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Abstract—This paper deals with development of using statistical method, which results in validdan
prediction models for tool life when end milling objective conclusions [13]. A large number and a
titanium alloy, Ti-6Al4V using TiAIN-coated solid  separate set of tests are required for each amy eve
carbide tools under flood condition. Primary combination of cutting tool and workpiece materials
machining parameters such as cutting speed, feed in order to establish an adequate functional
and radial rake angle were used as independent relationship between the tool life and the cutting
variables. Three main models such as 3F-model, 1% parameters (cutting speed, feed, and radial ragkepn
CCD-model and 2™ CCD-model, were observed  [14].
using response surface methodology (RSM) in The tool deterioration phenomena in end milling
determining the optimum cutting conditions for a  cutter is discussed in detail 8O 8688-2[16], which
particular tool life interval. ANOVA was applied was used as reference to determine the tool life
to prove adequacy of the predictive models. criteria. Two categories of cutting conditions inde
milling may be considered, which are: (i) cutting
Keywords— Tool life models, End milling, Titaniumcondition as a results of which tool deterioratohre
Alloys, Response Surface Methodology. to wear; and (ii) cutting conditions under whiclolto
deterioration is due to other phenomena such as edg
fracture or plastic deformation [17].
I. INTRODUCTION Traditionally, investigation of the effect of vau®
cutting parameters on tool life was carried oungsi
he trend in using titanium as aerospace materiabsme variable at a time approach. However, thisystud
in the airframe structure is increasing, mainly duéakes other approach which used simultaneous
to its great resistance to oxidation at elevatedariation of speed, feed and radial rake angle to
temperature, in addition to its low weight-to-sggn predict the tool life model when end milling Ti-
ratio. Previous studies have shown that titaniumh ar6Al4V. This approach which was pioneered by Wu
its alloys are considered as difficult to machingl8] is known as response surface methodology
material, regardless of the type of tool materisded. (RSM), where the response of the dependent variable
This has been attributed to their low therma(tool life) is presented as a surface.
conductivity which concentrates heat in the cutting
zone (typically less than 25% that of steel), réten  Il. DEVELOPMENT OF THE MATHEMATICAL
of strength at elevated temperatures and high aami MODEL USING RSM
affinity for almost all cutting tool materials [11-1].

Machinability of materials provides an indication  For this purpose, the mathematical model relating
of its adaptability to be manufactured by a magtani to the machining responses and their factors were
process. In general, machinability can be defined aeveloped to facilitate the optimization of the
an optimal combination of factors such as low agtti machining process.
force, high material removal rate, good surface
integrity, accurate and consistent workpiecél.1 POSTULATION OF THE MATHEMATICAL
geometrical characteristics, low tool rate and good MODELS
curl or chip breakdown of chips [12].

Investigations in machinability studies used quite It is assumed that the proposed model for the tool
extensive statistical design of experiments (DOEJife is merely a function of cutting spe&ft feedf, and
The DOE refers to the process planning of theadial rake angle,. Other factors such as machine
experiments so that appropriate data can be amhlyzgols, stability, entry and exit condition etc dwept

Proceeding 18 Int'l QIR 4-6 Dec 2007 IMM-20 1/6



ISSN: 1411-1284

constant. Thus the proposed tool life model in endhich is used for optimizing the machining process,
milling Ti-6Al4V can be expressed as has to be tested using analysis of variance (ANQVA)

T=CV*i,y0e o) ll. EXPERIMENTAL WORKS

Before commencing the experimental tests, a well
according to tool life criteria (mif), V is the cutting plane;d experimentation was essential in order to
. . ; acquire the relevant data for the development ef th

speed (m.mit), f, is the feed per tooth (mm.todth . : . ;
is the radial rake angl@)( & is the experimental mathematical model. Using design _of experiments
Yo IS dc. k. I 9 " o b timat iDOE) the development of mathematical model were
error andt, X, 1, mare parameters 1o be estimalety, oy with “factorial design and stepwise extended

using expenmentgl data. N to central composite design.
In order to facilitate the determination of cons$san

and exponents, the mathematical model will have Im 1 EXPERIMENTAL DESIGN
be linearized using logarithmic transformation, and
equation (1) can be converted into first order
polynomial as

where T is the experimental (measured) tool life

First step in developing mathematical model is to
consider the %2factorial design with replicated center
points as screening tests of the experiments, which

