducted with the
objective of determining and predicting the tool
life of HSS tool when turning mild steel, the
measurement of tool life of the cutting tool was
taken at an interval, during the process of
turning. The plan of tests was developed with
the aim of relating the effects of cutting speed
(V). depth of cut (d) and rake angle (r) on the
tool life (T) and Table 7 shows measured tool

life with the coded variables.

Table 7: Experimental coding and result

S/No Coding of Levels Tool life
X A X; (rin)

T T I -1 27.0

2 1 -1 | 336

3 -1 ! 1 41.7

} -1 -1 -1 58.6

5 0 0 0 39

6 ] 0 0 39

7 0 0 0 385

8 0 0 0 39

9 0 0 0 40

10 -1.4142 0 0 90 8
11 1.41421 0 0 234
12 0 -1.4142 0 60 4
13 0 1.41421 ] 323
14 0 0 -1.4142 41.7
15 0 4] 1.41421 396

The experimental results as obtained in the form
of tool life values against all the set
experimental conditions as shown on Table 8
were used to obtain the model parameters. It
could be seen from the table that the tool life in
minutes differed with the different cutting
conditions employed. The lowest tool life (23.4
minutes) occurred at the cutting speed of 110
m/min, depth of cut of 2.25 mm and rake angle
0.244 radian (140). At the cutting speed of 19.2
m/min, depth of cut of 2.25 mm and rake angle
of 0.244 radian (140) the highest tool life 0of 90.8

minutes was recorded
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Table 8: Results obtained from the experunent

T
T v (momun) o mm,
—

0279 70

———r 3

TURNING OF MILD STEEL WITITHSS cuT

7 (radian) Tool Ife (nidin)

4 - s 1S 0 200 1o
: - 3 0109 417
s 178 15 0279 e
224 0244 19

5s 235 0244 19

] 25 [URPE) LR

a2 0249 1

22 0244 10

I 198 3 02H 90,4
11 225 0244 214

5 075 024 o0 A

13 37 0249 1213
14 55 328 034 M7
$5 2235 0178 196

The tool life achieved was between the ranges of
23.4 t0 90.8 minutes as shown on Table 8. The
shortest tool life occurred at the cutting speed of
110 m/minutes, depth of cut of 2.25 mm and
rake angle 140. while the longest tool life was at
cutting speed of 19.8 m/minute, depth of cut of
2.25 mm and rake angle 140 respectively. On
the other hand, when the cutting speed and rake
angle were held constant at 55 m/minute and
rake angle 4o respectively: tool life increased
from 39.6 minutes at depth of cut 0f 3.37 mm to
60.4 minutes at depth of cut of 0.75 mm,
Similar trend was observed when rake angle
was reduced. At constant cutting speed of 55
m/minute and depth of cut of 2.25 mm; the tool
life increased when the rake angle increased.

For example, tool life increase from 396

.minutes to 41.7 minutes when the rake angle
iln‘creased tfrom 100 to 180. The reduction oftog]
life because of increase in cutting speed, depth
of cut and decrease in rake angle can be related
to the rapid progression of flank wear, Tool life

will become shorter when cutting is done at high

m_

TING TOOL USING STATISTICAL MET) g,

speed because of less time taken for (e log
achieve a considerable depth of Wear .

shows that cutting speed, depth of cut apg ral::
angle were significant factors in the Progres;

flank wear rate and tool life.

L

_:I)?cll_)-’Si-S' ()f variance (ANOVA) fOI'ﬁrS{ Order

(ool life
The first order model equation for the too] |jf, \

expressed as shown in equation (2) ang y,
analysis of variance for the first- order tool ife;,

shown on Table 9.
Source DF 8cq5S Adi§S SeqMb F P o ———
Mepression 3 | AURKT 149587 0402 dA0 A Ol
Xy V120379 1 20420 120377 1IST 66 <0.000)
X 1 029136 029093 29136 2BOZ20 <0000
X I 000373 00H3T3 000373 358 0y
Error 1100144 vOl144 00004

