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SUMMARY 

Face milling is considered for this work in two main parts, 

Firstly, the cutting geometry of face milling was examined. As the 

one independent variable, the author used equivalent chip thickness 

which is the ratio of the area cut (which is a measure of heat 

generated) to the cutting edge engaged with the workpiece (which is 

a measure of heat transferred to the chip, to the cutter and to the 

workpiece) by each tooth, because cutter wear is a function of cut- 

ting temperature. 

The machinability data such as cutter life, power required at 

the cutter, surface finish and vibrations, were obtained using two 

different face milling cutters (the Walter Cutter and the Sandvik 

cutter), two different types of tool steel material (B.H.N. 238 and | 

B.H.N. 197 as used by G.K.N. Ltd) in dowm-cut and up-cut face milling. 

The cutter life tests were planned and performed only as a 

function of cutting speed and of equivalent chip thickness in order 

to reduce testing time and number of workpieces required. ‘The 

validity of the equivalent chip thickness was proved. It was 

found that the equivalent chip thickness gives a guide to the selec~ 

tion of the geometry of teeth commercially available. Cutter life 

equations were obtained using statistical techniques. The power 

required at the cutter was expressed only as a function of metal 

removal rate. The results show both feed and cutting speed affects 

surface quality and vibration is generally generated by cutting force 

not by the chatter phenomenon, 

With the necessary backlash eliminator down-cut face milling
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showed better performance (in terms of machinability data, initial. 

contact point at entry conditions) than up-cut face milling. 

Shorter cutter life was obtained in central milling than in up-cut 

and down-cut milling, because the width of the workpiece was rel- 

atively small according to the cutter diameter used. 

Secondly, using the cutter life, metal removal equations and 

T - MR (T is cutter life; MR is metal removal rate) characteristic 

function idea, MR was expressed only as a function of T. ‘Then the 

economics of face milling were examined.
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NOMENCLATURE 

Width of workpiece (nm) 

Table speed (m/min) 

Depth of cut (mm) 

Engagement angle 

Angle between any two teeth in cutter 

Number of teeth 

Number of revolution (r/min) 

Feed per tooth (mn) 

Underformed radial chip thickness at any instant (nm) 

Mean value of underformed chip thickness (mm) 

Characteristic cross-sectional area of cut for the Te Cutter 

(mm*) 

The nominal diameter of the Walter cutter (mm) 

Cutting speed of the Walter Cutter (m/min) 

Equivalent chip thickness for the Walter Cutter (mm) 

Characteristic cross-sectional area of cut for the Sandvik 
Cutter (mm*) 

The nominal diameter of the Sandvik Cutter (mm) 

Cutting speed of the Sandvik Cutter (m/min) 

Equivalent chip thickness for the Sandvik Cutter (mm) 

Cutter life of the Walter Cutter (min) 

Cutter life of the Sandvik Cutter (min) 

Metal removal rate 

Total time to produce per piece (min) 

Replacement time for all teeth 

Total cost to produce per piece 

Operator and overhead cost per unit time.
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CHAPTER I 

Introduction 

The evaluation of machinability data obtained using the prop- 

erties of the cutting system (which are known to be: type of 

machining process, cutter, workpiece being cut, and machine tool) 

has always been of importance to industry especially from the point 

of view of economics and utilisation of machine tools. 

Machinalbility data enables the production engineer to select 

for the process the correct cutter (among those commercially avail- 

able), the correct process method and the correct machine tool. By 

using the machinability data obtained, the process selected can be 

controlled either directly or indirectly. 

Face milling, which is one of the cutting processes, removes 

excess material from the plane surface of given workpieces. It is 

known as interrupted cutting process and widely used in industry 

because material can be removed in large amounts in unit time with 

brazed or throw-away carbide inserts. These inserts or teeth, are 

subject to impact during their entry into the workpiece being cut, 

and the chip thickness varies during cutting. Due to the great 

scarcity of literature available on face milling, in this project, 

the author analyses the geometry and properties of face milling 

(down-cut, up-cut and central milling) and determines the 

variation of the chip thickness. The characteristic feed is defined 

and the metal removal rate is formulated as a function of cutting 

speed, characteristic feed and depth of cut. 

Cutting tests were planned and performed in order to obtain
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machinability data within industrially practical ranges. At the 

same time, the entry condition of each tooth was examined in order 

to determine the first initial contact of each tooth with the work- 

piece being cut. 

The machinability data» (which includes cutter life, power 

required at the cutter, surface finish produced, acceptable dimensional 

accuracy and vibrations generated), obtained and evaluated for 

down-cut, up-cut and central milling in order to compare the resu]ts 

using the Walter cutter and the Sandvik cutter with their different 

throw-away inserts, and the tool steels (B.H.N. 238 and B.H.N. 197) 

which were all kindly supplied by G.K.N. Ltd., Birmingham. The 

results were analysed in graphical and by means of mathematical 

equations. The equations were obtained in as simple a form as 

possible using statistical techniques. 

Cutter life results were obtained by optical means only as a 

function of cutting speed and equivalent chip thickness using the 

mean value of the maximm flank wears. It has been known that wear 

is related to the cutting temperature in metal cutting. Equivalent 

chip thickness is calculated by the cutter specification (diameter 

and number of teeth), the width of the workpiece being cut, the 

tooth geometry and by cutting variables such as table speed, depth 

of cut, but excepting cutting speed. 

The cutter life equations were cbtained using the power trans- 

formations method,known as one statistical method,in the semi-logarithmic 

form. Power is measured in terms of gross and idle power. Power 

required at the cutterwas evaluated only as a function of metal removal 

rate in order to obtain simple equations. The same slopes were cal- 

culated using the Sandvik cutter and the Walter cutter.
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Milling processes are generally known as intermittent processes, 

They are not finishing processes like turning or grinding. C.L.A. 

(Centre line Average) measurements taken under different cutting 

conditions give an idea about the kind of surface finish produced. 

Generally, the vibrations generated by the cutting force were measured 

on line under different cutting conditions. 

Using the machinability data obtained and having due consider- 

ation to time and cost,the economics of face milling were investigated 

from the T - MR characteristic function (T is the cutter life,MR is 

metal removal rate), optimum cutter life, metal removal rate and 

cutting variables such as cutting speed, table speed for the pre- 

selected depth of cut were obtained bearing in mind the maximum 

horse power available on the machine tool used.
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CHAPTER IT 

Review of Relevant Literature 

As can be seen in Figure (1) and Figure (2) the responses of any 

machining process can be grouped together into two main groups or indexes, 

namely: Technological Performance Index, and Economic Performance Index. 

Previous investigations, carried out using only one or two of the 

responses and related to our own research, will be briefly discussed here 

below:- 

2.1. Technological Performance Index and its Measurement. 

2.1.1. Temperature 

Temperature and its distribution over any local area which is exposed 

  

during the cutting process has been the subject of much attention, mostly 

(1) 
in turning processes , because temperature plays an important role in 

influencing the rate of wear of cutting tools. 

Techniques of temperature measurement in metal cutting are divided 

into four categories (2) . 

a) Thermo-electrical methods, b) Calorimetric methods, c) Radiation 

methods, d) Thermistor methods. 

Garter spring pick-up thermocouples positioned at the back of the 

cutter inserts (which is one of the thermo-electrical methods mentioned 

above) were used in face milling processes by Wang, Wu and Iwata a 

In order to evaluate the performance of the process, the average cutting 

temperatures on a multi-tooth cutter were measured and recorded. 

Average cutting temperatures were examined for different cutting 

speeds, feeds and depths of cut, and using different numbers of teeth. 

It was found that cutting temperatures increased as the number of teeth 

increased, for the same cutting conditions,



  

2.1.2. Chipping or Fracture of Tool 

When brittle tools like cemented carbide tools and ceramic tools 

are used either in a continuous or in an interrupted cutting process such 

as the milling process, chipping can occur in association with a wear 

zone, because of both mechanical and thermal stresses. Also, chipping 

which is not associated with any wear zone can occur in a brand new cutting 

tool as stated by Cook"), 

He theoretically reviewed tool wear mechanisms and tool life criteria, 

especially in single-tool operations such as turning rather than multi- 

tooth operations such as milling. 

Kronenberg ') made an analysis of the initial contact of a milling 

cutter taking face milling as a reference process. Both geometrically 

and mathematically and with the aid of the graphical method, he showed 

and explained the location of the inital contact in terms of the geamet- 

rical parameters, such as axial and radial rake angles, corner angle, 

cutter diameter, position of the cutter relative to the workpiece, as well 

as of the machining variables, such as feed per tooth and depth of cut, 

but only along the plane of engagement determined by the length of the 

workpiece. He did not investigate the location of the first plane of 

engagement determined either by the width of the workpiece as in the case 

of up-cut face milling or by the length of the workpiece as in the case of 

(6) showed the necessity of introducing down-cut face milling. Taylor 

statistical techniques in the field of metal cutting, because of errors 

especially in the determination of tool life. He also pointed out that 

the main objective should be to prevent breakage and chipping when apply- 

ing carbide tools. He tabulated the results of a two-year survey on the 

condition of brazed tipped carbide tools in terms of percentage worn and 

chipped tools, for a number of grades of carbides. The mechanism of 

cracking of carbide tools in face milling, using single tooth cutters, was
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considered by Shinozaki ”) from the probability point of view. The 

effect of machining variables on cracking was investigated by plotting the 

individual variables against the nurber of cracks on workpieces of constant 

length, The following criteria are recommended as ideal for cutting with 

the least probability of cracks:- 

a) Minimize the temperature difference at the cutting edge, b) Lower 

maximum temperature as much as possible. ‘The limitations of the investig- 

ation were in using only single-tooth cutters and face milling in central 

position. Kuljanic (8) showed the tool life to be a function of the 

number of teeth in the cutter, in face milling. He also proved statis- 

tically that the impact of the tooth entering the mterial does not affect 

the tool life when two teeth cut simultaneously. He concluded that the 

tool life tests for predicting the behaviour of the cutter should be 

carried out with more than one tooth, 

The work was limited to one workpiece, one tool material, and face 

milling for central position of the material. An analysis of thermal 

strain in peripheral milling processes, using high speed and carbide end- 

@) . They briefly milling cutters was presented by Yellowley and Barrow 

pointed out that in the face milling process, workers in Germany have 

concluded that entry conditions are all-important, whilst Japanese and 

Russian workers have laid great emphasis on thermal stressing in discont- 

inuous cutting. They found that tooth life in down-cut peripheral milling 

ao) outlined the was higher than in up-cut peripheral milling. Loladze 

problem of brittle failure of cutting tools from stress state conditions 

for different machining processes (turning, Planing, and certain types of 

milling) using photcelasticity. He theoretically calculated the thermal 

stresses using temperature gradients for orthogonal cutting.
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2.1.3. Tool Wear, Too. 

    

and Tool~life Equations 

The fundamental reasons behind the wear process mechanism and their 

applications to machining processes, basically according to time, have 

Oy. Gaia 

and Konig (it) showed that different mechanisms operate in tool wear when 

been the subject of investigation by many researchers 

steel is machined with carbide cutting tools, namely: diffusions reactions, 

abrasive wear (plastic deformation), adhesive wear (pressure welding), 

oxidation wear, etc. It was noticed that, at low and medium cutting 

speeds, tool-life depends on the wear at the flank face. Under high speed 

conditions, plastic deformation may occur on the rake face which detemnines 

the useful life of cutting tools. In recent years, researchers like Konig 

f2) have been involved with the development of improved cutting tools to 

obtain longer tool life. Konig 2) claimed that coated carbide tools, like 

TIN or TiC - coated carbide, might give tool life approximately 100-3003 

better than traditional carbides. 

Cook (4) and Barrow 13) reviewed tool-life criteria especially in 

single-tool cutting operations. A tool can be used according to any one 

of the following criteria:- 

1, Tool Failure 

Tool failure is a most generally accepted criterion for tool-life. 

Failure can be classified as follows: 

a) Chipping 

b) Accelerated wear both on flank face and on rake face. Barrow oe) 

recommended the values discussed below, especially in turning. 

1) Flank face wear 

ek) Carbide and ceramic tools can be used until the prescribed value 

of wear, the mean value V3= O, 38 mn or the maximum value oe 0, 76 mm, 

is reached on the flank face (see figure (3)).
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1.2) High speed steel tools can be used until the maximum value Vp aac 

1.5 mm or complete failure is reached on the flank face. 

2) Rake face wear 

Carbide and ceramic tools can be used until depth of crater KT = 0.004 

+0.3s (in) is reached on the rake face; 5 is the feed per revolution in 

(mm/rev) . 

parrow 3) schematically indicated that the relationship between 

mean value of flank wear NG, and time is in three stages: (a) an initial 

non-linear rapid wear rate, (b) an approximate constant wear rate, and (c) 

another zone of non-linear rapid wear rate, with both wear and time on a 

linear scale. He also pointed out that, provided the correct tool material 

is used for a machining process, failure by flank wear is usual; in view 

of this, tool-life equations are usually developed using a flank-wear 

criterion and, to compare tool-life data, the same criterion should be 

used. Opitz and Konig ") showed that in milling the curve of the mean 

value of flank wear Vp plotted against milling length on a log-log scale, 

and the curve of the depth of crater KT plotted against cutting time on 

linear scales, show an approximately linear increase after a first rapid 

wear rate. Konig (2) obtained curves of Vp against cutting time-in log- 

arithmic scale and KT against cutting time (in linear scale), approximately 

in linear form, using P25 carbide tool and P25 + TiC - 13Mo - 13Ni Coated 

carbide tools. 

Gilbert, Boston and Siekmann Se ebtained cutter-life data and cutter- 

life equation for cast iron mostly using carbide brazed single tooth face 

milling cutters in central milling on a knee-type horizontal milling 

machine. The parameters and variables (namely: grade of cast iron, tool
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material, feed per tooth, depth of cut, width of bar, number of teeth) 

were changed one at a time, using a value of 0.76 mm for the steady flank 

wear. The limitations were that they used mostly a single tooth cutter, 

central milling and only one type of tool with a certain geametry. 

In process measurements of tool wear obtained by sensors have been 

given attention, particularly on numerically controlled machine tools 

(15), (16), (17), rather than conventional machine tools Their investig- 

ation is out-side our scope. 

2. Change of Surface Finish 

Tool wear effects on surface finish. The deterioration of surface 

finish can determine the end of tool-life. 

3. Change of Workpiece Dimensional Tolerance and Accuracy 

The cutting edge might have to be replaced if the components produced 

are out of tolerance, because the degree of tolerance is associated with 

the wear of the radiused nose of the cutting edge. 

4. Change of Cutting Force and Power 

Cutting force and power required to cut the workpiece increase as the 

tool wears. The tool is replaced after a predetermined amount of increase. 

5. Economic Considerations >» 

Tools can be replaced before they are carpletely worn out,on the 

basis of an estimate of tool-life and of average tool cost. Tool-life 

data obtained from reliable tests can be evaluated in tabular, graphical, 

or mathematical form (equation). 

An accurate assessment of tool~life data in mathematical form has 

been necessary, following the development of optimization procedures and 

numerically~controlled machine tools (13) - When considering the validity 

of tool~life equations, one realizes that they are all emperical. 

In the metal-cutting field, many independent parameters and variables
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contribute many responses as can be seen in Figure (1) and Figure (2). 

If the number of the independent variables chosen is large, and one of 

the responses can be Beigsesa first, research can be carried out on the 

evaluation of the effects of each one of the independent variables on 

the selected response by using the Analyis of Variance 7 a well known 

method in the science of Statistics 18) - ‘The analysis of Variance can 

show the significance of the independent parameters and variables influ- 

encing a machining process. Generally, when selecting the independent 

variables from the point of view of tool wear, either of two main different 

criteria can be adopted: 

a) The independent variables such as surface speed, feed, depth of cut 

etc., are taken into consideration individually. 

b) Only two independent variables are taken into consideration individ- 

ually: surface speed and chip equivalent, or its reciprocal the equiv- 

alent chip thickness, which includes feed, depth of cut, tool geometry 

and some geometric properties, 

Using the two main different criteria mentioned above, up-to now 

three different tool-life equations have been used fey to predict the 

behaviour of the cutting process, especially in turning operations. 

(19) introduced his a) Taylor-type tool-life equations. Firstly, Taylor 

best-known tool-life equation vr” =K (1) 

Where nN is the slope of the logi-logV plot and K is a constant. 

For turning, Kronenberg 20) suggested a method to obtain the following 

tool-life / cutting-speed relation, by keeping constant the feed, the 

depth of cut and the tool gecametry: 

iy Wee) t + = K+K) (2) 

where K, is a constant (straightening factor). An extended Taylor-type
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equation which includes v, S, d, is used especially in turning with one 

type of tool geametry, as follows: 

da Bp ¢% 
Nik, (Sid Kk (3) 

where the exponents of , p 7 & are accepted as reasonably constant. 

b) Tool-life equations using the chip-equivalent concept. 

Woxen (21) first introduced the idea of chip equivalent q which 

includes geometrical parameters as well as machining variables of cutting 

in turning; he expressed the tool-life equation as follows: 

re Ge (4) 

where V is the cutting speed, T is the tool-life , T, is a predetermined 

tool-life, e.g. 60 mins, Ais an exponent, C is a constant determined by 

work material and tool material referred to the time Toy lo is a constant, 

¢ is a constant in turing process. 

Ae2) carried out work to demonstrate the validity Brewer and Rueda 

of the "equivalent chip thickness" hy which is the reciprocal of q 

in turning, and pointed out that h, was unfamiliar parameter in English- 

speaking countries. Using a high-speed steel tool, they also expressed 

the tool-life in turning operations using a much simpler relationship 

involving only two variables, cutting speed V and equivalent chip thick- 

ness ho, instead of five variables , V, 8, d, side-cutting edge angle S, 

and noise radius r. Colding (23) derived one limited equation and one 

general hyperbolic tool-life equation involving the variables cutting 

speed, chip equivalent and tool-life, at first in turning, using a well- 

known dimensional analysis. The limited tool-life equation was 

(5)
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where A and m are reasonably constant, and A is a constant for the 

limited tool-life. The general hyperbolic tool-life equation was 

ele ceo heii 
Blx,y x) = - See) jel Ho) eee = 

a bi 
H (6) 

where %(x,y,x) is general hyperbolic tool-life fimction, X = Inq, 

Y = Inv, Z = InT, and a, b and c are the semiaxes of the hyperbolic tool- 

life surface. He also expressed the total cost Q of turning one piece: 

Wee T+S 
2S ad ae +pr, (7) 

where Wp is the volume of material to be removed per part, p is the cost 

of machine and operator including overheads, (V.S.d) is the metal volume 

removed per unit time, T is the tool-life, § = Ty+R/p, 1 is the tool~ 

replacement time, R is the average cost of regrinding the tool, Ty is 

the idle time. 

He defined f as a productivity function: 

7. Mee (8) 
Ty q Ts 

where Lis the engaged cutting edge of the tool and qis the chip 

equivalent. Then he searched to optimize the ratio + called prod- 

uctivity. 

Later Colding 24) 1 (25) obtained expressions, using the chip 

equivalent idea, for all types of milling and grinding processes according 

to his own tool geometry and set-up. Then he used the general tool- 

life equation in second order polynominal logarithmic form for turning 

and plain milling processes. 

k + ax + bx? + cy + dy? +ef - 2 + Exy + gyz + hxz <0 (9)
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where k, a, b, c, d, e, £, g, h are constants, x = Inq, y = Inv and 

z=1nT. 

The equation above is quite camplicated and it is not easy to use since 

InT also appears in the second order. The effects of cutting angles on 

tool-life were analysed by kurt Bding equivalent chip thickness idea in 

turning. He concluded that if rake angle is increased, tool-life is 

increased, when the angle (side cutting-edge angle) between the work- 

piece and the tool is increased,tool-liffe is decreased in turning, 

c) Tool-life Equation in Exponental Form 

(Proposed by Konig-Depiereuz) 

Konig and Depiereuz (27) derived a tool-life equation for the turning 

process using T-V and T-S logarithmic curves, obtained during actual 

cuts, taking non-linearity into account. 

They assumed that the slopes K and i of the above curves vary as 

follows: 

k= -k.v" (10) 

i= ile" (11) 

where ke ig, m, n are constants, 

Using actual values of T, v and s, they then obtained their tool-life 

equation: 

x yn i, f Te ( —Yy"- = dhc) (12) 

where C is another constant. 

The limitations of this equation are that it is derived for a 

constant depth of cut in turning, and it does not take into account the 

experimental errors.
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Since all tcol-life experimental results include experimental 

errors, just like any other experimental processes, it is very difficult 

to obtain the values of five constants (Ky, m, i_, n, c) by using only 
s 

five experimental tool-life results (writing five simultaneous equations), 

especially in a multi-tool cutting process like milling. If the values 

of T,V and Ss are not rigidly related to each other, five unknown-constant 

values cannot be found using five simultaneous equations. This is one 

of the main reasons why statistical techniques have been so successful in 

the field of metal cutting as well as in other engineering fields. 

The statistical techniques mentioned below have been used to determine 

the proposed mathematical form of any response of machining processes; 

They are 1) Response Surface Methodology, 2) Power Transformations, 

3) Multiple Regressions, 4) I.C.L Statistical Package XDS.3. 

1. Response Surface Methodology 

Response surface methodology was first proposed by Prof. G. E, P. Box 

in 1951 in chemical process engineering. This statistical technique 

wa (28) + (29) first applied this technique views the response as a surface. 

to the field of metal cutting using Taylor~-type first and second order 

equations, taking V,S,d individually as independent variables. A 

composite design was used. After calculating the coefficients by means 

of the least square method, the confidence intervals were defined, The 

adequacy of the postulated model was checked by means of Analysis of 

Variance. Confidence intervals were determined for tool-life results. 

2. Power Transformations 

Instead of linearizing tool-life equations, wa, Exmer and mii 2°) 

used transformations of certain forms of dependent and independent



a1: 

variables to determine directly Taylor-type equations. 

The transformations, used in tool-life equations, were in the 

following forms: 

A a eNO F rs ee itA 40 
Doh) ae (13) 
Tint ifA=0 

where T is the tool-life and T is the geometric mean value of tool- 

life observations. 