INT =InC+kInV +lInf, +miny, +Ine (@hployed the first 12 experiments as shown in
Fig. 1 [13].
which can also be formed as An extended design ofZactorial design is called
a second order central composite design (CCD),
Y =lgXg + X +0,%, +hyxg + £ (er]]iCh was augmented with replicated stars point as
shown in

Fig. 1. The number of such repeated measurements
affects the distance of the “axial star points”hnihe
~ _ ctor space. According to previous study [19], the
—y—&= + + + g . . R
VL= Y~ €= 0% + By By +hXg tance of axial star points to the center poinis

. . . 1.4142.
wherey is the experimental measured tool life on a

natural logarithmic scale, §, is the natural T

logarithmic value of predicted (estimated) took]ik,

= 1 (a dummy variable)y, x, andx; are the coded
value (natural logarithmic transformation) \éf f, and

Yo respectively, ¢ is the natural logarithmic
transformation of experimental errgrand by, b; and

b; are the model parameters to be predicted using the
experimental data [19].

To investigate the extended observation region,
the second order model is also useful when thenseco
order and interaction effect &f, f, y, are significant.
The first order model in equation (4) can be exéshd
to the second order model as

and finally can be written as

Fig. 1 Design of experiments used in developing

~ mathematical models.
Yo=Y~ €&

=DbyXo + byXq +DyX; +byXg %52 CODING OF INDEPENDENT VARIABLES

+ 15X Xy + 3% X3 + D3XyXg : : .
5 5 5 Further step in developing the mathematical
+byyX +DynX5 +bsx3 models is coding of independent variables by taking
into consideration the capacity and limiting cugtin
where ¥, is the predicted response based on theonditions of miling machine. The following
experimental measured tool life on a naturalransforming equation was used.
logarithmic scale and values are the parameters,
which are to be estimated by method least squares , _ In X, =N X0 (6)
method. In Xy =N X0
Analyzing of the experimental results was
conducted by means of Design Expert 6.0 softwafghere x is the coded variable of any factor
[20], while validity of the resulted prediction m&ld,  corresponding to its natural, x,; is the natural value
at the +1 level ang, is the natural value of the factor

Proceeding 18 Int'l QIR 4-6 Dec 2007 IMM-20 2/6



ISSN: 1411-1284

corresponding to the base or zero level [14] - [19] From Equation (7), it can be recognized that the
The level of the independent variables and codingiost significant factor which influenced the toifé)
identification are illustrated in Table 1. is the feed followed by cutting speed and lastly th
radial rake angle. From the ANOVA results shown in
Table 1 Levels of independent variables for endimgilTi-  Fig. 2, it can be seen that the lack of fit (LOF) of the