Lock-of-Fit 7 001066 001066 O 0N1S2 TR 003
Pure Error 4 000078 0 00078 0.00019

Total 14 151031

Significant at 5%
The model F-value of 480.48% implies that the
model is significant. There is only 0.001%
chance that a Model F-Value this large could
occur due to noise. The ratio of lack of fitto pur¢
crror is 7.84. Therefore, the model is adequate.
The selected model from sequential model sU”
of squares of tool life was analyzed using ¢
analysis of variance (ANOVA). The p-value
(Prob>F) for the model which is less ("
0.0001 is much lower than the significant °
(0.05) shows that the tool life mode! *
statistically significant, The ratio of lack off"
pure error is 7.84. Therefore, the model
adequate. The model terms that were take? in®
account (X1 and X2) were adequate to r'-'Pre:mﬂ

. ke (i
the model at 959, confidence while the tl
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term (X3) is adequate z( 90%. ANOVA tabl
. able

also shows that cutting spee and depth of ¢yt

are factors that significan(ly influence the (go]

alue 01'0.99,0.95 and (.99
for X1. X2 and X3 respectively

life. The R squared v

are close (o one,

Hence, the accuracy of (he model in (he

prediction of tool life g Justified. The 95,
confidence interval of first-order model in Table
4.6 aftirms that the rake angle has insignificant
effect on tool life, but if the confidence interval
is allowed at 90%., it is significant. From this I st
order model equation (2) i is apparent that
higher cutting speed will lower the tool life
values followed by depth of cut and rake angle.
This equation is valid for cutting speed (19.8 <
V < 110m/min), depth of cut (0.75 < d < 3.75
mm)and rake angle (100 < r < 180).

Figure 2 shows the plot of residual versus
predicted response for first order tool life data.
All points are randomly dispersed around the
horizontal axis and within the band of £ 0.050
except one of data that is an outlier. Hence, the
random pattern of these points indicates that the

model is appropriate for the data obtained.

Versus Fits
{respanse (5 Y)
0.050
0.025-
T 0007
3
% 0,025
-0.050
—————
0,075 e ; S B 2 w4 b
30 32 34 36 38 404
Fitted Valuo s
e e

Figure 2: Plot of residual versus predicled
response for first order tool life data

iku, *s AL Lawal Apg |, 0. Sadiq

Figure 3. plot of the normal distribution of the
residual poinl, The plot shows scatter points
evenly distributed over and below a central line
of fit. The statistjcal implication is that all the
points had constan( variance of experimental
errors less than 0.01.shows the

T
Normal Prababllity plot
(response is )
w -~
n -
~

L2 /{'
- M =
E o

w p
9 oy -
a <

M e

" i

" o

5 S :

.-/‘
) e e i
0659 02y 0669 4025 0.050 0.075
Pesdual

Figure 3: Normal probability plot of residuals
for first order ool life data

Analysis of variance for second order tool life
Using the experimental data in Table 7, the
second order model is derived from equation (3)
for the second order tool life model and
experiments were carried out to substantiate the
validity of the model.

ngT:?\:f‘i—-otl)ilos;EI‘\': \r: 1_‘5:;\00\ :sx] ~0.037X] + 0.016X] — 0.026%; -(3)
Equation (3) was later reduced to equation 4 as
the model parameters. b3, b4, b5, b6, b7, and b8
are statistically insignificant, as the t — value is
less than2.57.

y. = 3.71 - 0.48X,; — 0.18X, = 0.23X;X; (4)

The selected model from sequential model sum
of squares of tool life was analyzed using the
analysis of variance (ANOVA). The analysis of
variance as shown in Table 10 proved the

adequacy of the model as the regression effect i
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dominant in relation to linear and mtera:ctn;m
effects. However, the insignificance o’t the
quadratic model parameter, those that did not
justify the development of higher order model.
‘There were linear and interaction effect rather,
on the quadratic model. In this study 95%
coalidence interval was used and mode| lype
With p-value (ProbsF) less than 0.05 was
considered significant,

Table 10; Analysis of Variance for second order
toollifz mode)

Regression

3149993 49993 0 19993 52979 <0 apoy
Ny ! 120379 21636 | 21636 1288.90 <p 0001
X: I 029135 00019 N 0019 202 0183068