For the independent variables, UL, Uy eves Uo. the transformations 

were in the forms below:- 

Ai me itd, #0 
i ay 2 (14) 

InX, itd, =0 

where x is any independent variable and Ay is any parameter, 

The tool-life equations are generally written as; 

LV E(t ) = Po + Ply + Pola + B33 ava + Pola (15) 

where E(T A) is the expected value of the transformed tool-life Fo! Py 

P3 eee p, are coefficients and are calculated using the method of least 

squares. For example if \# O ‘and Ay # O, the equation is written as 

follows: 

TA <1 x, Al Ad A 3 op E (2gke eet ) - Po + BY + BX + P33 one PoXp 

(16) 

If A= 0 and as = 0 the equation is written as follows: 

E(T.InT) = Po ot ice Gd Pt? +e P3inXy wejee Po'™ (17) 

This is a logaritmic transformation, which is a special case of the 

power transformations. The method of the residual sum of squares was used
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as the numerical criterion to indicate the best fit among the equations. 

An approximate percent confidence region was determined for tool-life. 

3. Multiple Regression and Analysis 

Some researchers ‘"1)* (32), (33) have already shown that multiple 

regression, one of the statistical techniques, also plays an important 

part in finding relationships between any one response of any machining 

process and a number of independent variables involved in that machining 

process. 

In the past, instead of multiple regression, researchers used 

linear, curve or surface fitting methods. 

Any proposed function which may be converted to linear form can be 

written as follows: 

Y= Py + PX + Pox + PaX3r-+> PoXp as) 

here Y is the estimated response and Por Pye Par P3°>*- Po are coeff- 

icients which are determined by the method of least aquares. 

Their composite effect is measured by the multiple correlation 

coefficient. 

When the number of independent variables is large, the use of a 

computer may become necessary. After estimating the coefficients, the 

analysis of variance can be a to check the adequacy of the proposed 

model. Certain percentage confidence intervals for the estimated 

coefficients can be calculated. 

4, The I.C.L. Statistical package XDS.3. 

The I.C.L. 1900 series statistical mark 2 package (34) defined in the 

manual gives different facilities.
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4,1. Independent and dependent variables are defined at the beginning 

of the programme. Observations are introduced in a matrix. Using the 

observation matrix, the package can calculate the mean, the variance and 

the standard deviation of each of the variables. 

A cross-product matrix is calculated from the observation matrix, A 

covariance matrix is found using the cross-product matrix. Then a corr 

elation matrix is determined by the covariance matrix. All these matrixes 

are available from the output file. 

The regression analysis can be carried out on a covariance which was 

calculated before the regression analysis. For each analysis, a dependent 

variable is defined. A significance level of each or of all the independ- 

ent variables is determined. Two different cases are identified. 

a) Significance level > 99%,using the significance level equal to 

or greater than 99%, each independent variable, which is written in the 

regression analysis, is pushed into the regression set. 

b) Significance level < 99%, using the significance level each 

independent variable, which is written in the regression analysis, 

appears when it is significant compared with the standard significance level. 

Output of the Programme 

Regression coefficients are calculated using the least square method. 

Standard error of the regression coefficient , confidence interval, student 

t-statistic, partial correlation coefficient, multiple correlation coef- 

ficient, error sum of squares (E.S.S) of each one of the independent 

variables and also E.S.S. of the dependent variable, are calculated in the 

analysis. 

.4.2. Analysis of Variance. As mentioned earlier, the analysis of 

Variance can be used to break down a measurement variation into additive
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components. The use of the analysis of Variance is shown in I.C.L. 1900 

series statistical mark 2 package. 

2.14. Cutting Force and Measurements 

In the study of the metal cutting field, measurements and eval- 

uation of the components of cutting force are particularly important 

especially from the point of view of the mechanism and of the mchine 

tool design, as well as from the point of view of the cutting tool design, 

For designing of the machine tool structures and the associated mechanisms, 

only the maximum values of the components of the cutting force are 

required. . 

In any metal cutting process the cutting force, which is originated 

from a point on the interface between the cutting edge of the tool and 

the workpiece, is a single vector. That vector can be resolved into three 

mutually perpendicular components called the tangential force BR. the 

radical force r and the axial force F In addition FL and EB. can be 

further resolved into two camponents, one parallel and the other one 

perpendicular to the direction of feed. One example of force resolution 

in down face milling process supposing two teeth in engagement with the 

workpiece is shown in Figure (4). 

Traditionally the instantaneous value of each component, especially 

the tangential force F,, can be given by a function of the machining 

parameters, like feed and depth of cut. In face milling, for example, 

. (35) the value of F, for each tooth is given by Koeningsberger as follows: 

Pp Fe P df (19) 
t 

where Pp is the mean value of the specific cutting pressure, d is the 

depth of cut, f i is the instantaneous value of the radical chip thickness,
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and the value of p lies between 0.75 and 0.9. 

Especially in milling, measurements of force components Phe E. and 

PL are difficult because hey are oscillating rapidly due to the variation 

of chip thickness during cutting 2°) -A dynamometer should record the 

fluctuations on a time base. For peripheral milling, Figure (5) and 

Figure (6) show the trend of FP, and B. in relation to the underformed 

chip length, both in upcut and dom-cut milling °°), 
Koenigsberger and 

Sabberwal?) Sehberwall ¢°) measured the horivontalmvertical and! extal 

ccmponents of the cutting force for different machining variables and 

different materials, in both up-cut and down-cut peripheral milling, 

using a three-dimensional dynamometer. 

A standard vertical milling machine was used. A hydraulic piston 

and cylinder arrangement was mounted at the end of the table to eliminate 

the backlash in the screw and nut assembly in down-cut milling. 

He concluded that in dow milling the cutting forces are generally 

higher than in up milling. In down milling the specific and mean cutting 

pressures are higher than in up milling. In down milling greater power 

(39) made will be required for the rotation of the spindle. Herderson 

a theoretical analysis of cutting force components in turning, milling and 

drilling. He explained each component of the cutting force as a function 

of the machining parameters and of the tool geometry. Pandley and Shan (40) 

described and analytical method for evaluating the cutting force components 

in peripheral and face milling operations using a single tooth cutter, 

They concluded that the cutting force components can be calculated with 

sufficent accuracy by describing the cutting action of the tooth by means 

of a shear plane model. The coefficient of friction largely depends on 

the tool rake angle and is virtually unaffected by the machining parameters,
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2.15. Power Consumption 

Because machine tools have limited horse power, the evaluation of 

the power required during cutting is as important as the evaluation of 

the cutting force components. 

Gilbert, Boston and sielmarm considered the power required in 

force milling processes using cutters having a single carbide tooth, 

brazed in position. They examined the unit power (horse power per volume 

of metal removed in the unit time) required at the cutter in relation to 

the machining parameters and geometrical variables, using different 

materials. They also pointed out that the cutting speed has very little 

effect on the unit horse power at the cutter. The feed per tooth has an 

appreciable effect on the unit power. Depth of cut has little effect on 

the unit horse power at the cutter. ‘The width of the surface face-milled 

effects the thickness of the chip. The Brinell hardness of the material 

being face-milled also affects the unit horse power. 

2.16. Surface Finish 

Surface finish is an important parameter especially in finishing 

processes like turning and grinding. Feed, as a machining parameter, has 

been known to affect the quality of the surface. Surface roughness , 

both in the feed direction and in a circumferential direction, and surface 

waviness, which are known as properties of surface finish, can play an 

important role to determine the hee life of the tool. Surface roughness 

in C.L.A index was considered in a regression analysis of feed, noise 

radius of tool and cutting speed by Bhattacharyya, Gonzalez and Ham ) : 

In recent years the measurement of surface finish in various processes 

(43) 
has been given closer attention, especially using laser beams The 

discussion of this developement is out-side the scope of our research,



=2l— 

2.2. Economical Performance Index 

One of the three machining functions (precess cost, process time 

and profit rate), which together constitute the performance index, can 

be taken as an cbjective function. Apart from those three functions, 

metal removal rate may be proposed as an object function. In machining 

processes, different types of constraints can arise. 

Machining variables can be determined according to a selected abjective 

function, either without constraints or under constraints. The importance 

of being able to select the econanically optimum machining conditions has 

long been recognized in the metal cutting field. ‘The basic mathematical 

models which have been used in the analysis of the economics of machining 

are: Unit-time model, unit-cost model, and profit-rate model. 

1. Unit-time model 

The total time per piece qT, can be divided into elements as follows: 

a) Non-productive time TT) includes loading, unloading and set-up 

time; it is independent of machining variables. 

b) Machining or feed engagement time Ty = Ts + Tyywhere Ty, is the 

actual time for cutting and Ty is the time for approach and overtravel, 

In practice, T, S TE a 

race 
  c) Tool replacement time T3 = 

where T. is the replacement time (time for replacing the cutting edge or 

edges) and T is the tool or cutter life. 
t 

= ae Thus: Soild oe P (20) 

The reciprocal of fs is the production rate s which indicates the number 

of pieces produced per unit time.
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Poa (21) 
P Pp 

2. Unit-cost model 

If cS is the cost rate (which includes operator costs and overheads) ' 

and Y is the cost per cutting edge or edges of the tool, we have: 

cy = Coy = non-productive cost. 

c, i 9 C5 = Coty = machining cost. 

a 
= = eee C3 = C573 Cot 7 tool replacement cost. 

© 

C,=¥Y +i = tool cost. 4 

The total cost per piece, C, will then be given by: 
ny ov 

= = ce coe C=C CC +c, = Cr + COT, + Ot. + Yee (22) pi 2 5 ie T. 

3. Profit rate 

The profit per unit time, Pr, can be written as follows: 

ha, cea 
erate (23) 

PR 

where S is the selling price per piece and may be assumed to be a function 

of aay C is the total cost per piece, and * is the total time per piece. 

It is essential that cost, time and tool-life data should be available 

to evaluate economic cutting conditions. But it is not always essential 

to express tool-life data in a mathematical form; Optimum cutting 

conditions can be obtained using tool-life data curves drawn using points 

obtained in actual tests. 

(22) As mentioned earlier, Brewer and Rueda used a number of nomograms 

to determine the economic cutting speed in turning. ‘he cutting speed
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was determined for a selected maximum feed under cutting force and horse~ 

power restrictions using the equivalent chip thickness variable for 

different tool materials (itigh speed steel, carbide, ceramic) and work 

piece materials (cast irons, steels). 

Ravignani. i) suggested graphical methods for determinining the optimum 

machining conditions from tool-life curves obtained from actual tests, 

using the relationships between the basic unit-time, the unit-cost and 

the profit-rate models. He extended his studies to the case of different 

operations successively carried out on the same workpiece. He also 

derived a method for determining the optimum ranges of the cutting condit- 

ions. He showed sate examples in turning. Generally, his studies, need 

a rather high degree of simplication for practical use. Jakobsson ee) 

suggested a method to obtain optimum cutting conditions, based on actual 

tests and using T-V and V-q curves drawn on a logarithmic graph, where 

  

q is the chip equivalent. The productivity, P -z A , is calculated 
T 

ay 

as an economic criterion to obtain values. In the above equation Ty is 

tool replacement time + tool cost per replacement expressed in machining time 

Tool-life data are more convenient G2) if expressed in mathematical form. 

Browns) considered the selection of machining parameters when 

turning with a single-point tool in one pass and in two passes, using a 

unit-cost model. When turning in one pass with constant feed and constant 

depth of cut, using Taylor's well’ known tool-life relationship vit = k 

he derived an expression for the minimum-cost tool~life. 

Cop 
ee eatt.( 14) (24) 
vm c 

and for the corresponding speed Ves 

K (25) 
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Similarly, with constant speed and depth of cut, using s “TL = ot 

Taylor's tool-life equation for feeds, he obtained an expression for 

the minimm-cost tool~life. 

Cr 

T= St. (2-1) (26) 

Seay oe wo seeciceet (27) 

He also derived the expressions for the cost of the two passes, which is 

the sum of the cost of each pass plus the cost of time required to change 

conditions from one pass to the next, at each pass using different cutting 

speeds, feeds and depths of cut. The derivations are rather complex and 

needs simplifying before they can be used in practice, 

Taylor (6) showed the effect of speed on the unit cost model at 

constant feed using the relationship vt = kin turning. He also examined 

the effect residual variance in the determination of the equation linking 

the tool-life T to the cutting speed V. In the absence of any quantitave 

statement regarding residual variance, he applied 95% confidence Limits 

which produced a variation of + 30% on the individual determinations of 

tool-life value, thus indicating that the work and tool material are the 

main sources of variability. He showed graphically the probable range of 

unit cost models with 95% limits. He pointed out that EN970 specification 

allows hardness the vary from 248 to 302 Brinell. Variations of this
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magnitude can cause tool-life to alter by 503%. 

Exmer and wa (47) investigated statistically the effect of experimental 

errors in tool-life tests on the determination of the minimum unit cost 

model using vr" =k (Taylor's tool~life equation) in turning. They 

determined a probable range of cutting speeds for minimum-cost because of 

uncertainty in the tool-life equation. A decision rule based on the mini- 

mum principle was used for the selection of a particular cutting speed 

(48) used a for minimum-cost confidence interval. Ermer and Morris 

different approach, a correction factor for the selection of the cutting 

speed for minimum cost, which takes into account the effect of experimental 

errors in tool-life tests. French, Milner ang weston 49) presented a 

computer programme for selecting the cutting parameters using only the 

known properties of machine tool, cutter and workpiece in turning, 

They pointed out that for the numerical control of machine tool,it 

is necessary to determine the four facts listed below in order to obtain 

maximum utilization, because of high initial investment cost of machine 

tool: a) tool motions, b) cutting variables, c) tools required, d) sequence 

of operations.Throughout their investigations, the workpiece material 

used was steel because any research and development progranme concerned 

with machining should include a high proportion of ferrous matals as 

stated by PERA reports No. 142°), okushima and Hitomi ©) anatysea 

theoretically the profit per piece in turning, using a linear break~even 

chart and employing Taylor's tool-life equation vt" = K. wu and Exmer (2) 

showed the application of economic principle to the profit-rate criterion 

for the selection of the optimum machining conditions in turning, using 

Taylor's tool~life equation vr = kK. Amergeo and Russell (53) analysed 

theoretically the selection of machining conditions based on profit-rate 

for a single pass turning process, using Taylor's tool-life equation
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A P 
vw .s =K,. It was found that the largest possible feeds should be 

a 

used when selecting cutting conditions, in order to obtain minimum-cost 

or maximum production-rate; in general the maximum profit-rate is not 

achieved under conditions affording miminum-cost or maximum production 

rate. 

Armarego and mseetl 2? also showed theoretically the use of the 

profit-rate criterion in single pass shaping and peripheral milling. 

They applied Taylor's tool-life equation to peripheral milling with a 

single-tooth cutter, as follows: 

= A 
T= D r (28) 

y A, (teg) ny 

  

where T was the tool-life, expressed as actual cutting time of the one 

tooth of the cutter, V was the cutting speed,teg. was the average chip 

thickness (because of variations in chip thickness), and A, n, n, are 

constants, They determined the machining time from the ratio = where 

1 was the length of workpiece and F was the table speed and obtained the 

tool replacement time from the formula 

5 Tos 
dp 

where Ty was the time required to replace the tooth of the single-tooth 

cutter, Tos was the cutting time for the one tooth to cut workpieces, 

and T was described by equation (28). Wu and Tee (55) determined the 

optimum cutting conditions using maximum profit-rate and the cutting speed 

at maximum feed to meet the fixed demand. The effect of the variation 

of selling price per piece and operator cost on the profit rate was exam- 

ined,
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In single-pass turning operations with fixed feed and depth of cut, 

using Taylor's tool-life equation oe ine. , Kizhanatham and 

Brian oe? analysed a cost model, ee ae in-process inventory 

cost which is determined as the cost due to the waiting of the semi~ 

finished jobs in the workshop for processing by same machine, and the 

penalty cost which is a cost for violating a due date clause. 

Emer 7) showed the application of geometric progranming to 

turning operations, to obtain optimum cutting conditions for minimum uit 

cost under constraints such as available speeds, feeds, horsepower, sux 

face finish. The optimum cutting conditions obtained by his method are 

subject to uncertainty because some coefficients of the unit cost model, 

such as non-productive time and coefficients of constraint, are subject 

to variations. 

Iwata, Muratsu, Iwatsubo and Fujii (58) showed an analytical method 

to determine optimum cutting conditions by considering the probabilistic 

nature of coefficients in some constraints such as cutting force, horse 

power and surface finish, 

Friedmann and Tipnis (69) introduced a new concept which explained 

the existence of a characteristic relation between metal removal rate 

MR and tool-life T for a given metal process. They showed that the 

optimum point, which determines optimm cutting conditions, must lie 

ee) showed. on the MR-T characteristic curve. Tipnis and Friedmann 

the application of the above concept to circular sawing and peripheral 

end milling processes they obtained a MR-T curve, using the cutting 

speed V and the feed per tooth f as the two variables. 

They also theoretically explained the use of the MR-T characteristic 

curve for the selection of economic cutting conditions under limited 

cost data, the economical development of tool-life data, the comparison
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of machining responses such as tool-life, surface finish, the determ- 

ination of an objective function for adaptive control, and the maximis- 

ation of Metal removal rate at the desired level of surface integrity. 

As can be followed from the literature survey, in the field of 

face milling processes little research has been done covering all 

aspects, especially in order to obtain mechinability data such as cutter 

life, power required, surface finish produced, and vibration of work- 

piece. The chip equivalent, which is the reciprocal of the equivalent 

chip thickness, was proved and used by Woxen (Qu) (24),(25) in tuming. Colding 

only derived mathematical formulas for the chip equivalent in all 

aspects of milling processes using his own tool geometry and grinding 

processes. He did not use it in face milling processes. Cutter life 

tests have not been conducted using only two independent variables 

namely cutting speed and equivalent chip thickness, and no equation has 

been obtained using the two independent variables mentioned above. 

The power required at the cutter has not be obtained in terms of metal 

removal rate. ‘The surface finish cbtained has not been expressed 

in term of any machining variable. The vibration of workpiece in three 

directions, namely tangential, feed and axial directions, has not been 

measured. Surprisingly, there are few available machinability data in 

(61) face milling processes. Milner pointed out a similar conclusion.
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CHAPTER IIT 

Theoretical Analysis of the Technological Performance Index, the 

Relationship of each of its Machining Responses and Economic Index 

in Face Milling Processes 

Face milling was chosen as a typical process in order to evaluate 

the performance indexes of face milling processes themselves as well as 

other metal cutting processes. It removes metal froma given plain 

surface more efficiently than the shaping process, it is widely used 

in industry especially with brazed or throw-away carbide inserts. For 

this research we were fortunate to obtain the co-operation of the 

GKN Ltd., Smethwick, Birmingham, a Company producing nuts, bolts and 

fasteners. 

Surprisingly there is litte available machinability data for face 

milling processes. ‘The following considerations on face milling will 

be limited to those cases which are of particular importance in estab- 

lishing relationships such as cutter life, cutting force, power required, 

surface finish, and vibration produced, 

3.1. On the Mechanics of Face Milling 

Face milling, which is considered as interrupted cutting process 

and treated to be a type of milling process such as the others peri- 

pheral (slab), end, side etc., milling, is essentially similar to 

continuous single-point tool cutting except variation of the chip thick- 

ness and impact upon the first engagement of each tooth of the cutter 

with the workpiece material being machined. Three types of face milling, 

which are described according to set-ups and machining directions, are 

named as central, down-cut (climb) and up-cut (conventional) milling as
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shown in Figure (7). 

In up-cut and down-cut milling, the eccentricity, e, determines 

the distance between two planes of symetry: One plane passes through 

the centre of the cutter, the other passes through the longitudinal 

axis of the workpiece. In up-cut milling, the cutter rotates against 

the direction of the table movement, in other words, the workpiece 

advances towards the cutter on the side where the teeth move against 

it. In down-cut milling, the cutter rotates in the direction of the 

table movement, in other words, the workpiece advances towards the cutter 

on the side where the teeth move away from it. In central milling, the 

centre of the cutter is on the longitudinal axis of the workpiece being 

machined. 

In Figure (8) one typical down-cut face milling is show, in which 

the width of the workpiece is W, the table speed F, the depth of cut d, 

the engagement angle Ge the angle G, between any two teeth. The 

cutter, which has diameter D and number of teeth z, rotates a number of 

revolutions per unit time N and a cutting speed V. In face milling, 

the thickness of the unde formed chip varies continuously while each 

tooth of the cutter cuts the workpiece. In up-cut milling, the unde ~ 

formed radial chip thickness increases from a small value f to the max- 

imum value f. In down-cut milling f occurs almost at the beginning of 

the cut and the unde formed radial chip thickness will then decrease. 

In central milling, the unde formed radial thickness increases to f 

from f then decreases again to £,- The path of each tooth of the cutter 

relative to the workpiece is a trochoid. For the sake of simplicity it 

is assumed that the path generated by each tooth is circular (65) . 

In any face milling process, each tooth cuts a certain volume of 

metal (W.d.f). All teeth will cut a total volume of metal removed in
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the unit time, MR, will then be (W.d.f.z.N). The characteristics of 

MR are as follows: 

a) The equation is the same for all face milling processes. 

b) Time is not related to the tooth engagement time a which is a 

function of Ca: 

In face milling processes the expressions below are well known; 

V=% DN. (29) 

P= £.2.N. (30) 

MR = W.d.f£.2.N = W.d.F (31) 

If the teeth are equally spaced along the periphery of the cutter 

the angle q, between any two teeth is written by: 

Ga eG (32) Zz Zz 
  

It may not be necessary to space teeth equally, in fact it might 

be desirable. Doolan, Phadke, wa (68) proposed a method to design a 

face milling cutter with unequal tooth spacing which has a higher stab- 

ility against relative vibration between the cutter and workpiece. 

In up-cut milling, the unde formed radial chip thickness h at any 

instant can be expressed approximately according to the set-up used as 

shown in Figure (9) in the following: 

h=£.Sin@ (33) 

The mean value of the unde formed chip thickness ho can be written as 

follows: 

hy = E js £. Sin@ .a@ (34) 

Go 

Boe © Ga eee (cos @, Cos &,) (35)



-32- 

In down milling, the unde formed radial chip thickness h, at any 
L 

instant can be written approximately as show in Figure (10) in the 

following provided the same value f is used; 

h, = £.Cos @ (36) 
1 J: 

The mean value of the unde formed chip thickness Dan can be written as 

follows: 

Gu 
Sega (37) bas si £. cos @,.a&, 

Gor 

zt (sinG@,, - sin @.1) (38) ee 
ami Gai 

It can be seen that for the same f value and angles,up-cut and 

dowm-cut face milling produce chips with the same mean chip thickness 

value: 

(39) 

From now on, therefore only hy will be used in notation. 