6Al4V model is not significant. Thus indicating that Etjoi
Independent L evel in coded form (7) was valid for the given cutting conditions, wini
Variable - -1 0 +1 * | is side milling of Ti-6Al4V using TiAIN-coated sali
Vmmmin) | 5453 130| 14422 160 167.03 carbide tools under flood conditions with the
: (mr)r(lltooth following ranges of cutting speed feed per tootH,
z 1))'( 0.025 | 0.03| 0.046| 0.07 0.088 and radial rake anghg : 130< V < 160m.min"; 0.03
(02) <f,<0.07 mm.tootH; 7 < y,< 13 () respectively.
o 62 | 70| 95 | 130 148
. Table 2 Tool life results for TiAIN-coated carbiti®ls
I1I.3 EXPERIMENTAL SET-UP Cutting | Feed | podial
Speed per Tool
Std. rake .
. . . Type \Y tooth Life
The tests were carried out with a constar(gaial | Order (m.min° | (mm.th" angle (min)
depth of cut) 5 mm and. éradial depth of cut) 2 mm H H ©
under flood conditions with a 6% concentration pf 1 Factorial -1 -1 -1 20.81
water base coolant using MAHO 700S CNC 2 Factorial 1 -1 -1 10.91
machining center for side milling operation. The 3 Factorial -1 1 -1 0.89
grade K-30 solid carbide end mill cutters, with PVD__4 Factorial 1 1 -1 0.46
TiAIN coated which were prepared with different S | Factorial -1 -1 1 29.0¢
radial rake angle according to DOE, were used for & | Factorial 1 -1 1 | 1283
experimentation. ; Eactor!a: 11 i i (1)22
The reference workpiece material was {a—g 3252‘? 5 5 5 505
rectangular bar (110 x 110 x 270 mm) of Ti-6Al4\- :
: o 10 Center 0 0 0 5.86
Tool life criteria used were VBx > 0.25 mm, 11 Center 0 0 0 528
chipping> 0.20 mm and catastro-phlc fallure.. 1 Center 0 0 0 2.48
Tool wear was measured using a Nikon tgot3 Axial | -1.4142 0 0 11.44
makers’ microscope with 30x magnification. ThHe 14 Axial | -1.4142 0 0 11.3¢
measurements of tool wear according to [16] weére g Axial 1.4142 0 0 3.54
carried out for each cutting edge at initial cudap 16 Axial 1.4142 0 0 3.58
continuously after a particular length of cut (dege| 17 Axial 0 -1.4142 0 13.74
on wear progressive of each tool) until the entbof 18 Axial 0 -1.4142 0 14.03
life was achieved. 19 Axial 0 1.4142 0 0.21
20 Axial 0 1.4142 0 0.22
IV. EXPERIMENTAL RESULTS AND 21 Axial 0 0 - 5.20
DISCUSSIONS 1.4142
22 Axial 0 1 4'142 5.23
The tool life experimental results of TiAIN-coate - :
carbide tools are shown in Table 2. The majer gi ﬁi:g: 8 g i'ﬂzg g'zg
contributor for wear occurred in end milling Ti-6AI - -
were flank wear of the end of the cutting edge and
Chlpplng' Response:  Tool Life TL Transform: Natural log Constant:
ANOVA for Selected Factorial Model
IV.1 DEVELOPMENT OF THE TOOL LIFE Analysis of variance table [Partial sum of squares|
Sum of M F
MODEL US'NG f'FACTORIAL DESIGNS Source Squa:cs DF Squ‘:‘: Value Prob > F
Model 19.50 4 4.88 604.15 = 00001 significant
The first 12 trials obtained ifable 2(see also 5 ;igg j n{zgf [;225 \ggggﬁ
Fig. 1) were used for generating the 3F1-model 8 ¢ 032 1 0.32 39.71 0.0007
. BC 0.047 i 0047 578 0.0530
a screening tests. ' Carvature 025 1 0.25 3086 00014 significant
Using Design Expert software with In Resiaul gk 6 -BOPIR0S _— ” -
transformation, the developed 3F1-tool life model ik Pz 2 390800 el iR e
coded factor can be written as follows Cor Total 1980 11
Fig. 2 ANOVA for 3F-model of TiAIN coated end mill
¥ =1.3332- 0.3643 —1.5032, + 0.2002; + 0.0764X,%, with ne = 4.

@)
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IV.2 DEVELOPMENT OF THE TOOL LIFE Equation (9) can be transformed using Equation (6),
MODEL USING 2 cCD which resulted in the predictive tool life as
Another development of the higher order modef; = 653113/ 350897 ~354822,064681 (10)

was conducted employing the CCD, which utilizes 24

experimental results. A ) o ]
The result of the second order model analysis i¥hereT is the predicted tool life in (min).

coded variables is given below,

Response: Tool Life TL  Transform:  Natural log  Constant: 0.00000
ANOVA for Response Surface Linear Model
9 = y —-& Analysis of variance table [Partial sum of squares]|
Sum of Mean F
=1.6383- 03878)(1 —1.4887x, + 0.1891x Source Squares  DF Square Value Prob > F
2 3 Model 19458 3 6.4860 150.77 <0.0001  significant
+ 0.07637X2X3 + 0.10684X12 - 0.5451)(22 + 0.1327)(32 A 1.0614 1 10614 24673 0.0010969
B 18.076 1 18.076 420,18 < (.00t
c 0.32053 1 0.32053 74506 0.025863
. . Residual 0.34416 & 0.043020
Result obtained from Equation (8) strengthen thiacorse  azorar 5 oostass 50263 0.10706  not significant
H H H \Pure Evror (L036689 3 6.012230
previous effect revealed in Equation (7) that thesm |50 “06. 1

significant factor, which influenced the tool lifis, the
feed followed by cutting speed and radial rake @ngl Fig. 4 ANOVA for first order CCD-model of TiAIN cdad