X:X l 000473 000478 o 00478 507 0 045796
Errer It voloss unInis g 00094

Lack-afpy 7 0009¢en g 09360 000137

707 0.038313

Pure Errgr 4 000078 000078 ¢ 0Ga1Y

Teral 4 15103

e

Significant g 5%The analysis of v

ariance for
second

Wn in Table
79 implies that the
There is only 0.00]9
a Model F-Value 1hjs large coulq

-order too| Jjfe mode| is sho
10. The mode] F-value 0f529,
mode| is significant.
chance thyy

Yy dispersed around
| axis and Wwithin the bapg of
0.050 except one of data thyy

Hence. the random patte

the horizonta

IS an outlier.
™M of these points

ET“()])

indicates that the mode] s appropy;

ale for the
data obtained.
0.025 Je ‘
go.uau R A s S ~
) 0025 C i
0055

-
T e
YR R mﬁ"\J

Figure 4: Ploy of residual versys
response for second order fog) life data

predicted

Figure 5

shows the plot of the normal
distribution

ofthe residug] point. The plot shows

Scatter points evenly distributed over and below

Normay Probabijy P}
{responge 15 1?' o

for Second or df:l:- taolollni ?‘Zadbaitl;ty Plot of residuals
Comparisop of the
predicled dyy,,

The predicted valueg Were o
€quation (5) and the Computey Bl
values are shown on Table | i

experimen!al 0ol life and

lained using
c’fperimental

T=492011 834035 q,,

()
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Table 11. Experimental tool life Dat
ata ¢
predicted Data and

SN Cumng Deopthof Rake

Measurcd  Predicied  Percentage
Speed cut mgle tool life tool life Deviation (%)
(wmin)  (mm)  (mdian)  (min) (min)

1 792 3 0279 27.0 30.6 13.390
2 792 15 0209 336 383 14,161
3 39.6 3 0209 41.7 432 3477
4 39.6 135 0279 586 563 3.908
5 55 225 0244 19 406 4313
é 55 228 0.244 39 40.6 41313
7 55 225 0244 s 40.6 5667
8 55 225 0244 39 406 431
9 55 225 0244 40 40,6 1.708
10 19.8 223 0244 90.8 69.6 23.386
11 110 225 0.244 234 283 21.022
12 55 0.75 0244 60.4 59.9 0.756
13 55 3.75 0.244 323 339 5205
14 55 225 0314 417 41.4 0.568
15 55 225 0.175 39.6 39.7 0306

Table 11 presents the predicted results obtained
from the models and actual results obtained
from the experiments. It also shows the
percentage deviation of the predicted value
from the model values. The average percentage
deviation of the experimental value from the
predicted value is calculated the following
formulae;

Ava.: = Ii2, |1Sumof error of linear (&)
9¢i = T T otal number of trial (T

(6)

From the Table 11 above, it shows that, the tool

life model predicts the model quite fairly as the

average error Is 704, which 18 rcasonably

acceptable. Therefore, the model can be used to
estimate the performances reasonably correctly.

The correlation between the values obtained

from measurement and proposed model for tool

life have been depictedin Figure 6.

~
o

8

wn
o

[
(=]

Mexsred Toal [He (Mins)
-
Q

~
o

-
<

o

Prudicied Tool ife (Mins)

Figure 6: Comparison of measured and
predicted tool life

Conclusions

This research work was undertaken te levelopa
predictive mathematical relationship between
the tool life in tuming of mild steel with HSS
tool and the machining variables by using the
experimental results obtained through the use of
the concept of DOE. Based on the results and
analysis carried out in this study, several

conclusions can be made.

a. Tool life reduces with increase in cutting

speed, depth of cut and decrease in rake angle.

Increase in the cutting speed, depth of cut and
decreasing the rake angle will increase the wear

rate and cause the tool life tobe shortened.

b. Based on ANOVA results, the cutting

speed, depth of cut and rake angle were

significant factors that influence tool life.

C. The percentage average ermor between

dicted and measured tool life of the

the pre
models is 7% at best which can be considered to

be reasonable and the model can be consulered
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accurate.

d. The Central Composite Design of
experiments is a better alternative than the
traditional one-variabie-at-a-time ﬂpprnﬂlch.
This provides a large amount of information
with a lesser number of experiments. [t also
shows that cutting parameters can effectivel y be
combined with tool geometrical purnmelcr such

asrakeangle to carry outan invest] gation,
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