Either of the two situations below can occur face milling processes 

a) G4, (40) 

Either one or non tooth is engaged with the workpiece at any time, 

b) Gy (41) 

One or more than one tooth could be engaged with the workpiece at 

any time. The number of teeth engaged with the workpiece, Zor depends 

both upon G, and z. The value of Ge also depends upon the relative 

position of the cutter with respect to the workpiece. G increases, when 
e
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the workpiece is displayed from the centre-line position towards the 

down-cut or the up~-cut position, that is to increase the value of Ge: 

The value of Zs is written as follows: 

Ge 
2. (42) 
Sinan 

  

u a z= ©,.2/2% (43) 

For example, if fe 1.6, it will indicate that for 40% of the time 

only one tooth cuts and for the remaining 60% two teeth cut. The 

author proposes that for any set-up regardless of type of ace milling, 

the metal removal rate, MR, may be also expressed in the other way apart 

from the equation(31) using the mean value of unde formed chip thick~ 

ness h, and the engagement angle G. ideas as follows: 

MR = hy d. -. . Gy-2.N (44) 

or Ge us) 
MR =h dV. a= 

m 
Zz 

The value of MR depends upon ho which is a function of f and the geom- 

etry of set-up, d, V, Ge and oe In MR, the term which in this 

research the author called the "characteristic feed" £, is defined as 

follows: 

f,= >o.h (46) 

When Ca is smaller than CG it shows only one or non tooth is engaged 

with the workpiece at a time and non-cutting time exist between any
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e 

Gz 
time, hence f aon smaller than h Te Ga is equal to G, Lt 

two teeth, the ratio   7 is smaller than 1, determines non-cutting 

also showns only one tooth is engaged with the workpiece at any time 

but non-cutting time does not exist between any two teeth, the ratio 

Ge is equal to 1, hence fy becomes equal to ho When G, is bigger 

tha G: it shows one or more than one tooth is engaged with the work- 

  piece at any time, the ratio is bigger than 1, hence fo which 
e 

Gz 
becomes bigger hy determines the complete motion of one tooth plus 

the partial motions of one or more teeth, which will engage the work- 

piece while the first tooth campletes cutting. 

Metal removal rate, MR can be calculated by using one of the formas 

given below: 

MR = W.d.F = £,.d.V (47) 

The product fd determines the area A, which will be called "the 

characteristic cross-sectional area of cut"; 

A, £,.d (48) 

For example when Ge is bigger than G, i AG is the total area cut by 

one tooth while passing across W. 

r S and AS are related to the mean value of chip thickness. They 

can give better understnading than f itself in order to evaluate responses 

of face milling. Because f is varied during cutting. 

3.2. Equivalent Chip Thickness Idea and its Derivation in Face Milling 

All energy, which is required to remove excess metal from a given 

surface, is converted into heat, mostly in frictional heat and in shear
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(67) plane The sum of energy in a metal cutting process is expanded 

in several forms listed below: 

a) Shear energy alone the shear plane. 

b) Friction energy among chip, tool and workpiece, 

c) Surface energy due to the formation of a new surface area, 

d) Momentum energy. 

The temperature at a specific point om the tool can be determined 

in terms of the quantity of heat generated during cutting and the 

quantity of heat taken out of the specific point. Every temperature 

can be related to a particular value of wear on the tool. Referring to 

(8) 
face milling, Kuljanic stated that the heat generated rate a can be 

determined as follows: 

Cs = K,-A.V.z (49) 

where Ky is specific cutting pressure, A is chip cross-sectional area, 

V is speed of face milling cutter and z is number of teeth in face 

milling cutter. 

The heat generated is transfered to chips removed, the tool, the 

workpiece, the surrounding air by radiation, convection and to cooling 

fluid if it is used. Woxen 2) assumed that the heat is chiefly carried 

to the workpiece because of a low heat conducting coefficient and the 

cross-section of the tool being relatively small, the difference in 

mean temperature between the nose of the tool and the workpiece greater 

than between the nose of the tool and chip, the surrounding air and 

cooling fluid which carry off heat indirectly chiefly from the work- 

piece and a large volume of the workpiece in relation to chip. Woxen (21) 

stated that the contact surface between the tool and the workpiece is 

a measure of the heat carried off, He first proposed the engaged cutting-
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edge of tool to constitute a measure for the contact surface and in 

doing so for the heat transport in turning. Woxen showed that in 

turning actual area of cut A=s.d. (where s is feed and d is depth of 

cut) is a measure of the heat quantity generated with cutting speed 

and the engaged cutting-edge length of the tool L is a measure of the 

heat quantity carried off by chip, tool and workpiece. The relation 

which is called the chip equivalent q was first used by woxen'#)) ana 

it was expressed by the ratio of the engaged cutting-edge length of the 

tool L to the area of cut A in turning as seen in Figure (11). 

q= (S0) pl
e 

The reciprocal of gq, which is called equivalent chip thickness h,, was 

(13) (C2)= 
used by Barrow , Brewer and Rueda in turning. 

ee, ae (51) 

In this research the idea of equivalent chip thickness and its applic- 

ation, which have not been searched yet in face milling, will be used 

in order to investigate face milling processes. 

Because dimensionally equivalent chip thickness is easier to under- 

stand and it can play a useful part in helping researchers to a deeper 

appreciation of face milling rather than feed f itself,because of the 

variation of f during cutting. Two different face milling cutter, the 

Walter cutter and Sandvik cutter (with their indexable right hand P25 

grade throwaway inserts) which are widely used in industry, were used 

throughout this project. The angles for both Walter cutter and Sandvik 

cutter are shown in Figure (12), Figure (13) respectively. 

By using the idea of equivalent chip thickness, in face milling 

two quantities are considered; area, which is a measure of the heat
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quantity generated with cutting speed, is calculated as characteristic 

cross-section area of cut FPecause the heat is generated while one 

tooth or more teeth pass across the width of workpiece W depending upon 

the set-up. Therefore characteristic cross-section area of cut is taken 

into account as a measure of the heat generated with cutting speed. 

Length, which is a measure of the heat generated carried out by chip, 

tool and workpiece, is calculated as cutting-edge of one tooth of the 

cutter engaged with the workpiece. Because cutting-edge of each tooth 

of the cutter engaged with the workpiece has the same value while the 

cutter pass across the width of workpiece W. 

Equivalent chip thickness is the ratio of these two quantities 

mentioned above. 

Two situations are developed; one is for Walter cutter, the other 

is for Sandvik cutter. 

3.2.1. Derivation of an Equivalent Chip Thickness Expression for 

the Walter Cutter in Face Milling. 

Characteristic cross-section area of cut Ay for Walter 

cutter is calculated from the ratio of metal removal rate MR to cutting 

speed as follows: 

A (52) 
Ww 

Metal removal rate is also calculated from either the equation (31) or 

the equation (47) obtained in section 3.1. For the simplicity the 

equation (31) is used. Hence Ay is written as follows: 

W.d.F = W.d.F. (53) A, v,
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ae Roe W.d.£.2 (54) 

4 w 

Where W is the width of the workpiece, d is the depth of cut, f£ is 

feed per tooth, 2 is the number of teeth and De is nominal diameter of 

the cutter as shown in Figure (12). The cutting edge of tooth engaged 

with the workpiece Ly is written using the tool geometry parameters as 

shown in Figure (12), in the following: 

d 
LeletS>Sseo:- 

Ww w Sin ©. Cos § |, (55) 

where i, is the horizontal length of insert, © iF is the approach angle, 

S w 18 the positive axial rake angle, d is the depth of cut. ‘the 

values are: 1, = Inn, er = 42°), bic = +8°, ‘These values were taken 

from one of Walter Current Technical Informations sce) and were checked 

under the Nikon Shadow projector in the Metrology Laboratory of the 

Production Engineering Department of the University of Aston, 

Hence in face milling the equivalent chip thickness h for the 

Walter Cutter can be written as follows: 

Ww. 
h =—— (56) 

WwW L, 

h ic W.d.£.2/ 7% dD, 
rn Sac ooo 
  

  (57) 
1 +e 
w Sind, Cos & re 

As can be seen from equation (57) the effects of seven geometrical 

parameters and machining variables, W, f, z, D, » 4,28, ,and Se 

on hy are significant. If the values of W, f, 2 and e, are increased, 

h, will be increased. If Dd, ’ 4, 1 S w are increased, hy will be decreased. 

The effect of d on h, is not very significant. Only big variations in
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d will affect on ho. The equation (56) is valid for all types of 

face milling. The value of hy is not related to cutting speed. 

3.2.2. Derivation of an Equivalent Chip Thickness Expression for 

the Sandvik Cutter in Face Milling 

Characteristic cross-section area of cut A for Sandvik 

Cutter is calculated from the ratio of metal removal rate MR to cutting 

speed as follows: 

  

MR 
A, == (58) 

s Vv, 

De Wed few 
23) g7CnD 52) 

Ds is the nominal diameter of the cutter as shown in Figure (13). These 

two formulas are not the same (formulas (54) and (59)), because diam- 

eters of cutters are not the same value. 

Two situations can arise according to cutting-edge of tooth 

engaging the workpiece as seen in Figure (13). 

a) alae (60) 

where d is depth of cut, ln is vertical length as seen in Figure (13). 

In this situation engaged cutting-edge of tooth Loy can be expressed by: 

d Sin Os 14+ spa 7 le ae ies sing 7 to Sing) = L 
Cos § 5 sl 

where 4 and lo are the length of tooth, 8, and @ are the angles of 

corners, S i is the negative axial rake angle. These values were taken 

(69) from the Sandvik Catalogue and also were checked under the Nikon 

Shadow Projector in the Metrology laboratory of the Production Engineering 

Department.



~40~ 

The values are: 1 g = 14m, 1,=1m, eu= 30°, B= 607, §& = 472 8 

b) a> tb (62) 

In this situation engaged cutting-edge of tooth can be written as; 

aaa Sins, Sing 
Pay be 1,4 aie - Oy Sop) See G3) 

625 8 as 5 5 i 

where 1 g is another length of tooth, Ais the approach angle as 

seen in Figure (13). The other values are 1 g = 1.4 mn, A= qs: 

Hence the equivalent chip thickness h,, for situation (a) can be 

written as: 

h W.d.£.z/ ™ .D, 
sl Se — 

Z d Sin @. (64) 
1, 4! © + sing 7 lo Sin @ ) 

Cos 

The equivalent chip thickness Hos for situation (b) can be written as: 

h W.d.£.2/ DO, 
s2 =   

ae ) Sing _ ] 
SinAs (65) 

As can be seen from equation (64) and equation (65), the effects of 

eleven geometrical parameters and machining variables, W, f, z, Ds , 1, : 

i a? ly 18.) g, vr 55" on ho and hoy are significant. If the 

values of W, f£, z are increased hy will be increased. When the values 

of 1, 5 ly ji 1615 g are increased, ho 

has a negative value but it does not effect on the result. The effect 

and h,, will be decreased. § | 

of don hoy and hoy are not very significant. Only big variations in d 

will affect @m hoy and ho. The equations for hoy and ho, are valid for 

all types of face milling. The value of hoy and ho, are not related to 

cutting speed. The equivalent chip thickness formula takes into account 

all lengths of one insert engaged with the workpiece during cutting
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and cutting angles of inserts, machining variables (feed per tooth f 

and depth of cut d but not cutting speed V), cutter specifications 

(diameter, number of teeth z, and axial rake angle), and width of 

workpiece W. By using the equivalent chip thickness, the many indep- 

endent variables, which determine the cutter life, are reduced to only 

two independent variables, namely, cutting speed and equivalent chip 

thicknesses. Feed per tooth itself, due to variation during face mill- 

ing, cannot be one of the independent variables. It is obvious that in 

metal cutting tests when the number of independent variables is reduced 

big savings can be achieved both in the time consumed and in the number 

of workpieces required. 

The equivalent chip thickness can also give useful information 

about the selection of inserts geometry, cutters and machining variables 

except cutting speed, which selection is among the duties of the 

Production Engineer. 

3.3. Chipping Mechanism in Face Milling 

Generally the chipping mechanism, which limits the use of brittle 

cutting tools like carbide and ceramic tools especially in interrupted 

cutting processes such as face milling, can easily occur because of the 

two reasons below: These two reasons can act either together or separ- 

etely. 

a) Chipping, which can be the consequence of mechanical stresses 

produced by cutting force, can be related to entry conditions, when 

the contact point between the tool and the workpiece occur along 

the cutting edge of the tool even as soon as the cutting process starts. 

Cook 4) pointed out that chipping is not associated with any wear 

zone and can occur in brand new cutting tool.
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b) Chipping can be the consequence of both mechanical and thermal 

stresses, after a certain cutting time, not only under severe cut- 

ting conditions but also under medium cutting conditions, 

(5) made an. analysis As it was mentioned in Chapter II, Kronenberg 

from the geanetrical point of view of the initial contact point only 

along the length of the workpiece between the face milling cutter and 

the workpiece. shinozaki'7) examined cracks, which are caused by both 

mechanical and thermal stresses, almost perpendicular to the cutting 

edge on both the rake face and the flank face from probabilistic point 

of view. The analysis of this part is mainly related to entry conditions. 

The equations derived by Kronenberg (6) used here are given below: 

The intersection angly i’ between rake face of tool and plan of 

engagement is given as follows: 

tgS. Mos xr (66) 
Sin (r-€) 

tgi' = 

where & is the axial rake angle, r is the radial angle and € is the 

engagement angle which changes continuously according to set-up. 

Slope of transient surface of metal being machined produced by 

approach angle of tool is given below: 

Slope of transient surface = Gee ae) (67) 

Using the value of i’ and the’ value of slope of transient surface, the 

location of initial contact point can be determined, according to the 

engagement plane described, cutter angles and machining variables. 

When initial contact point is not on the cutting edge or edges of the 

tool used, chipping cannot occur, but if initial contact point is on 

the cutting edge or edges, chipping can occur.
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3.4. Definition of Face Milling Cutter life 

Face milling cutter life is defined as the time between two rep~ 

lacement operations or two regrinding operations of all teeth in the 

cutter. 

This is the total time, which is obtained by adding the cutting 

times that are spent to cut the individual workpieces until the below- 

mentioned criterion occurs. In this research two different criteria 

are used, namely i) chipping of some of the teeth and ii) 0.635 mm 

(0.025in) arithmetic mean value of maximum widths of wears measured on 

the flank faces of all teeth. Which ever occurs first, it determines 

the end of cutter life. Chipping on cutting edges may occur first, 

especially when using carbide tools. When chipping on cutting edges of 

some teeth occur, the cutter may still cut the workpiece for a very 

short time; afterwards the number of cutting edges chipped increases 

rapidly and all teeth are replaced. 

In this investigation, chipping takes place under different conditions 

especially up~cut face milling. According to the second criterion,when 

the aritmetic mean of the maximum widths of wears measured on the 

flank faces reaches the value 0.635 mm (0.025 in), all teeth are replaced, 

Only the aritmetic mean value can determine the concept of cutter wear, 

because the maximum width of flank wear varies from one tooth to another 

since all teeth are not in the same position even if they are checked 

by dial gauge before cutting begins. It is also assumed that each tooth 

of a cutter cuts an equal chip, a condition unlikely to occur in 

practice. 

The cutting time of one pass, t, is given by the ratio of the len- 

gth to cut the given material, to the feed rate or table speed F, as 

seen in Figure (14):
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1 
t= (68) 

3.4.1. Cutter Life Relationship in Face Milling 
  

Cutter life is only expressed as a function of the cutting speed 

and of the equivalent chip thickness in this research, 

After experimental results, cutter life as the dependent variable, 

cutting speed and equivalent chip thickness as the independent variables 

are taken, and the relationship among these variables is established to 

obtain the proposed equation. In this research two different types of 

cutter life equations are predicted, the coefficients of the independent 

variables are calculated, the BEettaey of the predicted model is checked 

and the confidence intervals, within the certain percentage, are determined. 

3.4.la) The first proposed model of cutter life is the logaritmic 

form of the Konig-Depiereux type equation 27); 

. Ay Eo) 
9 = Tint = bi + bv “4 bohe (69) 

where y is the predicted value of cutter life on a logaritmic scale, 

Vv is the cutting speed, ne is the equivalent chip thickness (for the 

Walter Cutter and Sandvik Cutter, he is taken into account as hy and h, 

respectively), es 1 and A, are the power parameters, and bor by and by 

are the least-squares estimates. . The uncertainty of the least-squares 

estimates by i: by and by as indicated by certain percent confidence 

intervals. 

The coefficients bor by, by in the equation (69) are estimated by 

the method of least squares as: 

B= (xt.x) tery (70)
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where B is the vector of the values of bo by and bor Xis the matrix 

of independent variables, XI is the transpose of x, (xe. yt is the 

inverse of (XT.X%, y is the vector of observed cutter life, i.e., y = 

t.lnr, 

where T is the geometric mean value of the observed cutter lives. The 

residual sum of squares (R.S.S) is calculated as the numerical criterion 

to determine the best fit of the cutter life model: 

n 

Reso 2 wy ie (1) 
tet 

where y; is the i observed value of cutter life, vy is the oo 

predicted value of cutter life, n is the number of observations, 

The experimental error is estimated by the error variance 3; 

2 =SRSSis, 
Ss “rp (72) 

where p is the number of coefficients. The confidence interval (CI) . 

for any coefficients b A under the assumption of spherical normality, 

is given by; 

cI (b,) Sabet: ce g2"® “di (73) 

Biiere 36/2 is the Student's t-distribution (with v the degree of 

freedom and § the level of significance), and ais is the element of 

the ie row and eo colum of the inverse of (xT... 

The computer program was written to calculate the coefficients of 

the first proposed cutter life equation (69). The flow chart of the 

program is given below:
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<2 
v 

Read 

Number of coefficients, number of experiments, 
first values of power parameters, increment of 

power parameters, the values of independent and 

dependent variables obtained in experiments 

  

  

  

      

    
Calculate 

——>— power parameters, (4, andA ) 

number of calculations (IT)       

Yes 

  No 
  

  

Calculate 

the second part 

of second term in 

Calculate 

the second part 

of second term in the equation using 

the See using] gen bn 

UL=V       

      
    

 



Aq 

    

  

    
    

Yes 

\ 

Calculate 
the second part of 

No third term in the 
equation using 

Calculate U2 = lnh, 
the second part 
of third term in 
the equation using 

U2 = (ag)*2 

a   
  

  

Form the matric of 
independent 
variables, (X) 
  

  

Find the transpose 
of X, (XT)     

  

Calculate the product 
of XT and X, (XK) 

        Calculate 
the increase of XK 
(XC)     
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Calculate 

the geometric ratio of 

observed cutter life 

(aw)     

    

Calculate 

the transformations 

of the dependent variable 

(x) 

  

    

  
Calculate 

the product of XT of 

Y, (XA) 

    

    

calculate 

the estimate values of 

coefficients (BETA) 

  

    

  Calculate 

the residuals (B) 
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Calculate 

the residual sum of 

squares (SUM)     

    

W=W+1 
    Continue 
  

aes w<m 

  

Find the smallest 

(SUM)       

  
  

Write 

the calculation nunber, 

corresponding to the smallest 

(SUM) 

  

  
( Stop )
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When A, = Oand a, = 0, the equation is written; 

flor =b, +b, lov = B, (mn, (74) 

This is a logaritmic transformation which is similar to Taylor's type 

of tool-life equation, 

The computer programme can also give the comparison between the 

linear logaritmic transformation and any other transformation in term 

of R.S.S. 

3.4.1b) The Second proposed model of cutter life is the second- 

order equation in a logarithmic form; 

a 2 2 Inf = b, + bjInV + bolnh, +b, (Inv)? + by (Inhe) (75) 
aL £ 

+ bs Inv. Inh, 

where T is the predicted value of cutter life on a logarithmic scale, 

V is the cutting speed on a logarithmic scale, he is the equivalent chip 

thickness on a logarithmic scale (for the Walter Cutter, he = ho for 

the Sandvik Cutter, hy = h,) and boy bi, by, b3, by and bs are the 

least-squares estimated coefficients. To calculate the coefficients, 

(34) statistical package was used, 

3.5. Power Relationships in Face Milling 

In face milling, the power required (in H.P) at the cutter can be 

given, when one or more than one tooth is engaged with the workpiece, 

by the expression: 

ZF,.V 

HE > aasCO   (76) 

where Des is the total tangential force (in kg) and V is the cutting



S57- 

. m eed (in ——), 
TL 

  

When only one tcoth is engaged with the workpiece, the value of 

sled uae (35) FL is given by Koeningsberger as: 

Fy = kg-d-n? (77) 

where Kk is the specific cutting pressure, d is the depth of cut, h is 

the instantaneous value of the radial chip thickness, and the value of 

Pp lies between 0,75 and 0.9. For instance, in up-cut milling, h can 

be given by equation (33) as; 

  

  

h =f, sin G 

Hence F, = k,.d. (£.sin @ )P (78) 

The maximum value of Fur EE max’ Occurs when @ = 90°, 

Eee kee (79) 

F, 

The ratio of F is written as; 
t max 

FL P 

a = (sin@) (80) 
t max 

Power, P, may be written as; 

P = k,.d. (£.Sin Ce)P.v (81) 

The value of P is changed according to the value of qG under one cutting 

condition, 

In this research, average total tangential force > FL is proposed 

as follows:



  Ft = K,.d.h. (82) 

Ft = K,-d.£, (83) 

where A is the mean value of the undeformed chip thickness as cal- 

culated equation (35), Ge is the engagement angle, and @, is the 

angle between any two teeth as calculated equation (32). 

Hence power required at the cutter can be given as 

P=k,.AL.V (84) 

or 

P= k..MR (85) 

kg can be changed with the equivalent chip thickness. 

3.6. Surface Finish Relationship in Face Milling 

Surface finish obtained can be expressed in terms of different 

measurements taken. In this research,(C.L.A.) index is taken as a meas- 

urement of surface finish in order to compare surface profiles cbtained 

in different cutting tests. . In any machining process, it is known that 

feed is an important independent variable on surface finish. In some 

situations, cutting speed may be the other independent variable like in 

face milling, because surface finish is produced when the cutter across 

all over workpiece. Surface finish model is proposed as: 

ky k 
= 3 

S.F = KV -£ (86)
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or when logarithms of both sides are taken, the following expression 

is written; 

In S.F = ink, # K,.1nv fe K,.1nF (87) 

Unk, , K and Kg are calculated using the method of least squares, 

3.7. Vibrations Relationships in Face Milling 

Vibrations, in milling process, may occur due to a number of 

causes (70) - Mainly two reasons can be recognized. 

a) Vibrations due to the geometry of milling process, 

b) Self excited vibrations. Vibrations due to the geometry of process 

are known as forced vibrations. Those may came out from two main 

reasons in face milling. 

ai) Variation of the chip thickness, because cutting force FB. is 

changed with the chip thickness as given in equation (78). 

aii) ‘Impact due to interxupted cutting. 

b) Self-excited vibrations. 