Similar result for the 3F1-model was recorded fo t end mill withn, = 4.
interaction effect and additional quadratic effect
occurred in second order CCD model. For validation of equation (10), the ANOVA was
used. From the ANOVA shown in
ANOVA for Response Surface Reduced Quadratic Model Fig. 4, the LOF is not significant but the model is
IAnalysis of variance table [Partial sum of squares| . I . .
Sum of Mean r significant. It implies that the model can reprdésée
P e W i Yew PobeR experimental data with acceptable mean square error
pledd] e gl e ool i (MSE). This equation is valid for side milling of-T
5 sl 35,461 82445 =0.000! 6Al4V using TiAIN-coated solid carbide tools under
4 ie 1 twm 0E L& flood conditions with the following ranges of cuti
a3 35661 ! 3.5661 829.09 = 0.0001 1 .
¢ L T L speeadv, feed pelr toothi,and radial rake anglg : 130
BC 0.045664 ! 0.046664 10849 0.0049213 <V <160m.min; 0.03<f, <0.07 mm_tootﬁ; 7<%
Residual 0.064518 15 0.0043012 T oaA . -t -
Lack of Fit  0.025895 6 0.0043159 1.0057 0.47692 not significant <13 (] ) respectively.
\Pure Error  0.038623 9 0.0042915
“or Total 43.521 23 - -
Fig. 3 ANOVA for second order CCD-model of TIAIN —— e U Lewe Upgi
coated end mill witm, = 4. CotSpeedVe Wmrage M dcow Lo 1we0 3
Feed fz isin range  0.030000 0.070000 1.0000 1.0000 3
. Radinl.rakf‘ isin .rn.nge 7.0000 13.000 1.0000 1.0000 3
TO CheCk the adequacy Of Equatlon (8), ANOVA Tool Life TL  maximize  5.0000 29.081 1.0000 1.0000 3
WaS Carrled OUt and reSUItS a're ShOWTFI@ 3‘ lt IS ioulr‘:ltlla::s S;;::‘%c Feed fz Radial rake  Tool Life TL  Desirability §
obvious that the LOF of the proposed model is not Ly e L omr DZE e
s!gnlﬁc_apt. Thls_lmphes that Equation (8)_ is mﬁor 2 e o e
side milling of titanium alloy Ti-6Al4V using TiAIN : e et 2o
coated carbide tools under flood conditions wita th | . bbb
following ranges of cutting speé&d feed per tootl, —

and radial rake anghg: 124.53<V < 167.03 (m.min
1); 0.025<f,<0.083 (mm.tootﬁ); and 6.<7y,<14.8 Fig. 5 Possible solutions for 3F1-tool life modsing
(°) respectively. TiAIN coated end mill witm, = 4 whenV andf, are in
range.
IV.3 DEVELOPMENT OF THE TOOL LIFE
MODEL USING TtCcCcD IV.4 OPTIMUM CUTTING CONDITIONS FOR A
PARTICULAR TOOL LIFE RANGE USING

The second option of tool life for the CCD model 3F1-MODEL

is the linear CCD model. The factorial data froable ) .
2 which is identical with the data for 3F1-model wer 10 determine which model should be chosen from

used to construct this model. This approach wdie three types of obtained tool life models, fdfng
adopted to avoid the accumulative error when to@e optimum cutting cpndmons for a particular Itoo
many unused data were taken into account whilf€ range. It is essential to select the most eateu

computing the data. model gained from the analysis based on the MSE of
The first order model resulted from the ccpthe three models. It was found that the 3F1-tdel li
analysis in coded variables is as follow, model is the most accurate model compared to others
models. Based on the 3F1-tool life model, the fxssi
§=14351- 0.3643 — 1,503, +0.2002, @Blutions for the end mill having tool life greatean
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5 minutes when cutting spe&tland feed, is kept in  [2]. R. Komanduri and W.R. Reed, “Evaluation of carbide
range, are illustrated in grades and new cutting geometry for machining
Fig. 5. From the results, it is recognized that the_titanium alloy’, Wear,vol. 92, pp. 113-123, 1983.
optimum cutting condition for end milling Ti-6Al4y, [3]- P-A. Dearnley and A.N. Gearson, “Evaluation of
which fulfill the given constraint, was cutting Sas/ principal wear mechanism of cemented carbides and

- ceramics used for machining titanium alloy IMI318",
130.10 m.mift, feed per toott, 0.03 mm.tootH and Materials Science and Technologg). 2, pp.1986.

radial rake anglg, 13. [4]. M. Wang and Y. Zhang, “Diffusion wear in milling
titanium alloys”, Mterial Science and Technology,

Constrants Lower Upper Lower Upper VO|'4x pp 548'5531 1988.