Chip removing machine tools belong to a group of dynamical systems 

in which a slight disturbance of the steady-state motion may generate 

internal forces which depend on the velocity of the disturbance. Cutter 

and workpiece perform a relative motion,then the cutting system becomes 

(79) + That is called Chatter which can be detected dynamically unstable 

either by its noise or surface finish marks. 

In this research, vibrations generated are considered as forced 

vibrations. Chatter marks on any surface finish produced that have not 

been observed. Peak-to-peak amplitude of vibrations in feed and axial 

directions in dowm-cut milling, in feed and tangential directions in up- 

cut milling are taken into account rather than frequencies of vibrations.
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The maximum peak-to-peak vibration amplitude model is proposed by the 

following expression. 

D. D. 2 2 3 V1B.AMP = D,.V “. (s...) (88) 

where S max is the maximum area being cut, S max = d.f. 

When logarithms of both sides are taken, the following expression 

is written; 

InV1B.AMP = InD, + Dy.1nv +D,.in 8 (89) 
max i 3 

Ln, Dy, Dy and D3 are estimated using the least-squares method. 

3.8. Economics of Face Milling 

Generally in metal cutting field, producing a batch of components 

to the acceptable dimensional accuracy and surface finish is to make 

decisions the right choice of machine tool among available machine tools, 

cutting tools, method of the process, the use of cutting fluid, machining 

conditions such as cutting speed, feed and depth of cut. The approaches, 

to make such decisions have been known as economics of machining, can 

be achieved in two ways. One is a mathematical solution, the other is a 

graphical solution. In some cases mathematical solution can be much 

more suitable when cost, time information as well as sufficiently accur- 

ate tool-life data are available about the process. In some cases 

graphical and mathematical solutions together can give a reliable answer 

in machine shop practice. 

The concept of T-MR characteristic functions can give another 

eg co) » At any given constant application to machining economics 

tool-life value, it is possible to obtain several different metal removal 

rates, depending on the combination of its variables and vice versa.
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In this research, more or less the same cutter life results were 

obtained in the validity tests of equivalent chip thicknesses both 

using Sandvik cutter and Walter cutter. But metal removal rates were 

different (Test No. 6 and 7 - using Walter cutter in down-cut milling. 

Test No. 5 and 6 - using Sandvik cutter in down-cut milling). It was 

proved that the T -MRcharacteristic function could give the best possible 

combinations of metal removal rates and tool tite") . 

3.8.1. Unit-time model 

In face milling, the total time to produce per piece, Tp, can be 

written as; 

zu 
MV MV ie = + + K, = Sees =. eee 

oS Ty * Teet—up Tae * im? * MRT 22} 

where Tyis loading and unloading time, C emtp 

is approach and returning time of the cutter. These three times are 

is set-up tine, Le 

independents from machining variables. It is also very difficult to 

give their exact values in machine shop practice. Their values 

partially depend upon the behaviour of the operator which uses the 

machine tocol. Their controls can be possible either in bonus 

preduction system or using the robot. The total of oe T Bany 
set-up * Tor 

is simplified as T. MV is the volume of the metal to be removed, MR io 

is the metal removal rate, K is the constant coefficient which is det- 

ermined by the position of the cutter relative to the workpiece as seen 

in Figure (14). 

Ke ks (91) 
lp 

where 1 is the length which can be calculated using the geometry of
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cutting, 5 is the length of the workpiece being cut. 

By introducing K, MR is considered as unique variable during 

cutting. ‘T is the replacement time for all teeth. T is the cutter 

life. 

2 eRe T+ 7, 
ze = T, = K.Mv Gare (92) 

Ty » K, MV and Tr are independent values from machining variables. To 

obtain extreme values of 15 in terms of machining variables, FL = ie 

function, which is the reciprocal of the part of the second term in 

equation (92), should be searched. For the minimum value of a the 

function FL should reach the maximum value. FL is a function of MR 

and T, 

F, =F, (MR,7) (93) 

It may be possible to obtain the characteristic function, T = T(MR), 

which is the best combination of metal removal rates and cutter life 

values (59) . 

For the existence of T-MR characteristic fumction, in the other 

words, to cbtain the function T = T(MR), their Jacobian should vanish (71) 

  

as follows: 

oMR OMR 
ov dhe 

— ORT) _ 4 
2" TB lg) 7 Te ee 

ar az 
“OV h 

MR can be expressed by a function of d, he stl V as seen in equations 

(57), (64) and (65). 

MR = MR(d, V, he) (95)
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In this expression d can be taken into account as one chosen par- 

ameter depending upon the maximum available cutting force, horse- 

power and test results obtained. Therefore, MR can be written as; 

MR = MR(V,h,) (96) 

Cutter life T can also be expressed in a function of V and hee 

T=T (v,h,) (97) 

Using equation (94), T = T(MR) can be obtained. For the maximm 
dF 

value of FL , the first derivation of Fi, _ should vanish, 

    er ame + MR T, oe =O (98) 
daMR MT, (rer)? dMR 

or 

< Ce T(t) BRU ee oe ee (99) 

Hence optimum cutter life T and metal removal rate MR can be obtained. 

3.8.2. Unit-cost model. 

In face milling, the total cost to produce per piece C can be 

written as follows; 

T o MV MV ofr Myo C= Co.) + Co.K. Gg t+ OOK. pee ag + YK. Ge (100) 

where Co is the operator and overhead cost per unit time, Y is the 

total cost of cutting edges of the cutter 

T 
or C =Co,T, + Co.K, Mi (2 * EE tioe ) (101)
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Co, T,, K, MV, Tr and Y are independent values from machining variables. 
a 

' ; ee MR.T 
To obtain the extreme values of C, the function Fy f+ tr + veo 

should be searched. For the minimum value of C, the fimction Py should 

reach the maximum value. The functions F, and Fy are similar functions 
1 

except the term (Y/Co). By following the similar procedure as wmit- 

time model the first derivation of F., to MR should be zero. 

  

2 

one . +o — OEE ¥/00) cH are 
aMR he ae bY Co (@ + Tr +¥/Co)” dMR 

or 

ar | 
T(T + Tr + Y/Co) + MR(Tr + ¥/Co) «are =0O (102) 

The optimum cutter life T and metal removal rate for the minimum value 

of C can be determined. 

3.8.3. Profit-Rate. 

The profit per unit time, Pr, can be written in face milling as; 

  er = (103) 

where S is the selling price per piece, C is the cost per piece, T is 

the time to produce the piece. The equation (103) is also a fumction 

of C and To therefore only of MR and T. But the value of S is not 

always the fixed value. 

In this research C and qT, will be considered in order to obtain 

optimum machining variables.
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* CHAPTER IV 

Experimental Equipment, Workpiece Materials, plan of Experimental Work 

Technique and Procedure 

4.1, Experimental Equipment 

4.1.1. The Machine Tool 

The conventional horizontal Knee-type milling machine manufactured 

by Cincinnati, which has been used for teaching purposes and research 

work for some years in the Production Department, was used in this 

Project in such a manner to achieve face milling processes. It was 

coupled with 15 H.P electric motor. Additional balancing or flywheel 

mass was constructed on the milling spindle in order to reduce torsional 

vibrations. The machine tool was attached to the calibrated meter which 

reads directly horsepower consumption up to 20 H.P. and the tachometer 

which shows a number of revolution of the spindle per minute up to 

2000 r/min. Before the research was started, the tachometer readings 

were checked with another tachometer during cutting, It was noticed 

that the actual readings were not corresponding to the numbers written 

on the machine tool. The table speeds or feed rates were calculated 

using three methods : Firstly X-Y plotter; secondly stopwatch; and finally 

time counter in order to measure times for the fixed distances during 

cutting. It was also found that actual table speeds or feed rates cal- 

culated did not correspond with the numbers written on the machine tool. 

Actual number of revolutions per minute N used in the research, 

followed a very close geometric progression. They are given below (in 

r/min) ; 

198, 238, 300, 378, 460, 580, 680, 860
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Actual table speeds or feed rates F used in the research also 

followed a very close geometric progression. They are given below (in 

n/min) : 

0.356, 0.447, 0.559, 0.686, 0.864, 1.092, 1.354, 1.666 

The machine tool was stopped from time to to time to obtain necessary 

measurements. According to up-cut or down-cut face milling backlash 

eliminator was adjusted at each time to eliminate the backlash in the 

screw and nut assembly of the table. General view of the machine tool 

with the equipment are shown in Figure (15). 

4.1.2, The set-up 

Each workpiece being machined was mounted on the big plain 

block and clamped using screws in such a manner to simulate a vice and 

to ensure enough rigidity. The view of the set-up is seen in Figure (16). 

4.1.3. The Cutters 

Throughout the research two different cutters with their 

indexable throwaway inserts were used. Both were medium grades P25, 

and recommended for light and rough machining of steels. They were 

mounted on the horizontal plain knee-type milline machine by means of 

arbors. 

i) The Walter milling cutter, type Wendelnovex F244, naminal diameter 

D, = 101.6 mm, with 8 indexable inserts, grade P25, axial rake angle Ww 

5, = +8° , the approach angle 9, = 40°, radial rake angle = =16°, 

face relief angle = 5°, 

The geometry of the cutter and one of the inserts is shown in 

Figure (12). General view of this cutter with one workpiece and 

the top view of one of the inserts are shown in Figure (17) and 

in Figure (18 ) respectively.



“G12 

ii) The Sandvik milling cutter, type T-Max 265.1, nomimal diameter Ds 

= 100 mm, with 8 indexable inserts, grade P25, axial rake angle 

5 a5 -7°, the approach angle Ne q5oe radial rake angle = -5°, 

face relief angle = 5° , the geometry of the cutter and one of the 

inserts is shown in Figure ( 13) General view of this cutter, 

one workpiece and the top view of one of the inserts are seen in 

Figure (19) and in Figure ( 20) respectively. 

4.1.4, Wear Measurements 

The travelling microscope, which has a magnification of times 5, 

was mounted and adjusted on the table of the milling machine in order 

to measure maximum flank wear Va Tec the flank face of each tooth 

of a cutter. The microscope is seen in Figure (16). From time to 

time cutting process was stopped. When the clear wear picture of each 

tooth was observed through the microscope with the aid of electric light, 

the measurement of Vv, max Was taken. For each situation, eight measure- 

ments were recorded, because of eight teeth on a cutter used. Then 

arithmetic mean value of eight measurements was obtained with the 

corresponding cutting time in order to determine wear-cutting time pro- 

gress. The cutter life criterion, which was used in this investigation, 

was either 0.635 mm (0.025 in) arithmetic mean value of maximum flank 

wears or chipping of some teeth and which ever occurs first, it takes 

into account. 

4.1.5. Power Measurements 

The calibrated meter was already attached to the milling machine 

in order to measure directly idle power and power consumed during cutting 

in unit of horse power. According to wear progress with cutting time,
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horse power readings were taken and recorded when two teeth were 

engaged with the workpiece. ‘The meter is seen in Figure (16). 

4.1.6. Surface Finish Measurements 

Talysurf device was used to measure average surface roughness 

(C.L.A) of the surface finish produced. A pointed stylus detected the 

surface for a fixed distance, then centre line average meter indicated 

(C.L.A) readings according to cutting conditions. It is shown in 

Figure (21). 

From time to time the graph of the surface was obtained from the 

graph recorder. ‘The Talylin device was also used to measure the waviness 

of the surface, 

4.1.7. Vibration Measurements 

Two identical vibration analysers with their magnetic pick-ups 

were used in order to measure peak-to-peak vibration amplitutes and 

frequencies in two different directions when two teeth were engaged with 

the workpiece under cutting conditions. By using the storage oscill- 

oscope, vibration photographs were taken. The positions of vibration 

pick-ups is shown in Figure (16). 

4.1.8. Workpiece Materials 

Two different types of tool steel, which were provided by GKN Ltd., 

were tested. The company uses these types of materials in its production, 

Their compositions are given below: 

i) ‘bol steel (B.H.N. 238) 

Cc 1.69% 

Si 0.29%
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Mn 0.128 

Cr 11.82% 

Vv 0,148 

Mo 0.65% 

The mean value of Brinnel hardness number is 238. Materials were 

annealed. Widths of workpieces were varied according to cutting cond- 

itions between 25.4 mm and 46 nm,lengths were between 150 mm and 200 mm 

and heights were between 40 mm and 90 mn. 

ii) ool Steel (B.H.N.197) 

iS 1.53% 

Si 0.35% 

Mn 0,253 

Cr 11.91% 

Vv 0.17% 

Mo 0.75% 

The mean value of Brinnel hardness nunber (B.H.N.) is 197, Materials 

were annealed. Widths of workpieces were varied according to cutting 

conditions between 37 mm and 44 nm,lengths were between 150 nm and 200 mm 

and heights were 90 mn. 

4,2, Plan of Experimental Works 

As it was mentioned before there is little published machinability 

data available on face milling processes. Limited knowledge in the 

range of cutting speed V, feed per tooth f, depth of cut d exists, 

Using carbide tools in face milling, the range of cutter life T,
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horse-power required, surface finish produced, vibration, which are 

normally dependent variables, did not exist. There was also lack of 

knowledge in literature about equivalent chip thickness,which is a 

function of geometrical parameters of one of the inserts and machining 

variables, £f, d except V, is used as one independent variable in this 

investigation in order to obtain machinability data. Also the range of 

equivalent chip thicknesses used was unknown. In this research in invest- 

igation of each machining response and its mathematical form as less as 

possible, the number of independent variables are used. That 

achievement reduces experimental time consumed as well as a number of 

workpieces required in order to obtain machinability data. 

4.2.1. Planning Cutter Life Tests 

In the research, cutter life tests were planned and performanced 

using the Walter Cutter and the Sandvik Cutter, annealed Tool Steel 

materials B.H.N. 238 and B.H.N. 197 types in down-cut and up-cut face 

milling. Before planning cutter life tests, the working region, which 

can be thought around optimum cutting conditions, may be determined for 

cutter life, cutting speed and equivalent chip thickness. In this 

research a typical domain for cutter life was considered between 10 and 

70 minutes. This procedure identifies the working region in the cutter 

life domain but it doesn't determine the ranges in the cutting conditions 

domain (as cutting speed and equivalent chip thickness). A convenient 

criterion, which can be used for identification of cutting conditions 

domain in face milling, can be metal removal rate MR, provided W is 

constant. High level MR is always desirable until power limitation is 

taken into account. 

Because there is a relationship between MR to be cut and power
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required at the cutter. In this research two types of face milling 

were planned and tested namely down-cut and up-cut milling. All tests 

were conducted dry. Central face milling was performed under cutting 

speed of 182.21 m/min and equivalent chip thickness of 0.133 mm. ‘Two 

teeth of the cutter were chipped at the 0.412 mm average maximum 

flank wear which was lower than the chosen cutter life criterion of 

0.635 rm. In this research the linear distance between any two teeth 

for both cutters was bigger than the width of the workpiece being mach- 

ined in most cases. At least one tooth was always engaged with the 

workpiece in any type of milling. Generally carbide tools are part- 

icularly weak under thermal stress. The characteristic repetitions of 

heating and cooling of one tooth during one rotation of the cutter are 

important. These repetitions should be balanced, especially the width 

of workpieces is small like width of workpieces used in this research, 

When down-cut or up-cut milling were positioned, the contact time of 

any tooth with the workpiece was increased. 

Therefore down-cut or up-cut milling can give longer cutter life 

(5) approached the problem when width of workpieces are small. Kronenberg 

from impact problem of view. He also tested five different face milling 

using the narrow workpiece (19 mm) in order to reduce tool wear due 

to cutting, in comparison with the wear due to impact. He found that 

both in up-cut and down-cut face milling, tool wear due to impact were 

smaller than tool wear in central milling. 

4.2.la. Planning of Cutter Life Tests for Annealed Tool Steel   

(mean B.H.N. 238) using Walter Cutter in down-cut milling 

As it was mentioned before due to lack of knowledge in literature, 

two pilot tests were peformed at the beginning in order to plan cutting
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tests. Cutting conditions of first pilot test were chosen as follows, 

a number of revolution per minute N available on the machine tool was 

selected to be 198 r/min, it gave a cutting speed of 63.19 m/min. Feed 

rate or table speed F available on the machine tool was selected to be 

0.356 m/min, the width of each workpiece W, which was sent by the company , 

was 25.4 mm (1 in), depth of cut d was chosen 2.54 mm (O.100in). 

Using the specification of Walter Cutter the value of equivalent chip 

thickness h, was obtained to be 0.075 nm from the equation (57). 

Cutter life was obtained to be 143.2 mins. That value was out of 

typical domain of cutter life and the value of MR was 22.968 ene /min. 

The cutting conditions of second pilot test was chosen as follows; a 

number of revolution per minute N available on the machine tool was 

selected to be 238 r/min which was higher than previous N. It gave a 

cutting speed of 75.96 m/min, 

Feed rate F available on the machine tool was selected to be 0,447 

m/min which was higher than previous F. Depth of cut d was selected to 

be 1.52 mm which was lower than previous d. This time the value of 

equivalent chip thickness h, was selected to be 0.116 mm which was as 

twice as previous h- Using the equation (57) the width of each work- 

piece was calculated to be 42.7 mm. 

Cutter life for these cutting conditions was obtained to be 120.8 mins. 

That value was still out of typical domain of cutter life and the value 

of MR was 29.012 em? /min. It was decided to increase cutting speed V 

which meant to increase a number of revolutions N. The next value of 

N available on the machine tool was 300 r/min. It gave a cutting speed 

of 95.75 m/min. 

According to the value of N, F was increased to the value of 0,559 

n/min in order to keep the value of f at the same level as previous f,
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This time the value of hy was kept constant that was the value of 0.116 mm 

as the previous value. The value of W was selected to be 45.7 mm (1.8in) 

and depth of cut d was calculated to be 1.26 mm (0.050 in) from the 

equation (57). Using these cutting conditions, the cutter life was 

obtained to be 61. 8mins which was in the typical damain of cutter life, 

Hence the lower limits of cutting speed and equivalent chip thicknesses 

were determined according to available material, machining variables and 

the cutter specifications. Under these cutting conditions the value 

of MR was calculated to be 32.188 cm?/min. 

Three more levels of cutting speeds were selected, according to 

the values of N available on the machine tool. One more level of hy 

was chosen to be 0.143nm, this being different to 0.116 mm the previous 

one. 

After determining of the levels of both cutting speeds and equiv- 

alent chip thicknesses, two tests were conducted to prove the validity 

of equivalent chip thickness. For both tests the same low cutting 

speed and the same low equivalent chip thickness, which were 120.65 m/min 

and 0.116 nm respectively, were used provided W, f and d values were 

changed. On the first test Wwas chosen to be 38,1 mm, de2.79 mm and 

F.0.685 m/min respectively. 

On the second tests Wwas increased to 45.72 nm by 173 and d was 

decreased to 0.77 mm by 72% F was increased to 0.863 m/min by 218, 

Metal removal rates were 72.81 enn and 30.38 ont /min respectively, 

Planning of cutting tests and cutter life results are shown in Table (1). 

4,2,.l1b, Planning of Cutter Life Tests for Annealed Tool Steel 

(mean B.H.N, 238) Using the Sandvik Cutter in down-cut milling 

At this time, planning of cutting tests hecame easier than previous
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planning of cutting tests because of experience obtained. ‘Three levels 

of cutting speed V,2118.75, 144,51 and 182.21 m/min and three levels 

of equivalent chip thicknesses h,-0.083, 0,122 and 0.133 mm were sel- 

ected according to available width of material and machining variables, 

Specially two values of equivalent chip thickness were chosen close to 

each other in order to compare cutter life test results which can also 

give idea about the validity of equivalent chip thickness. First cutting 

conditions were chosen as follows; a number of revolution per minute N 

available on the machine tocol was selected to be 378 r/min, it gave a 

cutting speed of 118.75 m/min. Feed rate or table speed available on 

the machine tocol was chosen to be 0.559 m/min, and d was selected to be 

1.65 mm and available W was taken to be 40 mm. All these variables 

gave the value of 0.083 mn of the equivalent chip thickness using the 

equation (64). Cutter life value was cbtained to be 51.6 min. ‘This 

value was in the typical domain of cutter life. 

Two tests were conducted to prove the validity of equivalent chip 

thicknesses at the same cutting speed of 144.51 m/min. and at the same 

equivalent chip thickness of 1.122 mm. To obtain this value of equiv- 

alent chip thickness from the equation (65), first cutting conditions 

were chosen as follows; W = 43.2 mn; F = 0.864 m/min; and d = 1.905 ma. 

In order to obtain the 0.122 mm value of equivalent chip thickness, 

F was increased to 1,092 n/min, d was reduced to 1.27 mm. Then using 

the first equation (64) the value of W was calculated to be 42 nm. 

Metal removal rates were 58.25 and 71.03 Ga anne Another test 

under the conditions of Ve of 182.21 m/min and h, of 0.133 was repeated 

twice to compare cutter life results. Planning of cutting tests and 

results are shown in table (2).
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In addition to these tests two more tests were performed. The 

first test was in up-cut milling in order to conpare the cutter life 

results with the cutter life obtained in dowm-cut milling under the 

conditions of ve of 182.21 m/min, and hs of 0.133 mm, Cutter life result 

was obtained to be 7.8 mins which was smaller than the cutter life 

obtained in down-cut milling. Second test was tried under the conditions 

of V, of 182.21 m/min, and hy of 0.133 mm in central milling. 

Two of the inserts were chipped at 0.412 mm flank wear, Hence 

the eee was not completed. Another test was planned under the cond- 

itions of cutting speed of 182.21 m/inin, feed rate of 1.666 m/min, depth 

of cut of 2.03 mm, W of 57 mm, MR of 192.772 om? /min, The test was a 

failure, same cutting edges were broken, because of power required was 

exceeded taxinmm available power on the machine. Chips obtained in 

these tests are seen in Figure ( 22). 

4.2.1lc. Planning of Cutter Life Tests for Annealed Tool Steel 

(mean B.H.N. 197) Using Sandvik Cutter in Up-cut milling, 

B.H.N. of second type of tool steel materials, which were sent by 

the company, were lower than first type of materials received. 

Obviously in order to compare dependent variable (s) some indep- 

endent parameters and variables should be kept constant. At the beginning, 

one of the major aims of the project, was to compare cutter life results 

both in down-cut and in up-cut milling. Unfortunatley, the same type 

of materials were not obtained from the company. The values of cutting 

speeds and equivalent chip thicknesses were kept the same as down-cut 

milling using available widths of materials. At the beginning (3)? 

experiments were planned and carried out. ‘Three tests under low-speed 

conditions and two tests in medium-speed conditions were not completed.
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Because two or three cutting edges of the cutter were chipping simult- 

aneously, then three more tests were planned and carried out using a 

higher cutting speed until power available on the machine tool reached 

to the limit in order to obtain the cutter life equation. One test under 

the conditions of Ve of 182.21 m/min and hy of 0.133 mm was repeated 

twice. 

The reasons for chipping will be investigated and explained in 

Chapter V. Another test was carried out in down-cut milling to compare 

the cutter life result with the cutter-life result obtained in up-cut 

milling. 

Planning of cutting tests and results are shown in table (3). 

4,2.1d. Planning of Cutter Life Tests for Annealed Tool Steel 

(mean B.H.N.197) Using Walter Cutter in Up-cut,Milling. 

In order to compare tests results three levels of. cutting speeds 

and three levels of equivalent chip thicknesses were planned. Planning 

of tests are shown in table (4). This time, eight of nine tests were 

failures. These were like those of Sandvik Cutter life tests in up- 

cut milling, that is, cutting edges were chipping on the first or second 

cut pass. Obviously cutter wear was not associated with any wear zone. 

The reasons for chipping will be investigated and explained in chapter Vv. 

4,3. Planning of Power Tests 

Tests of power were not planned, because planning of cutter life 

tests also gave an opportunity to obtain different values of metal 

removal rate, MR, and power measurements. In this research during every 

cutter life test under planned cutting conditions three measurements of 

power were taken, when any two teeth were engaged with workpiece. First,
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Measurements were taken around average maximum flank wear of 0.2 mm, 

the second measurement around 0.4 nm and the final one around 0.6 ma, 

4.4, Planning of Surface Finish Tests. 

Special tests of surface finish were not planned, because milling 

process is generally recognized as intermittent process and many cases 

milling is not final process like turning or grinding. Only surface 

roughnesses in C.L.A. index were measured while cutter life tests were 

being performed. Surface waviness measurements were taken, but in each 

case over a fixed distance at different positions, different wavinesses 

of the surface profile were obtained, 

4.5. Planning of Vibration Tests 

Vibration measurements in two directions were taken according to 

a type of milling. Vibration in the third direction was also taken in 

order to compare measurements. It is known that tool wear is affected 

by vibrations. In order to avoid the point mentioned above all vibration 

measurements were recorded and photographed, as shown in Figure (16), 

when cutter wear had the same level in all set-ups, These were taken 

when two teeth of the cutter were engaged with the workpiece. 

Vibrations under each cutting conditions were stored to the 

osciloscope in order to take their photographs. Horizontal scale which 

represent the frequency of vibration, was 5 m sec per division. Vert- 

ical line which represent amplitude of vibration, was 0.1 m volt per 

division.
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4.6. Technique and Procedure of Tests. 

At the beginning of each cutting test, the positions of all new 

brand teeth of each cutter were measured in the axial direction using 

a dial gauge to make sure that all teeth were the same position, 

Maximun allowable height was + 0.0127 mm. Each workpiece was held rig- 

idly. Cutting variables such as a number of revolution, table speed or 

feed rate, depth of cut etc., were fixed according to the cutting test 

condition. From time to time cutting was stopped and maximum flank wear 

of each tooth was measured and recorded where ever it occured. Typical 

crater wear for both Sandvik Cutter and Walter Cutter are shown in 

Figure ( 23) and Figure ( 24) respectively. Typical flank wear for both 

the Sandvik Cutter and the Walter Cutter are also seen in Figure (25) 

and Figure (26) respectively. ‘The arithmetic mean value of eight 

maximum wears was calculated. The total cutting time was also calcul- 

ated as the product of the number of passes and the cutting time per pass 

calculated by equation (68). Normally four times the above mentioned 

procedure was repeated in order to observe a wear-cutting time progress. 

The points obtained were joined with each other by straight lines. When 

either some cutting edges were chipped or the 0.635 mm arithmetic mean 

value of flank wears was reached roughly, machining was stopped. ‘Then 

the end of the cutter life was obtained from wear~cutting time progress 

under each cutting condition chosen. The first point on wear-cutting 

time graph was determined after short cutting time. From time to time 

the 0.635 mm arithmetic mean value was exceeded to trace the progress of 

wear. That was noticed after a certain time some cutting edges were 

chipped. One of the cutter life criteria, which was the 0.635 mm 

arithmetic mean value, determined correctly the end of each cutter life 

test. All tests were conducted dry, because cutting fluid cools cutting
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edges when they are free, after cutting they are healed. These cooling 

and heating repetitions make worse effect on cutter life than cutting 

is conducted to be dry. 

Typical examples of chips obtained during cutter life tests 

using the Sandvik cutter, annealed tool steel (B.H.N. 238) and the 

Walter Cutter in down-cut milling are seen in Figure (27) and Figure 

(28) respectively. 

Three gross power measurements were recorded when any two teeth were 

engaged with the workpiece being cut. It was noticed that power was 

increased due to wear progress. To obtain power required at the cutter, 

idle horse power plus power required to drive the table were substracted 

from each gross power value. ‘The arithmetic mean value of three calcul- 

ated power was obtained as power required at the cutter. 

Surface finish roughnes ( in C.L.A. index) measurements were recorded 

around 0.4 nm flank wear. When the teeth were brand new, rough surface 

finish was produced. Due to wear progress surface finish produced was 

better, toward the end of each cutter life test surface finish was 

rough. These were observed for both the Sandvik Cutter and the Walter 

Cutter. When the cutter acrossed the workpiece completely, ten measure- 

ments (in C.L.A. index) were taken in direction of table movement. ‘Then 

the arithmetic mean value of ten readings was calculated under each 

cutting test condition. j 

Vibration measurements were obtained in two different directions 

in each case. In the other direction vibration amplitude and frequency 

were not high values. In down~cut milling, measurements were taken in 

feed and axial direction and in up-cut milling in feed and tangential 

direction.
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Typical examples of vibrations taken for both the Sandvik cutter 

and the Walter cutter are seen in Figure (29) and Figure ( 30) 

respectively. All reading were obtained around 0.4 mm flank wear,
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CHAPTER V 

Experimental Results, Discussion of Results and Relevant Relationships 
  

Experimental Results and Discussion of Results 

One of the aims of this research was to prove the validity of 

equivalent chip thickness in face milling. That was achieved in 

two ways; first proof was to use the same cutting speed and the same 

equivalent chip thickness but to change the relevant variables of 

equivalent chip thickness. In down-cut milling, using the Walter 

cutter under the conditions of the cutting speed of 120.65 m/min 

and the equivalent chip thickness of 0.116 mm, the values of cutter 

life were obtained to be 39.0 mins and 38.2 mins. Their wear-cutting 

time progresses are seen in Figure (31). Also using the Sandvik 

cutter under the conditions of the cutting speed of 144.51 m/min and~- 

the equivalent chip thickness of 0.122 mm, the values of cutter life 

were obtained to be 20.4 mins and 18.9 mins. Their wear-cutting time 

progresses are drawn in Figure (32). 

The results obtained were acceptable, because in any machining 

test,+ 10% variation is always allowable. Second proof was to choose 

two close values of equivalent chip thickness and to trace cutter life 

results in different cutting speeds. These were achieved selecting 

equivalent chip thickness values of 0.122 mm and 0.133 mm using the 

Sandvik cutter and two different workpiece materials in both down- 

cut and up-cut milling. The wear-cutting time progresses obtained 

using the Walter cutter, tool steel (B.H.N. 238) in down-cut milling 

are shown in Figure (33), Figure (34), Figure (35), Figure (36) and 

Figure (37 ).
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The wear-cutting progresses obtained using the Sandvik cutter, tool 

steel (B.H.N. 238) in down-cut milling are seen in Figure ( 38), 

Figure (39) and Figure (40). Cutter life results, which were obtained 

using the Walter cutter and the Sandvik cutter in down-cut milling, 

versus cutting speeds are seen in semilog. scale Figure (41) and 

Figure (42) respectively. 

Some cutting tests were repeated twice under the conditions of 

We of 182.21 m/min and h, of 0.133 mm using the Sandvik cutter and two 

different workpiece materials (namely tool steel B.H.N. 238 and 197) 

in both down-cut and up-cut milling. Cutter life results were obtained 

to be 9.10, 8.20, 11.49 and 11.17 mins respectively. Their wear 

progresses are shown in Figure ( 43) and Figure ( 44). 

In central milling, one test was planned using the Sandvik cutter 

under the conditions of Ne of 182.21 m/min and h, of 0.133 mn, but 

the test was not completed, because two teeth were chipped around the 

0.412 mm flank wear. W was 46.4 mm which was bigger than the linear 

distance between any two teeth in the Sandvik cutter. The wear pro- 

gress is show in Figure(45). Under the same cutting conditions, up- 

cut and down-cut milling were performed successfully. When width 

of workpiece is small, dowm-cut or up-cut milling can give longer 

cutter life because of better partial balance of heating and cooling 

repetitions of each tooth. one up-cut milling was tested under the 

conditions of Ve of 182.21 m/min and hy of 0.133 mm using tool steel 

(B.H.N. 238) and the Sandvik cutter to compare the cutter life result 

with the cutter life result obtained in down-cut milling under the same 

conditions. The cutter life was obtained to be 7.8 mins which was 

lower than the cutter life results of 9.10 and 8.20 mins obtained in 

down-cut milling. The wear-cutting time progress is seen in Figure (45) .
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Qne down-cut milling test was also performed under the cond- 

itions of Ve of 182.21 m/min and hy of 0.133 mm using tool steel 

(B.H.N. 197) and the Sandvik cutter. The cutter life was obtained to 

be 13.9 mins which was bigger than the cutter life results of 11.49 

and 11.17 mins obtained in up-cut milling. ‘The wear-cutting time 

progress is shown in Figure (46). 

Using the Sandvik cutter and tool steel (B.H.N. 197), up-cut 

milling tests were a failure at very short time or 0.3 mm flank wear 

under low and medium cutting speed conditions. The other tests under 

high speed conditions were performed until around 0.5 mm flank wear. 

Their wear-cutting time progresses are shown in Figure (47), Figure 

(48) and Figure (49). Using the Walter cutter and tool steel (B.H.N. 

197) only one test was performed until around 0.5 mm flank wear which 

was smaller than the cutter life criterion used in dowm-cut milling 

tests. The wear-cutting time progress is seen in Figure ( 50). 

By examining cutter life results it was noticed that cutting 

speed was one of the significant independent variable in cutter life 

results especially under high-speed conditions. Generally when cutting 

speed was increased cutter life decreased. Equivalent chip thickness 

played a significant role under low-speed conditions. When equivalent 

chip thickness was increased by means of W, f and d, cutter life 

decreased. 

Equivalent chip thickness values of the cutters being conmercially 

available gives ideas about which cutter can provide longer cutting 

time. Under the same cutting variables (at the same cutting speeds, 

table speeds or feed rates, depth of cuts, widths of workpieces, number 

of teeth) the smaller equivalent chip thickness values were calculated, 

when the Sandvik cutter was used. Hence the longer cutter life 

results were obtained,because under the same cutting variables in
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each test the same amount of heat was generated but bigger value of 

each cutting edge engaged with the workpiece being cut (due to big- 

ger lengths values of each cutting edge) which is a measure of the 

contact surface, was obtained,when the Sandvik cutter was used. In 

the other words heat generated was transfered in bigger value to chips, 

the cutter and the workpiece being cut by using the Sandvik cutter 

in each test. 

Longer cutter life results were obtained in dowm-cut milling 

with comparing cutter life results of down-cut milling to up-cut 

milling. Under the same cutting conditions, cutter workpiece material. 

Chipping Mechanism 

The reasons for failure, which was occured by chipping of some 

cutting edges, at very short cutting time for both the Sandvik cutter 

and the Walter cutter in up-cut milling tests were thought to be rel- 

ated to cutting force and mechanical stresses caused by entry conditions 

along the width of the workpiece being cut, AB, for both the Sandvik 

cutter and the Walter cutter as seen in Figure (51) and Figure (52) 

respectively. Because the initial contact point between AB and each 

tooth always occurs along the cutting edge of each tooth. Some 

examples are seen in Figure (51) and Figure(52). It is known that 

failure caused by both mechanical and thermal stresses normally occurs 

after certain cutting time; not very short cutting time. Shinozaki 7) 

pointed out thermal cracks after certain cutting time in face milling. 

The location of the initial point can be determined applying 

equations (66) and (67) derived by Kronenberg") to both the Sandvik 

cutter and the Walter cutter. The intersection angle i' between rake 

face of one tooth and plane of engagement can be calculated as follows:
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a) For the Sandvik cutter;the angle of the engagement plane € changes 

continuously according to progress of cutting. If for example 

€ =- Pape thus the values of i', 6 , @' and A, can be calculated 

using the formulas (66) and (67); 

tg&. Cos x 
ESS osrargeataaye 

tg (-7). Cos (-5) 
fe eeematn es (-47)1 ae 208) 

Hence the angle,i' = -10° 

The cutting edge angles, e , @' and »%S 
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b) For the Walter cutter;the angle of the engagement plane @ 

again changes continuously according to the progress of cutting. 

tg & cosr 
ont res 

9 Sin(e -€) 

If for example € = - 47° 

tg (8). Cos (-16) am 
oe eee sinh—5=(-a) ie 

i= 119.4 

The cutting edge angle, ee 

tge = Ww. 
toc, = Cos € 

tg 42 
Oy 108 

t98, = “Gosa7y ge 

0 
os 53 

Initial contact points in both cases are along the cutting edges as 

seen in Figure (53) and Figure (54). Surface finish was also 

examined over a certain area after cutting. On surface finish the 

traces of the broken cutting edges were seen. 

However in down-cut milling, the initial contact points for both 

the Sandvik cutter and the Walter cutter were away fram the cutting 

edges and toward the inside of the edges. Plan of engagement was always 

occured along the length of the workpiece, 1, in down-cut milling. 

Cutter life Relationships 

The computer programme was written to calculate the coefficients 

of the proposed cutter life model given by the equation (69) for both
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the Walter cutter life data and the Sandvik cutter life data given in 

Table (1) and Table (2). The flow chart of the Computer programme 

written is given in Chapter III. The programme and the results for 

both the Walter cutter life data and the Sandvik cutter life data 

are seen in Appendix I, Their R.S.S. contour diagrams in ely - A, 

plane are also shown in Figure(55) and Figure (56). An example of 

a R.S.S. value, coefficients and confidence interval of coefficients 

are given in Appendix II. 

The cutter life equation, using the Walter cutter life data, was 

obtained as; 

31.836 Int, = 226.568 - 2.066 v8 - 957. 419 10h ao 

or 

Int, = 7.177 ~ 0.065 v,0-8 ~ 2693,237H, 4+° (109) 

R.S.S., which was the minimum value, was calculated to be 0.411. 

The error variance s? was obtained to be 0.046 using the equation (72). 

The 95 percent confidence interval for bo:cl ,) is given as; 

CE.) =b +t ~~ eo d 
° O— ‘v; §/2 oar ad 

bee 72 Was taken to be 2.262 fram a statistic table 
7 

CL (b,) = 7.117 + 2.262 .\J (0.046) (1.525) 

7.716 

CI (bh) = 

6.518 

for bi 

CI(b,) = -0.065 + 2.262 } (0.046) (0.00076)



-0.052 

CI (by) = 

-0.078 

for by az 

CI (by) = -2693.237 + 2.262 \] (0.046) (467.57 10") 

-1644,190 

CI(by) = 

-3742.284 

Two more cutter life equations can be written using the upper and 

lower limits of coefficients calculated above. If the upper limit 

of CI(b,) is used for bo, the lower limits of CI(b)) and CI (b5) are 

chosen for by and by and vice versa. 

° 2 : 0.8 4, InT,, = 7.716 - 0.078V,-"~ - 3742.284h, | (110) 

and 

Int, = 6.518 - 0,052y, 9-8 - 1644,190n, °° (113) 

Logarithmic transformations of both sides, which is similar to 

Taylor type tool~life equations, were also obtained in the results. 

31.835 int, = 4201399 = 79.199 inv, ~ 30.512 inh, 

or 

int, = 13.206 - 2,488 in, =10,955 inh, (12) 

R.S.S was calculated to be 0,885 which is bigger than the value of 

R.S.S. obtained in the equation (109),
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The second proposed cutter life equation which is in the 

second order model, was obtained using the statistical package Mark 

2 (34 , The computer programme and results are seen in Appendix III. 

The multiple correlation coefficient was calculated to be 0.990 

int, = 45.391 — 12.994 inv, + 6,846 Inh,, 

2 2 
+ 0.346 (inv, ,) =91.6 (1nh,,) = 3.304 iny,-1nh,, (113) 

R.S.S. was calculated to be 0,228. 

The first proposed cutter life equation, using the Sandvik cutter 

life results, was obtained as; 

18.195 Int, = -220.96 + 757.52 vr? - 645,871 10°h,>*® 

or 

A ie oon 56 Int, = 12,14 + 41,63 v7.35 107, (114) 

R.S.S., which was the minimum value, was calculated to be 0.041, 

The error variance 3? was obtained to be 0.005 using the equation (72), 

The 95 percent confidence interval for boicr (b,) is calculated as; 

CI(b,) = -12.14 + 2.306\] (0.005) (80.674) 

-10.68 

CI(b,) = 

-13.60 

for by 

Cr (by) = 41.63 + 2.306\} (0.005) (585.580) 

45.58 

CI(b)) = 

37.68
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for b, 2 

CI (by) = ~35 10° + 2.306 \} (0.005) (44.64 10%) 

-24.1 10° 
CI (b5) = 5 

-45.9 10 

Hence two more cutter life equations can be written using the upper 

and lower limits of coefficients calculated above. 

5.6 A 
Int, 9:2. 45.9 10h, (115) -10.68 + 37.68 V5. 

Int, = -13.60 + 45.58 vO 24,1 10%, (116) 

logarithmic transformations of both sides, which is similar to 

Taylor type tool-life equation, were also obtained in the results; 

18,195 int, = 303.143 - 56.354 int, - 14.534 inh, 

or 

Int, = 16.661 - 3.097 inv, ~ 0.799 Inh, (117) 

R.S.S. was calculated to be 0.060 which is bigger than the value of 

R.S.S. obtained in the equation (114). 

The second proposed cutter life equation, which is in the 

second order logarithmic model, was also obtained. ‘The coefficients 

of the proposed equation and the miltiple correlation coefficient were 

calculated using the Statistical package Mark 26 34) a The computer 

programme written and the coefficients obtained are seen in Appendix 

Iv. The multiple correlation coefficient was calculated to be 0.930
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The cutter life relationship is given; 

Int, =o 122.597 +: 625440 inv, + 19.933 inh, 

2 2 ~ 6.387 (Inv,) + 5.437 (Inh,)* + 0.857 Inv..1mh, (118) 

Power Relationships 

Powers required at any cutter in different cutting conditions 

were measured and evaluated in a function of metal removal rate, 

because metal removal rate can be easily calculated. The results 

in each test were obtained subtracting idle horse power and power 

required to move the table from the gross horse power. The results 

are given in Table (5 ) and Table (6),('7),Figure (57) and Figure 

(58) for both the Walter cutter and the Sandvik cutter using tool 

steel (B.H.N. 238 and 197), in dowm-cut milling and up-cut milling 

respectively. 

As can be seen by examining the results, there is not much 

difference between power required at the Walter cutter and power 

required at the Sandvik cutter in down-cut milling under different 

cutting conditions. For the Sandvik cutter less power is required 

at the spindle in up-cut milling than down-cut milling. 

The power relation equations, which are in the first order 

logarithmic models, were obtained. The coefficients were calculated 

the least square method using the Statistical package. One example 

of the computer programmes written and results are seen in Appendix V. 

The equation using the Walter cutter, tool steel (B,H.N. 238) and 

and in down-cut milling was obtained. 

H.P.., = 0.0816 + 0.0738 MR (119)
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The correlation coefficient was calculated to be 0.995 

It is know that when MR is 0.0, horse power consumption is zero. 

“Hence the equation above can be written as; 

HP. = 0.075 MR (120) 

The equation using the Sandvik cutter, tool steel (B.H.N. 238) in 

down-cut milling was obtained; 

H.P., = 0.178 + 0.0738 MR (121) 

The correlation coefficient was calculated to be 0.982 For the same 

reason. the equation can be written as; 

H.P. = 0.075 MR (122) 

Both equations have the same slopes, 

Surface Finish Relationships 

Surface finish results are given in Table (8 ), Table ( 9) 

and Table (10). Cutting speed plays a significant role on surface 

finish. Better surface finish results were obtained using the Sandvik 

cutter in down-cut milling and rough surface finish were produced in 

up-cut milling. 

The coefficients of the surface finish equations were calculated 

by the least square method using the Statistical package Mark 26 34) 

in first order logarithmic models. 

The equation , using the Walter cutter in down-cut milling’ 

is written as; 

Ins.F,, = 4.326 - 1.013 Inv, + 0.064 Inh,, (123)
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The multiple correlation coefficient was calculated to be 0.660, 

the equation, using the Sandvik cutter in down-cut milling, is written 

as; 

InS.F, = 1.27 ~ 0.741 Inv, ~ 0,853 Inh, (124) 

The multiple correlation coefficient was calculated to be 0.733, 

Vibration Relationship 

Vibration amplitutes results from peak to peak (P.T.P.) are 

given under different cutting conditions in Table (11), Table (12) 

and Table (13). It was found that cutting speed and maximum area 

being cut were significant variables on vibration amplitude produced. 

The results obtained also show that vibrations are generated by cut- 

ting force components applied to the cutting system. ‘There is not 

much difference between vibration amplitutes produced by the Walter 

cutter and the Sandvik cutter in down-cut milling, but less vibrat- 

ions were produced during the up-cut milling. 