Name Goal Limit Limit Weight Weight Importance [5] A.R. Machado and J. Wallbank, “Machining of

Cut. Speed Ve maximize 130.00 160.00 10000 1.0000

w

Feed fz maximize 0.030000 0.070000 10000 1.0000
Radial rake is in range 7.0000 13.000 10000 1.0000
Tool Life TL.  maximize 5.0000 29.081 10000 10000

titanium and its alloys-a review'RProceeding of the
Institution of Mechanical Engineerspl. 204, pp.53-

W

Solutions 59' 1990
N ey fsan ke Ty o | [6]. A, Jawaid, C.H. Che Haron, A. Fallah, “Tool wear in
2 373 0 13000 (R T machining of titanium alloy Ti 6242"Proceeding of
: T e the 3% International Conference on Progress of
s e e Cutting and Grinding, Osaka, Japan, Nopp. 126-
131, 1996.
Fig. 6 Possible solutions for 3F1-tool life modeing [7]. E.O. Ezugwu and Z.M. Wang, “Titanium alloys and
TiAIN coated end mill withn, = 4 whenV andf, are their machinability — a review"Journal of Materials
maximized. Processing Technologyol.68, pp.262-274, 1997.

[8]. A. Jawaid, S. Sharif, K. Koksal, “Evaluation of wea
Another optimum cutting condition for end mechanism of coated carbide tools when face milling

milling Ti-6AI4V with the following constraints; tl %é‘rﬂi’gl‘ggﬂf{;'f]g“rlr‘agp"fzg"gftz‘;r["a'go';g’cess'”9
life greater than 5 minutes and cutting sp¥eandf, [] a Elaana + ' y
al

=1 g ' ° . [9]. H. Niemann, Ng. Eu-gene, H. Loftus, A. Sharman, R.
are maximized, which are appropriate for industri Dewes and D. Aspinwall, “The effect of cutting

needs, is illustrated in environment and Tool coating when high speed ball

Fig. 6. Results show that the optimum cutting nose end milling titanium alloy'ln Metal Cutting and
condition for end milling Ti-6Al4V, which satisfyne High Speed Machiningedited by D. Dudzinski, A.
specified constraint, was cutting spe&t 155.56 Molinari, H. Schulz, pp. 181-189, 2002.

m.min%, feed per toott, 0.038 mm.tootth and radial [10]-J.I. Hughes, A.R.C. Sharman and K. Ridgway, “The
rake angley, 1% effect of tool edge preparation on tool life and

o= workpiece surface integrity,Proceeding of the
Institution of Mechanical Engineerspl. 218, no. 9,
V. CONCLUSIONS pp. 1113-1123, 2004.

) o - [11].AK.M. Nurul Amin, AF. Ismail, M.K. Nor
Three tool life prediction models were satisfied fo Khairusshima, “Effectiveness of uncoated WC-Co and

describing the tool life when end milling Ti-6Al4V, PCD inserts in end milling of titanium alloy-Ti-6Al
namely 3F1-model, L and 2% order CCD-models. 4V, Journal of Materials Processing Technologyl.
The most accurate among them was the 3F1-tool life 192-193, pp. 147-158, 2007. _ _
prediction model. [12].M.Y. Noordin, V.C. Venkatesh, S. Sharif, S. Eltiry,

Abdullah, “Application of response surface

Main effects in linear observation region, which methodology in describing the performance of coated

: t

described by 3F1_ fincf brder C.:CD models, showed carbide tools when turning AISI 1045 steefqurnal
tf;g:- same contrlbut[on to tool life as comparedhi® t of Materials Processing Technologyol. 145, no. 1,
2" order CCD tool life model. pp. 46-58, 2004.

Based on the optimization processes, tw@i3].D.C. Montgomery, “Design and Analysis of
optimum cutting conditions are revealed for two  Experiments, 8 ed. Wiley, New York, 2001.
different objectives of constraints, when end mdli [14].1.A. Choudury, M.A. El-Baradie, M.S.J. Hasmi, “Tool
Ti-6Al4V. life prerdiction model by design of experiments for

turning high strength stell (290 BHN)Journal of
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