The relevant vibration equations were obtained. The coefficients 

of the equations were calculated by the least square method using the 

Statistical package Mark 2 34) in the first order logarithmic model, 

The equation using the Walter cutter in down-cut milling is 

written as; 

InV1B.AMP,, = 4.636 - 0.174 Inv, + 0.537 Sax) (125) 

where (ee is the maximm area being cut which is equal to df. 

The multiple correlation coefficient was calculated to be 0.848. 

The equation using the Sandvik cutter in down-cut milling is 

written as; 

InV1B.AMP, = 7.426 ~ 0.682 Inv, + 0.898 Snax? (126) 

where (Sax) is the maximm area. The multiple correlation 
w 

coefficient was calculated to be 0.895.



-88- 

CHAPTER VI 

Economics of Face Milling and Applications 

Basically two models are considered, namely wnit~time model and 

unit-cost model in this research. The use of profit-rate can be 

difficult, because selling price of each piece is not normally 

fixed at the beginning of the process in practice. 

1) Unit-time model. 

The total time to produce one piece 5 was written in 

Chapter III as; 

Toe Tt 
BS re eRe rere (L27) 

where qt is the total, K is the constant, MV is the volume of metal 

to be removed, T. is the replacement time of teeth, T is the cutter 

life, MR is the metal removal rate. 

To obtain the minimum values of 1D which is the aim of industry, 

the reciprocal of the second term of the equation above Fy = ea ’ 
= 

which is called time function in this research, should be maximum. 

Then the equation,which will give the optimum cutter life value,was 

obtained in Chapter III as; 

T@+T.) +MR. 1. a? =0 (128) 
dMR 

The first derivation of T to MR can be obtained using the T - MR 

characteristic function. 

a) Determination of optimum cutting conditions using the Walter 

cutter, tool steel material (B.H.N. 238) in down-cut milling.
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The cutter life equation was obtained using power transformations 

in the form as; 

  

  

  

Ay 
Ve ca 

= * 2 Int, =b, +b, Zt Pa tw (129) 
1000 

where b, = 7.117, b, = ~0.065, A, = 0.8, by = -2693,23, 

i ~ mm A, = 4.0, v, in min 2d, in mn, 

Metal removal rate, MR, was written in Chapter III as follows; 

MR/V. 
hoe a 
“ oe 

w Sin Oe Cos we 

or 

a . ov, 0 MR = (Marty) Poeee 
WwW Ww 

_. im ? 
where V. in nine 7 By in mm, and i, inm. 

In this research, depth of cut d is taken into account as any 

parameter,not a variable. In calculation, any value is given to 

depth of cut bearing in mind horse power limitation of the machine 

tool used. ‘Therefore the first term of the equation above 

dee dad is calculated as any 
w Sin © .Cos§ 

parameter. Hence MR is expressed only as a function of hy and Vee 

For the existence of the MR ~ T characteristic function, their Jac- 

obian should vanish as follows:



_OMR OmR 
he ov, 

w= =O (131) 

anu Ow 
Oty OM 

zt Te 
The partial differentiations, QR OMR ty 2 w #' and =—— can o%," OR,’ 2%, Oh, 
be obtained using the equations (129) and(130) respectively. 

OR 
eerie Sd Nea AV 

vo ‘bea 2 Oh, lw 

7 vt 
wos bt. age 

oy Doce 

T A o-1 
Osu Te reales yee T 
oY 2 2° ow 

Ww 

a 
L Ww Sin oF Cos§ ie 

By using the formulas above in equation (131) the following expression 

is obtained ; 

bay ys ie een Te (132) 
1000 

The equation above gives the relationship between Ve and h. This 

is also the T - MR curve in ee = hy plane and an exponential fomn. 

Using the equations (130) and(132) we obtain; 

zk a ae A, i 
h = (133) 

WwW by. L,. 10001
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of ala MR 2 2 

* “(2 ar) (234) 
Ww 

The relationship between Vie and MR can be obtained as; 

  

1 
ine ha tee om ive ee 
Pa ea aco a et 

é eet ae yes 
=~ hy \ d+ Ao Vv = PR\Z hy 

ey Gey eg Polo Saw “4: ay 

Using the cutter life equation (129) T,, can be written only as 

a function of ve 

Ay 
ee (ut #4 v,, (135) 

Ay A2 
1000 

int = bat 
WwW ° 

Hence the relationship between T, and MR can be obtained as follows; 

So 1 Ai d2 
= by ee lth a Int, = b, + rie iQ+4 1 1 (1000 2 pee ce) 1+h2 

Ay 1 

    

  

  

  

  

  

This is the MR - a characteristic equation. By using the values of 

parameters, the equation can be written as follows; 

inf’ = 7.417 = @.c06 (/—Mea1j0-087 (136) 
WwW ay: 

  That is the unique equation, because the ratio is equal to 
a. 

be 
hy the value of the equation is not related to the value of d. 

The curve of the equation above is given in Figure (59). 

To obtain equation(128), the first derivation of ty, to MR
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is calculated 

  

  

Ay 
T b oly 25 ~h, \AIFL2 

oo = wey ee AL ) (1000 1 < 2.\ Aide 
Me eet CO ag Hee di.d2 

Ai, d2 
Fen At AO 
a ae (137) 

Using equation (137) obtained, the equation, which will give 

the optimum value of the cutter life, is written as follows: 

(+7) +7, (nt, - by dr.d2 _ 9 (138) 
ohiycke 

The solution of the equation above depends on the values of tT, ’ bor 

an and A. 

Two different values of the replacement time of teeth, TL, are 

considered as 15 and 30 mins, which are acceptable values in industry. 

i) T, = 15 mins 
r 

The equation (138) is written as: 

T,tis4+15 (nt, - 7.117) 0.667 =O 

a wy Was calculated to be 24 mins which is the optimm cutter life 

value in this situation. The value of MR was obtained to be 65217.02 
3 

— using a of 24 mins and considering the value of d to be 1.905 nm min 

(0.075 in). 

The optimum values of cutting speed ve and equivalent chip thickness 

hy were calculated to be 134.62 m/min and 0.125 mm respectively. 

Table speed F can be calculated according to the value W of the 

workpiece being cut. 

ii) qT. = 30 mins.



aod— 

T, + 30 + 30 (Int, ~ 7.117) 0.667 =0 

qT, was calculated to be 39 mins which is the optimum cutter life 

value in this situation. 

As can be seen when T is increased cutter life should be used 

longer. 

The value of MR was calculated to be 53538.77 mm , provided d was 

considered to be 1.905 mm. ‘The optimm values of vy and hy were 

obtained to be 114.19 m/min and 0.121 mm respectively. Table speed 

F can be calculated according to the value of W being used, 

As can be observed when cutter life is used longer, the value 

of MR should be decreased. 

b) Determination of optimum cutting conditions using the Sandvik 

cutter, tool steel material (B.H.N.238) in down-cut milling. 

The cutter life equation was obtained using the power trans- 

formations method as: 

  

ol 

ies fe (139) Inks = b+ b. ‘heb. 
s ° al 1000 %1 2s 

where bo = -12.144, by = 41.634, by = -35497.19 

A, = -0.2, Ay = 5.6, V, in 2 and h, in mn 

Metal removal rate, MR was written in Chapter III as follows: 

  

MR, 
h= 

s ay 

1 d 1,. Sine, 
Ot = ae Sind 

Sind Ss. . 
a eee cos F ned < la 

i aa Sine, Sing 
where ay = [% + 1, + Binh, (Le +1, Sind )* Bink | 

Ss 

a Cos § 2
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Depth of cut d is taken as any parameter, in calculation any value 

is given to d according to horse power available on the machine tool. 

used. The same formulas, which were obtained and used to determine 

optimm cutting conditions using the Walter cutter in down-cut 

milling, can be also used in this section. 

MR is only a function of h, and ve 

MR = MR(h,,V,) 

For the existence of MR - T characteristic function, their Jacobian 

should vanish. By doing the procedure,the following expression is 

obtained: 

bra Ay 
Ne. een A2 

1000 

The equation above is the MR - T curve in Me = hy plane. 

The MR - T relationship is also obtained as; 

: m i Ay ky rho 

Inti b +— (1 +) (2000 uo by hy asta Cs jauee 
ero oom Ao bina a) 

By using the values of parameters the MR - T curve is written as: 

-0.207 

InT_ = -12.144 + 115.96 (2) (140) 
s a5 

The Curve of the equation is given in Figure (60). 

The equation, which will give the optimum cutting conditions, can be 

written as; 

ay: A, Ss pied de Se 141 Cyst eee ent 5.) ae Oo (141) 

Two different values of the tool replacement time qT. are considered as 

15 and 30 mins.
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i) T. = 15 mins 

Ty, Geko 15 (Int, + 12.144) - 0.207 = 0 

ae was calculated to be 33 mins which is the optimum cutter life 

value in this situation. The value of MR was obtained to be 64036.16 

rem? nin using Tt; of 27 mins provided d was considered to be 1.905 nm 

(0.075 in). 

The optimum values of cutting speed Me and equivalent chip thickness 

hy were calculated to be 111.43 m/min and 0,139 mm respectively. 

Table speed F can be calculated according to the value of W being used, 

ii) T. = 30 mins. 

os +730 30) (int, + 12,144) - 0.207 = 0 

Ty, was calculated to be 72 mins which is the optimum cutter life 

value in this situation. When t. is increased, cutter life should be 

used longer. 

The value of MR was calculated to be 50622.06 mmo /ainy The optimum 

values of ME and hy were calculated to be 87.36 n/min and 0.140 mm, 

Table speed F can be calculated according to the value of W being used 

2. Unit-cost model 

The total cost to produce one piece C was written in Chapter IIT 

T +Yx/c 
Gee. .T tek ae 2 

a MR ) 

where c is the operator and overhead cost per unit time, ty is the 

total idle time including set-up time, K is the constant which is 

calculated by a as seen in Figure (14), MV is the metal volume 

tb
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to be removed, MR is the metal removal rate, qT is the replacement
 

time of teeth, Y is the total cost of cutting edges of the cutter. 

To obtain the minimum values of C, the reciprocal of the second 

MRT 
  term of the equation above Fy = ee 

(htt te) 
Aa 6 

which is called cost function in this research, should be maximum, 

Then the equation, which will give the optimum cutter life value was 

obtained in Chapter III as; 

ar 
“an =° 

% 5 
Tir +T +2) + erin +) 

x xr 

where the first derivation of T to MR can be obtained using the T - 

MR characteristic equation as done in the previous section, 

a) Determination of optimum cutting conditions using the Walter 

cutter, tool steel (B.H.N. 238) in down-cut milling. In the previous 

section (unit-time model) the relationship between T and MR was 

  

  

  

  

obtained as below: k é ae ea, ky 

2 Lid oly poh id i 1 1442 1442 Athan By ae Pia ae 4 peda) (= 

Dik ay 

The first derivation of qT, to MR was calculated as; 

Ay Ay oko 

came ( fe at ‘e: Eibsade ) re Ale hee 
adMR ~ a 2 |. 

1000" bye dy age) ey 

ee (142) 

Using equation (142), to obtain the optimum cutter life value, the 

equation below should be solved,



Ole 

yi ¥ . ae (a, +t +e) + (T+ e-) aan, - pytardhe = 0, (143) 
Lith 

The solution of the equation above is related to the values of Cor 

Tr Yr by, Ay and ae 

The following information was obtained from G.K.N. Ltd. 

cS = £4.20/hour = 7 pence/min 

Y = 176 pence 

By using the values of the parameters,the equation (143)is written as; 

(r+ T, + 25) + (Z. + 25) (Int, ~ 7.117). 0.667 = 0 

Two different values of Tt. are considered as 15 mins and 30 mins, 

i) T = 15 mins 

(r, +15 +25) 4 (15 =4 25), (nt -7.117). 0.667 =O 

T, was calculated to be 47 mins which is the optimum cutter life value 

in this situation. This result shows that the optimum tool life for 

minimum unit cost is larger than for minimum unit time. The optimum 

tool life for minimum mit time was already calculated to be 21 mins. 

in the previous section. The MR value for the 47 mins optimum cutter 

life value was obtained to be 50220.08 mm? nin , d was considered to 

be 1.905 mm(0.075 in). The optimum cutting speed Va and equivalent 

chip thickness hy were calculated to be 106.55 m/min and 0.119 nm 

respectively. Table speed F can be calculated corresponding to the 

value of W being used. 

ii) T. = 30 mins 

a, + 30)+ 25) 4+ (30:4 25) (nt, -7.117)0.667 =0
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Ty was calculated to be 58 mins which is the optinum cutter life 

value in this situation. The value of MR for the 58 mins optimm 

cutter life value was calculated to be 45449.79 m?/min and d was 

considered to be 1.905 mm (0.075 in). Corresponding optimum Ne and 

he were calculated to be 98.04 m/min, 0.117 mm respectively. Table 

speed F can be calculated according to the value of W being 

b) Determination of optimum cutting conditions using the Sandvik 

cutter, tool steel material (B.H.N. 238) in down-cut milling. The 

same formulas obtained in the previous sections will be used in this 

section in order to calculate optimum cutting conditions. ‘The 

values of cS and Y are taken to be 7 pence/min and 176 pence resp~ 

ectively as previous values, 

The equation, which will determine optimum tool life, is written 

below by using the parameters of the Sandvik cutter life equation. 

Two different values of Ty, are considered as 15 mins and 30 mins. 

i) T. = 15 mins 

(Ty de 5 25) 5 625) (nt, + 12.14) -0.207 = 0 

TS was calculated to be 98 mins which is the optimum cutter life value 

in this situation. The value of MR for this 98 mins optimum cutter 

life value was calculated to be 46139.99 pe , d was considered 

to be 1.905 mm (0.075 in). The optimum values of Ne and hg were 

calculated to be 79.77 m/min and 0.141 mm respectively. Table speed 

F can be calculated according to the value of W being cut. 

ii) T= 30 min. 
ae 

(Ts + 30 + 25) + (30 + 25) (int, + 12,14) - 0.207 = 0



-99. 

Ty was calculated to be 140 mins which is the optimum cutter life 

value in this situation. The value of MR for the 140 mins optimm 

cutter life was calculated to be 41669.06 mmo /min and d was consid- 

ered to be 1.905 mm (0.075 in). ‘The optimum values of Vv, and hs 

were calculated to be 71.65 m/min and 0.142 mm respectively. Table 

speed F can be calculated according to the value of W being cut. 

qT on optimum cutting conditions is significant. When T, takes 

longer time, the cutter should be used longer time. Longer cutter 

life leads smaller metal removal rate, hence cutting speed and the 

other variables should be decreased and vice versa. ‘The effect of 

Y on optimum cutting conditions is also significant. When the cost 

of teeth used is high, the cutter should be used in production for 

longer time, 2 is also another significant parameter. When ce is 

increased, the cutter should be used for shorter time. The Sandvik 

cutter in both unit time and unit-cost gives the higher optimum 

cutter life than the Walter cutter because of the effect of the 

coefficients. The optimum cutter life value for minimum cost is 

higher than for minimum time. 

Generally low cutting speed, high table speed and high depth of 

cut should be selected to obtain optimum cutting conditions in face 

milling bearing in mind maximum power available on the machine tool, 

Optimum cutting speed for minimum time and minimum cost under 

the situation of the Sandvik cutter is selected to be smaller value 

than under the situation of the Walter cutter. 

Under the situation of the Sandvik cutter, optimum equivalent 

chip thickness and using the result of equivalent chip thickness, table 

speed is selected higher value than under the situation of the Walter 

cutter for minimum time and minimum cost.
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CHAPTER VIT 

Conch 
   

tons _and Future Work 

7.1. Conclusions 

7.1.1. ‘The selection of the cutter diameter should be related to 

the width of the workpiece being cut. 

A maximum of 1.5 times the workpiece width is rather a good 

choice because in order to balance cooling and heating repetations 

of each tool and reduce impact effect of each tooth entering the 

workpiece, the number of teeth,which will be contacting the work- 

piece,should be as high as possible at any time. When the width 

of workpiece is relatively small, the down-cut or up-cut milling 

* 
position increases the number of teeth compared with central milling, 

7.1.2. Metal removal rate was found to be a function of cutting 

speed, characteristic feed (which is determined by average chip 

thickness and the engagement angle), depth of cut, and also from the 

product of width of workpiece, table speed and depth of cut. Then 

equivalent chip thickness was formulated in each situation. 

7.1.3. In order to evaluate machinability data, and at the sane 

time to save tests and amount of workpiece material required, the 

number of independent variables was selected as small as possible. 

7.1.4. ‘The cutter wear hardly affects horse power consumption, 

surface finish produced, and vibration generated. Generally, mean 

value of measurements was taken to determine dependent variables above. 

* i.e. Offset of workpiece to left and right side of cutter centre line
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7.1.5. In the life evaluation of a multi-tooth cutter, the nurber 

of wear measurements should be on at least half the number of teeth 

used, because each tooth does not remove the same amount of material 

from the workpiece being cut. 

7.1.6. The maximum width of wear land on each flank face is a 

better measurement than the mean value of the width of flank wear, in 

order to determine the useful life of the cutter. This is because 

after a certain cutting time, the maximum flank wear leads to the 

complete failure of the cutting edge. Measuring the maximum wear on 

each tooth takes a shorter time than measuring the mean value. 

7.1.7. In down-cut milling,0.625 mm (0.025 in) for the arithmetic 

mean value of maximum widths of flank wears was found a more acceptable 

value than 0.762 mn (0.030 in). ‘This is because of widespread 

variation amoung the wear values of different teeth on the cutter. 

But in up-cut milling, only the 0.5 mm arithmetic mean value of max- 

imum widths of flank wears was reached. 

7.1.8. Down-cut milling gives a better performance than up~cut 

or central milling, especially when the width of the workpiece is 

relatively small. When the cost of each tooth is considered, dow- 

cut milling can be prefered because it gives longer cutter life, 

provided a backlash eliminator is used. The first initial contact 

point of each tooth with the workpiece is always away from the 

cutting edge in down-cut milling, but occurs on the cutting edge in 

up-cut milling, Hence when a brittle cutting edge like a carbide 

cutting edge is used, chipping can easily occur in up-cut milling.
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In this situation the cutter which has negative axial rake gives 

more strength than the cutter which has positive axial rake. In 

up-cut milling, more overall power is required, because more power 

is required in the direction of feed to produce the movement of the 

workpiece, but less power is required at the cutter itself. 

Down-cut milling also produces better surface finish than up- 

cut milling. With the backlash eliminator, the same level of 

amplitude of vibration is generated on the workpiece being cut in 

down-cut milling when using different face milling cutters. 

Less amplitude of vibration is generated on the workpiece being 

cut in up-cut milling. 

7.1.9. In planning of cutting tests, Freely the selection of 

levels of cutting variables such as number of revolution table speed 

etc., is made. 

A typical range of cutter life which can be selected is fram. 

10 to 70 mins, and metal removal rate can give some indication to ie 

production engineer to enable him to choose the levels of cutting 

variables. 

7.2.0. Equivalent chip thickness can also give same guidance in the 

selection of tooth shape amoung commercially available tooth shapes. 

The cutting edge which gives the longer engaged cutting edge with the 

workpiece should be prefered fram the cutter life point of view. This 

is because the heat generated during cutting is easily transfered to 

the chips, to the cutter and to the workpiece being cut, through the 

engaged cutting edges. In such a situation, a smaller equivalent chip 

thickness value is obtained. 

7.2.1. In up-cut milling, cutting edges of inserts, which have negative 

axial rake values, in the Sandvik Cutter showed greater strength than 

cutting edges of inserts, which have positive axial rake values, in 

the Walter Cutter.
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7.2.2. The exponential form of cutter life equation gives a better 

fit than the first-degree logarithmic polynominal equation, 

7.2.3. By using the T - MR characteristic function, the optimum 

cutting conditions were obtained. Different optimum values were 

calculated when using unit-time and unit-cost equations. Generally, 

one should select low values for the cutting speed, and high values 

for table speed, and depth of cut, always bearing in mind the horse 

power limitations of the machine tool and the grade of teeth selected, 

The replacement time of teeth, the cost of each tooth, operator and 

overhead cost are significant parameters like the coefficients of 

the cutter life determined by workpiece material, tooth material, 

cutting variables etc., in the selection of cutter life, metal removal 

rate, and cutting variables. 

Future Work 

7.2.1. Cutting Tests. 

Further cutting tests should be performed taking different 

values of the equivalent chip thickness as an independent variable 

with different values of the cutting speeds in the typical domain of 

cutter life and metal removal rate to be made better appreciation of 

equivalent chip thickness idea. 

7.2.2, Different workpiece materials. 

Different types of workpiece materials which are used in 

industry, mostly ferrous metals with different hardness and geometrical 

properties, should be tested,
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7.2.3. Differ cutters. 

  

Different cutters and inserts which are commercially 

available with different diameters and numbers of teeth should be used 

on various milling machine tools having different dynamic character- 

istics, 

7.2.4, Cutting force and measurements of cutting force components. 

Three dimensional dynamometers, also capable of recording 

fluctuations on a time basis, should be used in order to complete the 

machinability data. The relationship between the tangential force 

and the characteristic feed, which is determined by the average chip 

thickness and the engagement angle between the cutter and the 

workpiece being cut, will be obtained in mich more simple mathematical 

form.
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TRACE 2 —105— 
END 

TRACE 4 

TRACE 2 

MASTER TOMRIS 
FOI OI OI ek Ee 

POVER TRANSFORMATIONS FOR WALTER CUTTER = SRI IO RIO REE RE 

DIMENSION VOCSO) FECT COU) CT CSU) 4 XC45019) eXT (19415) eXC(20720) 6 TAT 2000) + A26C000) BL CZ000) XALZ0020) 1X1 (20920) ¢ BY C100) HETACI 04402 4159 (1.00) 1UC1 U9 +BC20UU) +AC100) #SUM (2000) Ue CIUU)» SALFUCT50) eALF2(150) WKSPACECIU) -XKC 20,20) te INPUT DATA FRR H EH 
READC1+1) N 
READC1+1) NOB 
READ(142) AIL ATT A2LrA21 
READ(C1+3) NCAT NLAE 
pO 40° 151,NOB 
READ(164) VCCI) ECT CI CTC) 
CONTINUE 
READ (16160) CWKSPALECT) e1=1410) 
FORMAT (1048) 
tet eee FORMATS FOR INPUTS Heke we 
FORMATC(10) 

FORMATCAFO,0) 
FORMAT C210) 
FORMAT C3F0,0) 

tee tee bee ee 
WRITE (2,198) 
FORMATC//160Xe26H NUMBER OF CALCULATIONS /) 
ITENCATENCA2 
WRITEC2,499) IT 
FORMAT(150) 
DO 415 NS5=1,1T 
SUM(N5)=0.0 
CONTINUE 
DO 16 M1=1,N 
00 16 Mm aN 
XCCM1eM2)=0,0 
CONTINUE 
DO 417 N1=10N 
XACN1619=0,0 
CONTINUE 
PO 48 N3aieh 
BETA(N3,1)20,0 
CONTINUE 

DO 19 N4=1,NOB 
ACN4)=0,0 
CONTINUE 
DO 80 Iset.N 

      

XKCD, Jd) = 
CONTINUE 
thee Woe thea tee 
1=1 
VN1=0.0 
00 21 1124.NCA1 
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ALFUCIVSATLEVNY 
VNe=0,0 
DO 20 12=4+NCA2 

VNéesvNe+nel 

ALF2C12)=A2L4VN2 
WRITE C2, 500) 

SU0  FORMATC//156X+27H ESTIMATE VALUES OF PUWERS /) 
WRITEC2,51) ALFICI1),ALF2C12) 

51 FORMATCF40,5+F15,9) 

WRITE(2,190) 
190 FORMATC///¢30X,37H THE MATRIX OF INDEPENDENT VARTABLES /) 

TFCALFIC11)2,£9,0,0) GU 10 70U 
DO 650 1=1,NOB 

UICTD=EVC CT) *#*ALFICI1) 
650 CONTINUE 

GO TO 660 

700 DO 652 1=1,N0B 

Ui CT =ALOG (VCCI)? 
652 CONTINUE . 

660 IFCALE2(12),E@,0,0) GO TO 701 
DU 654 I=4,NUB 
U2CTDRECTCI) #*AL Re CIT2) 

654 CONTINUE 
GO T0 670 

701 DO 671 1=1,NUB 

U2CI)=SALOGCECT (12) 
671 CONTINUE 
670 00 23 1=4,N08 

x(1,12=1,0 
XC1,2)8u101) 

x1, 3)2ue(1) 
WRITEC2,191) XC1e1),xXCL, 2) eXC1 43) 

191 FORMATCF35,142F1604) 
23 CONTINUE 

WRITEC2,192) 
19 FORMATC//,50X+29H THE TRANSPOSE OF THE MATRIX /) 

DO 24 JaiyN 

DO 24 1=1,NOB 
XTOJ,1)=XC1,0) 

2&4 CONTINUE 

WRITE C2] ,14935) COXT Cr 1) TET NOBI e514 ,N) 

195 FORMATCE15.3,11F9 45) 
WRITEC2, 158) 

488 FORMATC//,50Xe34H MULTIPLICATION OF TWU MATRIXS /) 
DO 25 I=4.N 
OO 25 J=1yN 
XKCT, 0220.0 
DO 25 K=1,N0B8 
AKCLAIIEXK CT JIFATCL RI*X CK eID 

2> CONTINUE 
WRITEC2],189) CCXKCL Jd eget oN el et eNn) 

189) FORMATCF30,5+2F29e9) 
eee whee teehee 
WRITEC2,165) 

16> FORMATC//+55Xe18N INVERSE OF MATRIX/) 
TFATL=0 
CALL FOTAAF (KK e200 Ns XCr20eWKSPACEIFAIL) 

IFCIFATL,E@,0) 60 To 170 
WRITE(2-150) 

130° FORMATC1HO,18H FAILURE IN FOTAAF) 
STOP
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195 

205 

<00 

35 

300 

$4 

301 

32 

206 

750 

800 

The 
760 

794 

801 

7 
770 

209 

S07 DO 155 Te16N 
WRITE (2,156) (XC(L ed), d34,N) 
FORMAT (F30,5+2F25.5) 
CONTINUE 
eetRH rrr} he keene 
WRITE (24196) 
FORMATC//150X/44H GEOMETRIC RATIV OF OBSERVED CUTTER LIFE /? CAR=1.0 
00 50 1=4,NOB 
CARRCARSCT(1) 
CONTINUE 
AN=1,0/N0B 
GHVECAR*EAN 
WRITEC2,195) GY 
FORMAT(E55,4) 
WRITE (2,205) 
FORHAT(//,50X,43H TRANSFORMATIONS OF THE DEPENDENT VARIABLE /) 00 33 M=1,NOB 
YCMYEGMVRALOG COT CMD) 
WRITEC2,206) YCM) 
FORMAT(F55,5) 
CONTINUE 
WRITE C2,300) 
FORMATC//+40X+21H SECOND PART OF BETA /) 
00 34 T=1,N 
XACT,1)50,0 
DO 34 J=4,NOK 
XACT AVI SKACT DHT CL JI *Y CY) 
CONTINUE 
WRITEC2,3501) (XACL #4) eleten) 
FORMAT(E55,5) 
WRITEC2,207) 
FORMATC//,S0X¢S4H ESTIMATE VALUES OF CUEFFICIENCIES i): DO 35 1=4,N 
1150 
BETACI+1)=0,0 
DO 35 J=t.N 
1ls1144 
BETACT AT) =BETACT 1) #XUCL J) #XACL I 61) 
CONTINUE 
WRITE(2,208) (BETAG1,12,1215N) 
FORMATCF55,5) 
JFCALF4(112,€@,0,02 60 To suU 
DO 750 k1=41,NOB 
UTCKT DEVE CK1) #HALEI CII) 
CONTINUE 
GO To 760 
0O 752 k1=4-/NOB 
UT CKIDEALOG CVE (KIDD 
CONTINUE 
TFCALE2(12),€Q,0,0) GU TO 8u4 
DO 754 K1=1,N0B 
U2CKTBECT(KI) #ALF2CLE) 
CONTINUE 
GO To 770 
00 771 K1=1,NOB 
U2CK1) SALOGCECTCKI)) 
CONTINUE 
WRITE(2,209) 
FORMATO//,40X,15" THE RESIDUALS /) 
06 40 Let,noB 
u(1)=1,0
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60 

210 
4> 

ae 

2¢5 

ev 

ra) 
L 

207 

215 

ve 

214 

ucereurc ee 
uCs)=uecL 
ACL)=0,0 

DO 44 ImtyNn 
ACLISACLI¥UCI)*BETACI +1) 
CONTINUE 
CONTINUE 

DO 45 L=1,NOB 

BCL)=YCL) ACL) 
WRITEC2,210) BCL) 

FORMATCF 55.5) 
CONTINUE 
WRITE (2,211) 
FORMATC//130X%e26H RESIDUALS SUM UF SQUARES /) 
SUMCIJ)=0,0 : 
DO 42 »M NOB 

SUMCIU) =SUMCTJ2 480M) BOM) 
CONTINUE 
WRITE(2,212) SUMCId) 
FORMATCF50,5) . 
WRITEC2, 225) 
FORMATC/ .30X126H *e eam take wkwew/) 
IJFIJ¢1 

TFCIJ.GT,I1T) GO TO 501 

CONT] NUE 
CONTINUE 

FERRE ake AOE RR 
WRITEC2,213) 
FORMATC//,40X118H THE SMALLEST SUM /) 
COMP=5000000,0 

DO 72 MCE1,1T 
TFCSUNCMC),GT,COMP) GU TO ¢2 
COMP=SUM (MC) 
1PEMC 
CONTINUE 

WRITE(2,214) IP,SUMCIP) 
FORMAT (150,F25,5) 
STOP 
END 

) 
) 
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GEOMETRIC RATIVU OF OBSERVED CUTTER LIFE 

18,1930 

TRANSFORMATIONS OF THE DEPENDENT VARIABLE 

74, 05256 
65, 40555 
6062962 
58,42e1465 
54, 86760 

5S, 40819 

51,55045 

64.2094 
41, 80646 
40,17966 
58, 26482 

SECOND PART OF BETA 

580,62¢05 

214,92592 
0,00417 

ESTIMATE VALUES OF COEFFICIENCIES 

"220.9596 
(50,52931 

™6426071 249654 

THE RESIDUALS 

1, 89646 
= 0, 08582 
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7 0,21486 
0, 60042 

"0.78919 
0, 59624 
166592 
0.22906 
1,67610 

=0,21876 

RESIDUALS SUM UF SQUARES 

13,02656 

WH eee eam 

ESTIMATE VALUES OF POWERS 

-0.€0000 5.80000 

THE MATRIA OF INDEPENDENT VARIABLES
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GEOMETRIC RATIU OF OBSERVED CUTTER LIFE 

18,1990 

TRANSFORMATIONS OF THE DEPENDENT VARIABLE 

71, 75¢56 
62,40555 

OU, 62962 
5b, 42165 
54,86780 
55,47819 

51,55045 
44,20974 

41, 60464 
40,17966 
38, 264662 

SECOND PART OF BETA 

580, 65205 
51259 ,25308 

0, 0u0es 

ESTIMATE VALUES OF COEFFICIENCIES 

127,06155 
71, 2646¢05 

710345948, 89546 

THE RESIDUALS 

2,75910 
0.2026 

=1.0499S 
nO, 70098 
"0145426 
1.85587 
0, $0806 
1.16907 

0, 26004 
2, 08850 
0.19596 

RESIDUALS SUM UF SQUARES 

18,0707¢8 

ewe teat ott ee 

THE SMALLEST SUM 

ee 15,62858
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APPENDIX IT 

A Calculation of R.S.S. Value using the Walter Milling Cutter Life 
  

Results in Down-Cut Milling 

The proposed cutter life model was as follows: 

oh + bah, 
lai fy 

Tint =b_ + bi,V 
° a 

For the Walter cutter he is taken into account as hy Hence; 

oh ol 1 2 d Ve pbb Tint, = bo oe by 

The coefficients bor b) and by are estimated by the method of least 

squares in the matrix form as; 

B= tk) ky 
where x is the matrix of independent variables 

X' is the transpose of X 

(GX at ds the inverse of (X'X) 

y is the vector of cutter life observations, 

i.ew, Y= TInt 

The matrix of independent variables X is formed using the values of 

Vy Ry hy and 4. For example, if 4, = 04,45 = 0.6, Vand h, 

are taken from the table (1 ), and X is written as follows:
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1.0 5.251 0.211 
1.0 5.652 0.275 
1.0 6.201 0.275 
1.0 6.201 0.311 
1.0 6.802 0.151 
1.0 6.802 0.275 

x = 1.0 6.802 0.275 
1.0 6.802 0.311 
1.0, 7.357 0.275 
1.0 7.357 0.311 
1.0 8.072 0.275 
1.0, 8.072 0.311 

The inverse of the product of X and X' is obtained from the computer 

programme as follows: 

a'xyt = | 6.72329 0.69750 -7.04160 
0.69750 0.13407 0.78002 
-7.04160 0.78002 45. 45204 

The geometric mean value of observed cutter life values T is calculated 

as follows: 

B
i
e
 

T= ). 7 eT3 see TL) 

31.835 fa
e n 

158.039 
y= Tint = 152.623 

131.286 
118.838 
136. 326 
116.631 
115.971 
89.438 
96.001 
68.870 
75.158 
62.845
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Hence the matrix of the independent variables B is obtained as 

372.939 

B= -29.286 

—-236.582 

The value of the residual sum of squares (R.S.S.) is calculated to 

be 730.382 for this example. 

Hence the predicted cutter life equation is written; 

31.382. InP. = 372.939 - 29.286v, °*4-236.582n 96 
Ww Ww WwW 

or 

= e 0.4, 0.6 Int, = 11.714 - 0.9207, 9-4-7, 432n | 

The 95 percent confidence interval (CI) for the coefficients under the 

assumption of spherical normality, is given by; 

   2 s2 
She ne Brea ie 72 Sra,)) 

where t. f 2 is Student's t - distribution withv degree of freedom 

which is equal to - P), 5 the level of significance and qs is 

the element of ue row and as colum of the inverse of (X'X). The 

estimate of the error variance ee is calculated; 

2 M
?
 

f 
2 tee Wa) 

oD 

where Yi is the a observed cutter life and 9, predicted cutter life, 

n, is the number of observations, and p is the number of coefficients. 

For this example s? is calculated as; 

2 _ 790.382/ (31.835)? 
Be or 3) ea 

S2 _ 0.08
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For the statistical tables at v = 9 and § = 0.05, t ; 0.025, is 

obtained to be 2.262. Hence the 95% confidence interval for b is 

  

CI(b,) = 11.714 + (2.262) (0.08) (6.723) 

= 41714-17659 

13.375 
CT (b) 

2 10.055 

for by is 

CI (by) = -0.920 + (2.262) V (0,08) (0.134) 

= -0.920 + 0.234 

-1.154 
CI (by) w 

-O. 686 

for by is 

CI (bo) = ~7.432 + (2.262) | / (0.08) (45.452) 

= -7432 + 4.313 

~11.745 
Cr (by) 

ej DS) 

Two more cutter life equations can be written using lower and upper 

limits of coefficients obtained as follows; 

a Soe sea Oras 0.6 Inf, = 10.55 ~ 1.154y,0°°-11.745h | 

4 In? = 13.373 - 0.686v,. 4-3. 119n 9-6 
W Ww WwW
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VS/47157 22407776 ICL 1900 STATISTICAL ANALYSIS REGRESSION ANALYSTS COVA MaTRxt CUT OFF PARAMETER ,10N000E= 5 
DEPENDENT VARIABLE Lncunr DEGREES OF FREEDOM 6 
INDEPENDENT VARTARLES AT SIGNIFICANT LEVEL 99,00 % 

VARILV VARECT VASOLV VASQLE VAMLVE 
VARTABLES IN THE REGRESSION SeT 

VaR REGRESSION STANDARD CONFIDENCE T STAT PART MULTIPLE NAME COEFF ERROR INTERVAL CORR CORRELATION 
VARILY = 12, 9947108 +104370E 2 1,28 0,46 0,987 
VARECT 6, 6463530 1062788E 4 1,07 0,60 0,988 VAS@Ly 0, 3467439 +840642E 0 0.41 0,17 0,989 
VASQLE = 1,600763¢ +576856E 0 2.77 0.75 0,976 
VAMLVE = 3.355566 11206458 4 2.78 0,75 0,976 

VARIABLES NOT IN THE REGRESSION SET 
VaR 

T STAT PART — MULTIPLE NAME 
CORR CORRELATION 

E658, 1226925E 9 
RESIDUAL ERROR .495617— 9, 

MULT coRR 0,999 

INTERCEPT TERM 45,3913390 

xoss/e2 

+28652bE 

«267452E 

12543038 

+S1S617E 

+514770E
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4900 STATISTICAL ANALYSIS 16/42/35 VN /0B/76 Tet 

REGRESSION ANALYSTS COVA MATRIX CUT OFF PARAMETER ,10U000E~ 5. 

DEPENDENT VARIABLE UNcuLT DEGREES OF FREENOM . 

INDEPENDENT VARIAMLES AT SIGNIFICANT LEVEL 99,00 x 

VARILV VARECT VASQLV VASQLF VAMLVE 

VARTABLES IN THE REGRESSTON SFT 

var REGRESSION STANDARD CONFIDENCE oT STAT PART — MULTIPLE 
NAME COFFF EReoR INTERVAL CoRR CORRELATION 

VARILY 62.6603849 4947718 2 1,27 0,49 0,907 

VARECT 19,932R390 © | 364282E 2 0,55 0,26 0,926 

VASQLV - 6, 3865375, 4B3A33E 1 1,32 -0.51 0,905 

VASQLE 5,6365110  693009E 4 0.78 0.53 0.924 

VAMLVE 018572895 =, 3034548 1 0.28 0.13 0,920 

£.5.5. 5849718 0 

RESIDUAL ERROR ,3O1927F 0 

MULT CORR 0.930 

INTERCEPT TERM + 122,5965160 

xpss/25 

A 773437E 

{6201596 

TBRQ7BE 

6565208 

159 38K9E



 



DATA nas 

x£1] x 

= 0-00 0-00 
0-000000 0-000000 

~ 36-62 2083 
36682000 2830000 

© 43631 3-55, 
43231000 3550000 

~ 50016 Ae80 

50.109000 4.800000 

~ 52018 3-93 

52016000 32930000 

- 58-18 4007 

58+18000 A4-070000 
© 58-25 4e10 

58-25000 4.100000 
- 63440 4-70 
63640000 4-700000 

= 71003 5-55 
7103000 5550000 

~ 80-07 6-33 
80-07600 6330000 

~ 104-34 7+ 70 
104-3400 7700000 

INDEPENDENT VARIABLE X1 

XBAR 5615273 

YPAR 4+323636 

VARIANCE 0151904 

LINEAR REGRESSION OF Y ON x1 

Y= 046177894 + 0+0738 X1 

CORRELATION COEFFICIENT R= 0-982 

95% CONFIDENCE LIMITS: 

INTERCEPT -0+473916 TO 0.829703 

SLOPE 09-0632 TO 00844 

Rg 0-931 TO 0-996
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Undeformed Chip Length 

Fig.5 Relationship between Forces Acting on Cutter Tooth and 

Undeformed Chip Thickness in Up-Cut Peripheral Milling 
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Fig.6 Relationship between Forces Acting on Cutter Tooth Se 
and Undeformed Chip Thickness in Down-Cut Peripheral Milling  
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Fig.8 One Typical Down-Cut Face Milling
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Fig.17 General View of the Walter Cutter with one Workpiece



  
Fig.18 the Top View of One of the Inserts using 

with the Walter Cutter



  
Fig.19 General View of the Sandvik Cutter with One Workpiece



  

Fig.20 the Top View of One of the Inserts using 

with the Sandvik Cutter
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M/M 1 

Fig.22 Chips Obtained under the Conditions of Cutting Speed of 

182.21 m/min,F 1.666 m/min,d 2.03 mm,W 57 mm



  

Fig.23 Crater Wear on One Insert using with the Sandvik Cutter 

  Fig.24 Crater Wear on One Insert using with the Walter Cutter



  

i 

Pig.25 Flank Wear on One Insert using with the Sandvik Cutter 

Fig.26 Flank Wear on One Insert using with the Walter Cutter



  

Material: Tool Steel (B.H.N.238) 

Cutter: the Sandvik Cutter 

Fig.27 Chips Obtained During Cutter Life Tests in Down-Cut 

Milling



  

Material: Tool Steel(B.H.N.238) 

Cutter: the Walter Cutter 

Fig.28 Chips Obtained During Cutter Life Tests in 

Down-Cut Milling



  
fest No.5 Vge144.51 m/min =, = S_=0.377 mm? 
in Vertical line 0.1 volts/div 1 m/div 

in Horizantal line 5 msec/div 

Fig.29 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling



  

Test No.6 V,2144.51 m/min : Spay 0448 mm? 

  

Test No.10 V,= 182.21 m/min > s =0.371 mm 
max 

in Vertical line 0.1 volts/div=1Am/div 

in Horizantal line 5 msec/div 

Fig.29 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling



  

fest No.3 Vy295.75 m/min , S,..-0.294 mm? 

  

Test No.6 V=120.65 m/min , Saxe 0-633 mm? 

in Vertical line 0.1 volts/div.= Wm/div. 

in Horizantal line 5 msec/div. 

Fig.30 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling



  

Test No.9 Vye146.82 m/min , $_.=0.357 mmé 

  

Z ; x i Test No.11 V 2185.82 m/min , Sax= 9°477 min’ 

in Vertical line 0.1 volts/div=1Am/div 

in Horizantal line 5 msec/div 

Fig.30 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling
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Fig.53 Chipping of Cutting Edges in Up-Cut Milling 

    
Fig.54 Chipping of Cutting Edges in Up-Cut Milling
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SUMMARY 

Face milling is considered for this work in two main parts, 

Firstly, the cutting geometry of face milling was examined. As the 

one independent variable, the author used equivalent chip thickness 

which is the ratio of the area cut (which is a measure of heat 

generated) to the cutting edge engaged with the workpiece (which is 

a measure of heat transferred to the chip, to the cutter and to the 

workpiece) by each tooth, because cutter wear is a function of cut- 

ting temperature. 

The machinability data such as cutter life, power required at 

the cutter, surface finish and vibrations, were obtained using two 

different face milling cutters (the Walter Cutter and the Sandvik 

cutter), two different types of tool steel material (B.H.N. 238 and | 

B.H.N. 197 as used by G.K.N. Ltd) in dowm-cut and up-cut face milling. 

The cutter life tests were planned and performed only as a 

function of cutting speed and of equivalent chip thickness in order 

to reduce testing time and number of workpieces required. ‘The 

validity of the equivalent chip thickness was proved. It was 

found that the equivalent chip thickness gives a guide to the selec~ 

tion of the geometry of teeth commercially available. Cutter life 

equations were obtained using statistical techniques. The power 

required at the cutter was expressed only as a function of metal 

removal rate. The results show both feed and cutting speed affects 

surface quality and vibration is generally generated by cutting force 

not by the chatter phenomenon. 

With the necessary backlash eliminator down-cut face milling



ow 

showed better performance (in terms of machinability data, initial. 

contact point at entry conditions) than up-cut face milling. 

Shorter cutter life was obtained in central milling than in up-cut 

and down-cut milling, because the width of the workpiece was rel- 

atively small according to the cutter diameter used. 

Secondly, using the cutter life, metal removal equations and 

T - MR (T is cutter life; MR is metal removal rate) characteristic 

function idea, MR was expressed only as a function of T. ‘Then the 

economics of face milling were examined.
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NOMENCLATURE 

Width of workpiece (nm) 

Table speed (m/min) 

Depth of cut (mm) 

Engagement angle 

Angle between any two teeth in cutter 

Number of teeth 

Number of revolution (r/min) 

Feed per tooth (mn) 

Underformed radial chip thickness at any instant (nm) 

Mean value of underformed chip thickness (mm) 

Characteristic cross-sectional area of cut for the ea Cutter 

(mam*) 

The nominal diameter of the Walter cutter (mm) 

Cutting speed of the Walter Cutter (m/min) 

Equivalent chip thickness for the Walter Cutter (mm) 

Characteristic cross-sectional area of cut for the Sandvik 
Cutter (mm*) 

The nominal diameter of the Sandvik Cutter (mm) 

Cutting speed of the Sandvik Cutter (m/min) 

Equivalent chip thickness for the Sandvik Cutter (mm) 

Cutter life of the Walter Cutter (min) 

Cutter life of the Sandvik Cutter (min) 

Metal removal rate 

Total time to produce per piece (min) 

Replacement time for all teeth 

Total cost to produce per piece 

Operator and overhead cost per unit time.
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CHAPTER I 

Introduction 

The evaluation of machinability data obtained using the prop- 

erties of the cutting system (which are known to be: type of 

machining process, cutter, workpiece being cut, and machine tool) 

has always been of importance to industry especially from the point 

of view of economics and utilisation of machine tools. 

Machinalility data enables the production engineer to select 

for the process the correct cutter (among those commercially avail- 

able), the correct process method and the correct machine tool. By 

using the machinability data obtained, the process selected can be 

controlled either directly or indirectly. 

Face milling, which is one of the cutting processes, removes 

excess material from the plane surface of given workpieces. It is 

known as interrupted cutting process and widely used in industry 

because material can be removed in large amounts in unit time with 

brazed or throw-away carbide inserts. These inserts or teeth, are 

subject to impact during their entry into the workpiece being cut, 

and the chip thickness varies during cutting. Due to the great 

scarcity of literature available on face milling, in this project, 

the author analyses the geometry and properties of face milling 

(dowm-cut, up-cut and central milling) and determines the 

variation of the chip thickness. The characteristic feed is defined 

and the metal removal rate is formulated as a function of cutting 

speed, characteristic feed and depth of cut. 

Cutting tests were planned and performed in order to obtain
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machinability data within industrially practical ranges. At the 

same time, the entry condition of each tooth was examined in order 

to determine the first initial contact of each tooth with the work- 

piece being cut. 

The machinability data» (which includes cutter life, power 

required at the cutter, surface finish produced, acceptable dimensional 

accuracy and vibrations generated), obtained and evaluated for 

down-cut, up-cut and central milling in order to compare the resu]ts 

using the Walter cutter and the Sandvik cutter with their different 

throw-away inserts, and the tool steels (B.H.N. 238 and B.H.N. 197) 

which were all kindly supplied by G.K.N. Ltd., Birmingham. The 

results were analysed in graphical and by means of mathematical 

equations. The equations were obtained in as simple a form as 

possible using statistical techniques. 

Cutter life results were obtained by optical means only as a 

function of cutting speed and equivalent chip thickness using the 

mean value of the maximum flank wears. It has been known that wear 

is related to the cutting temperature in metal cutting. Equivalent 

chip thickness is calculated by the cutter specification (diameter 

and number of teeth), the width of the workpiece being cut, the 

tooth geometry and by cutting variables such as table speed, depth 

of cut, but excepting cutting speed. 

The cutter life equations were cbtained using the power trans- 

formations method,known as one statistical methed,in the semi-logarithmic 

form. Power is measured in terms of gross and idle power. Power 

required at the cutterwas evaluated only as a function of metal removal 

rate in order to obtain simple equations. The same slopes were cal- 

culated using the Sandvik cutter and the Walter cutter.
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Milling processes are generally knowm as intermittent processes, 

They are not finishing processes like turning or grinding. C.L.A, 

(Centre line Average) measurements taken under different cutting 

conditions give an idea about the kind of surface finish produced. 

Generally, the vibrations generated by the cutting force were measured 

on line under different cutting conditions. 

Using the machinability data obtained and having due consider- 

ation to time and cost,the economics of face milling were investigated 

from the T - MR characteristic function (T is the cutter life,MR is 

metal removal rate), optimum cutter life, metal removal rate and 

cutting variables such as cutting speed, table speed for the pre- 

selected depth of cut were obtained bearing in mind the maximum 

horse power available on the machine tool used.
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CHAPTER IT 

Review of Relevant Literature 

As can be seen in Figure (1) and Figure (2) the responses of any 

machining process can be grouped together into two main groups or indexes, 

namely: Technological Performance Index, and Economic Performance Index. 

Previous investigations, carried out using only one or two of the 

responses and related to our own research, will be briefly discussed here 

below:- 

2.1. Technological Performance Index and its Measurement. 

2.1.1. Temperature 

Temperature and its distribution over any local area which is exposed 

  

during the cutting process has been the subject of much attention, mostly 

(1) 
in turning processes , because temperature plays an important role in 

influencing the rate of wear of cutting tools. 

Techniques of temperature measurement in metal cutting are divided 

into four categories (2) . 

a) Thermo-electrical methods, b) Calorimetric methods, c) Radiation 

methods, d) Thermistor methods. 

Garter spring pick-up thermocouples positioned at the back of the 

cutter inserts (which is one of the thermo-electrical methods mentioned 

above) were used in face milling processes by Wang, Wu and Iwata a 

In order to evaluate the performance of the process, the average cutting 

temperatures on a multi-tooth cutter were measured and recorded. 

Average cutting temperatures were examined for different cutting 

speeds, feeds and depths of cut, and using different numbers of teeth. 

It was found that cutting temperatures increased as the number of teeth 

increased, for the same cutting conditions,



2.1.2. Chipping or Fracture of Tool 

When brittle tools like cemented carbide tools and ceramic tools 

are used either in a continuous or in an interrupted cutting process such 

as the milling process, chipping can occur in association with a wear 

zone, because of both mechanical and thermal stresses. Also, chipping 

which is not associated with any wear zone can occur in a brand new cutting 

tool as stated by Cook 4), 

He theoretically reviewed tool wear mechanisms and tool life criteria, 

especially in single-tool operations such as turning rather than multi- 

tooth operations such as milling. 

Kronenberg !9) made an analysis of the initial contact of a milling 

cutter taking face milling as a reference process. Both geometrically 

and mathematically and with the aid of the graphical method, he showed 

and explained the location of the inital contact in terms of the geamet- 

rical parameters, such as axial and radial rake angles, corner angle, 

cutter diameter, position of the cutter relative to the workpiece, as well 

as of the machining variables, such as feed per tooth and depth of cut, 

but only along the plane of engagement determined by the length of the 

workpiece. He did not investigate the location of the first plane of 

engagement determined either by the width of the workpiece as in the case 

of up-cut face milling or by the length of the workpiece as in the case of 

(6) showed the necessity of introducing down-cut face milling. Taylor 

statistical techniques in the field of metal cutting, because of errors 

especially in the determination of tool life. He also pointed out that 

the main objective should be to prevent breakage and chipping when apply- 

ing carbide tools. He tabulated the results of a two-year survey on the 

condition of brazed tipped carbide tools in terms of percentage worn and 

chipped tools, for a number of grades of carbides. The mechanism of 

cracking of carbide tools in face milling, using single tooth cutters, was
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considered by Shinozaki”) from the probability point of view. The 

effect of machining variables on cracking was investigated by plotting the 

individual variables against the nurber of cracks on workpieces of constant 

length. ‘The following criteria are recommended as ideal for cutting with 

the least probability of cracks:- 

a) Minimize the temperature difference at the cutting edge, b) Lower 

maximum temperature as much as possible. The limitations of the investig- 

ation were in using only single-tooth cutters and face milling in central 

position. Kuljanic (8) showed the tool life to be a function of the 

number of teeth in the cutter, in face milling. He also proved statis- 

tically that the impact of the tooth entering the mterial does not affect 

the tool life when two teeth cut simultaneously. He concluded that the 

tool life tests for predicting the behaviour of the cutter should be 

carried out with more than one tooth, 

The work was limited to one workpiece, one tool material, and face 

milling for central position of the material. An analysis of thermal 

strain in peripheral milling processes, using high speed and carbide end- 

@) . They briefly milling cutters was presented by Yellowley and Barrow 

pointed out that in the face milling process, workers in Germany have 

concluded that entry conditions are all-important, whilst Japanese and 

Russian workers have laid great emphasis on thermal stressing in discont- 

inuous cutting. They found that tooth life in down-cut peripheral milling 

(ey) outlined the was higher than in up-cut peripheral milling. Loladze 

problem of brittle failure of cutting tools from stress state conditions 

for different machining processes (turning, Planing, and certain types of 

milling) using photcelasticity. He theoretically calculated the thermal 

stresses using temperature gradients for orthogonal cutting.
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2.1.3.       cla_and Tool-life Equations: 

The fundamental reasons behind the wear process mechanism and their 

applications to machining processes, basically according to time, have 

(QL), 12) ooite 

and Konig (2) showed that different mechanisms operate in tool wear when 

been the subject of investigation by many researchers 

steel is machined with carbide cutting tools, namely: diffusions reactions, 

abrasive wear (plastic deformation), adhesive wear (pressure welding), 

oxidation wear, etc. It was noticed that, at low and medium cutting 

speeds, tool-life depends on the wear at the flank face. Under high speed 

conditions, plastic deformation may occur on the rake face which detemnines 

the useful life of cutting tools. In recent years, researchers like Konig 

ee) have been involved with the development of improved cutting tools to 

obtain longer tool life. Konig ed claimed that coated carbide tools, like 

TiN or TiC - coated carbide, might give tool life approximately 100-3003 

better than traditional carbides. 

Cook (4) and Barrow 13) reviewed tool-life criteria especially in 

single-tool cutting operations. A tool can be used according to any one 

of the following criteria:- 

1. Tool Failure 

Tool failure is a most generally accepted criterion for tool-life. 

Failure can be classified as follows: 

a) Chipping 

b) Accelerated wear both on flank face and on rake face. Barrow ) 

recommended the values discussed below, especially in turning. 

ay Flank face wear 

tieck) Carbide and ceramic tools can be used until the prescribed value 

of wear, the mean value V3= O, 38 mn or the maximum value ve O, 76 mm, 

is reached on the flank face (see figure (3)).
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1.2) High speed steel tools can be used until the maximum value Vp Cee 

1.5 mm or complete failure is reached on the flank face. 

2) Rake face wear 

Carbide and ceramic tools can be used until depth of crater KT = 0.004 

+0.3s (in) is reached on the rake face; 5 is the feed per revolution in 

(mm/rev) . 

parrow 3) schematically indicated that the relationship between 

mean value of flank wear Me and time is in three stages: (a) an initial 

non-linear rapid wear rate, (b) an approximate constant wear rate, and (c) 

another zone of non-linear rapid wear rate, with both wear and time on a 

linear scale. He also pointed out that, provided the correct tool material 

is used for a machining process, failure by flank wear is usual; in view 

of this, tool-life equations are usually developed using a flank-wear 

criterion and, to compare tool-life data, the same criterion should be 

used. Opitz and Konig (21) showed that in milling the curve of the mean 

value of flank wear Vp plotted against milling length on a log-log scale, 

and the curve of the depth of crater KT plotted against cutting time on 

linear scales, show an approximately linear increase after a first rapid 

wear rate. Konig 2) obtained curves of Vp against cutting time-in log- 

arithmic scale and KT against cutting time (in linear scale), approximately 

in linear form, using P25 carbide tool and P25 + TiC - 13Mo - 13Ni Coated 

carbide tools. 

Gilbert, Boston and Siekmann Wet ained cutter-life data and cutter- 

life equation for cast iron mostly using carbide brazed single tooth face 

milling cutters in central milling on a knee-type horizontal milling 

machine. The parameters and variables (namely: grade of cast iron, tool
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material, feed per tooth, depth of cut, width of bar, number of teeth) 

were changed one at a time, using a value of 0.76 mm for the steady flank 

wear. The limitations were that they used mostly a single tooth cutter, 

central milling and only one type of tool with a certain geametry. 

In process measurements of tool wear obtained by sensors have been 

given attention, particularly on numerically controlled machine tools 

(15), (16), (17), rather than conventional machine tools Their investig- 

ation is out-side our scope. 

2. Change of Surface Finish 

Tool wear effects on surface finish. The deterioration of surface 

finish can determine the end of tool-life. 

3. Change of Workpiece Dimensional Tolerance and Accuracy 

The cutting edge might have to be replaced if the components produced 

are out of tolerance, because the degree of tolerance is associated with 

the wear of the radiused nose of the cutting edge. 

4. Change of Cutting Force and Power 

Cutting force and power required to cut the workpiece increase as the 

tool wears. The tool is replaced after a predetermined amount of increase. 

5. Economic Considerations . 

Tools can be replaced before they are carpletely worn out,on the 

basis of an estimate of tool-life and of average tool cost. Tool-life 

data obtained from reliable tests can be evaluated in tabular, graphical, 

or mathematical form (equation). 

An accurate assessment of tool~life data in mathematical form has 

been necessary, following the development of optimization procedures and 

numerically~controlled machine tools (13) - When considering the validity 

of tool-life equations, one realizes that they are all emperical. 

In the metal-cutting field, many independent parameters and variables
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contribute many responses as can be seen in Figure (1) and Figure (2). 

If the number of the independent variables chosen is large, and one of 

the responses can be pieced first, research can be carried out on the 

evaluation of the effects of each one of the independent variables on 

the selected response by using the Analyis of Variance, a well known 

method in the science of Statistics (18) - ‘The analysis of Variance can 

show the significance of the independent parameters and variables influ- 

encing a machining process. Generally, when selecting the independent 

variables from the point of view of tool wear, either of two main different 

criteria can be adopted: 

a) The independent variables such as surface speed, feed, depth of cut 

etc., are taken into consideration individually. 

b) Only two independent variables are taken into consideration individ- 

ually: surface speed and chip equivalent, or its reciprocal the equiv- 

alent chip thickness, which includes feed, depth of cut, tool geometry 

and some geometric properties, 

Using the two main different criteria mentioned above, up-to now 

three different tool-life equations have been used 2) to predict the 

behaviour of the cutting process, especially in turning operations. 

(19) a) ‘Taylor-type tool-life equations. Firstly, Taylor introduced his 
n 

best-known tool-life equation V.T =K (1) 

Where 7m is the slope of the logi-logV plot and K is a constant. 

For turning, Kronenberg (20) suggested a method to obtain the following 

tool-life / cutting-speed relation, by keeping constant the feed, the 

depth of cut and the tool gecmetry: 

By Wee) tT + = K+K) (2) 

where K, is a constant (straightening factor). An extended Taylor-type
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equation which includes v, $, d, is used especially in turning with one 

type of tool geametry, as follows: 

a BP ¢% 
ViE. Sed = kK (3) 

where the exponents of , p 7 & are accepted as reasonably constant. 

b) Tool-life equations using the chip-equivalent concept. 

Woxen (21) first introduced the idea of chip equivalent q which 

includes geometrical parameters as well as machining variables of cutting 

in turning; he expressed the tool-life equation as follows: 

ws Ge (4) 

where V is the cutting speed, T is the tool-life, T, is a predetermined 

tool-life, e.g. 60 mins, Ais an exponent, C is a constant determined by 

work material and tool material referred to the time De lo is a constant, 

¢ is a constant in turing process. 

2) carried out work to demonstrate the validity Brewer and Rueda 

of the "equivalent chip thickness" hy which is the reciprocal of q 

in turning, and pointed out that h, was unfamiliar parameter in English- 

speaking countries. Using a high-speed steel tool, they also expressed 

the tool-life in turning operations using a much simpler relationship 

involving only two variables, cutting speed v and equivalent chip thick- 

ness ho, instead of five variables , V, 8, d, side-cutting edge angle Ss, 

and noise radius r. Colding (23) derived one limited equation and one 

general hyperbolic tool-life equation involving the variables cutting 

speed, chip equivalent and tool-life, at first in turning, using a well- 

known dimensional analysis. The limited tool-life equation was 

(5)
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where A and m are reasonably constant, and A is a constant for the 

limited tool-life. The general hyperbolic tool-life equation was 

ane ee Ve eee. 
D(x,y,x) = - See) = Sie¥o)" Ho) + deca) =f 

a b 
a (6) 

where %(x,y,x) is general hyperbolic tool-life fimction, X = lnq, 

Y = Inv, Z = InT, and a, b and c are the semiaxes of the hyperbolic tool- 

life surface. He also expressed the total cost Q of turning one piece: 

wW.eP T+S 
Cad i lame at (7) 

where Wp is the volume of material to be removed per part, p is the cost 

of machine and operator including overheads, (V.s.d) is the metal volume 

removed per unit time, T is the tool-life, = T,+R/p, 1 is the tool~ 

replacement time, R is the average cost of regrinding the tool, Ty is 

the idle time. 

He defined f as a productivity function: 

Ea es eta 7 VE (8) 
Ty q TS 

where Lis the engaged cutting edge of the tool and qis the chip 

equivalent. Then he searched to optimize the ratio — called prod- 

uctivity. 

Later Colding 24) 1 (25) obtained expressions, using the chip 

equivalent idea, for all types of milling and grinding processes according 

to his own tool geometry and set-up. Then he used the general tool- 

life equation in second order polynominal logarithmic form for turning 

and plain milling processes. 

k + ax + bx? + cy + dy? + ef - 2 + Exy + gyz + hxz =0 (9)
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where k, a, b, c, d, e, £, g, h are constants, x = Inq, y = Inv and 

z=1nT. 

The equation above is quite complicated and it is not easy to use since 

InT also appears in the second order. The effects of cutting angles on 

tool-life were analysed by aku Bding equivalent chip thickness idea in 

turning. He concluded that if rake angle is increased, tool-life is 

increased, when the angle (side cutting-edge angle) between the work- 

piece and the tool is increased,tool-liffe is decreased in turning, 

c) Tool-life Equation in Exponental Form 

(Proposed by Konig-Depiereuz) 

Konig and Depiereuz (27) derived a tool-life equation for the turning 

process using T-V and T-S logarithmic curves, cbtained during actual 

cuts, taking non-linearity into account. 

They assumed that the slopes K and i of the above curves vary as 

follows: 

k= -k.v" (10) 

toile" (12) 

where koe ig, m, n are constants. 

Using actual values of T, v and s, they then obtained their tool-life 

equation: 

Ky yn i, f 
T= 6 {- ae a +C) (12) 

where C is another constant. 

The limitations of this equation are that it is derived for a 

constant depth of cut in turning, and it does not take into account the 

experimental errors.
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Since all tcol-life experimental results include experimental 

errors, just like any other experimental processes, it is very difficult 

to obtain the values of five constants (K,, m, i_, n, c) by using only 
s 

five experimental tool-life results (writing five sinultaneous equations), 

especially in a multi-tool cutting process like milling. If the values 

of T,V and S are not rigidly related to each other, five unknown-constant 

values cannot be found using five simultaneous equations. This is one 

of the main reasons why statistical techniques have been so successful in 

the field of metal cutting as well as in other engineering fields. 

The statistical techniques mentioned below have been used to determine 

the proposed mathematical form of any response of machining processes; 

They are 1) Response Surface Methodology, 2) Power Transformations, 

3) Multiple Regressions, 4) I.C.L Statistical Package XDS.3. 

1. Response Surface Methodology 

Response surface methodology was first proposed by Prof. G. E, P. Box 

in 1951 in chemical process engineering. This statistical technique 

views the response as a surface. wa (28) 7 29) first applied this technique 

to the field of metal cutting using Taylor-type first and second order 

equations, taking V,S,d individually as independent variables. A 

composite design was used. After calculating the coefficients by means 

of the least square method, the confidence intervals were defined, The 

adequacy of the postulated model was checked by means of Analysis of 

Variance. Confidence intervals were determined for tool-life results. 

2. Power Transformations 

Instead of linearizing tool-life equations, Wu, Ermer and mir 2 

used transformations of certain forms of dependent and independent
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variables to determine directly Taylor-type equations. 

The transformations, used in tool-life equations, were in the 

following forms: 

~ 
tm = <2 =, itA¥o 

mn) (13) 

Tint ifA=0 

where T is the tool-life and T is the geometric mean value of tool- 

life observations. 

For the independent variables, UL, Uy owas Un the transformations 

were in the forms below:- 

Li x itd, 40 
ene Z (14) 

Inx, itd, =0 

where x is any independent variable and Ay is any parameter, 

The tool-life equations are generally written as; 

(A), _ EQ") = Bt Pity + Pave + P03 +++ + Pol, (15) 

where E(T A) is the expected value of the transformed tool-life Fo! Pi i; 

P3 Pee p, are coefficients and are calculated using the method of least 

squares. For example if \# O ‘and Ay # O, the equation is written as 

follows: 

pA -1 be AL Ad A 3 Ap E (23hr at ) = Pot PR + BX + Paks ve + BX, 

(16) 

If A= 0 and ae = 0 the equation is written as follows: 

E(T.1nT) = Po Ets ea + Pt? + P3inX, eos + Po'™ (17) 

This is a logaritmic transformation, which is a special case of the 

power transformations. ‘The method of the residual sum of squares was used
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as the numerical criterion to indicate the best fit among the equations. 

An approximate percent confidence region was determined for tool-life. 

3. Multiple Regression and Analysis 

Some researchers ‘71’ (32), (33) have already shown that multiple 

regression, one of the statistical techniques, also plays an important 

part in finding relationships between any one response of any machining 

process and a number of independent variables involved in that machining 

process. 

In the past, instead of multiple regression, researchers used 

linear, curve or surface fitting methods, 

Any proposed function which may be converted to linear form can be 

written as follows: 

Sets Po af pea i PaXo 1z igs os PoXp (18) 

here Y¥ is the estimated response and Por Pye Par P3- sis Po are coeff- 

icients which are determined by the method of least aquares. 

Their composite effect is measured by the multiple correlation 

coefficient. 

When the number of independent variables is large, the use of a 

computer may become necessary. After estimating the coefficients, the 

analysis of variance can be used to check the adequacy of the proposed 

model. Certain percentage confidence intervals for the estimated 

coefficients can be calculated. 

4, The I.C.L. Statistical package XDS.3. 

The I.C.L. 1900 series statistical mark 2 package (34) defined in the 

manual gives different facilities.
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4,1. Independent and dependent variables are defined at the beginning 

of the programme. Observations are introduced in a matrix. Using the 

observation matrix, the package can calculate the mean, the variance and 

the standard deviation of each of the variables. 

A cross-product matrix is calculated from the observation matrix, A 

covariance matrix is found using the cross-product matrix, Then a corr 

elation matrix is determined by the covariance matrix. All these matrixes 

are available from the output file. 

The regression analysis can be carried out on a covariance which was 

calculated before the regression analysis. For each analysis, a dependent 

variable is defined. A significance level of each or of all the independ- 

ent variables is determined. Two different cases are identified. 

a) Significance level > 99%,using the significance level equal to 

or greater than 99%, each independent variable, which is written in the 

regression analysis, is pushed into the regression set. 

b) Significance level x 99%, using the significance level each 

independent variable, which is written in the regression analysis, 

appears when it is significant compared with the standard significance level. 

Output of the Programme 

Regression coefficients are calculated using the least square method, 

Standard error of the regression coafficient, confidence interval, student 

t-statistic, partial correlation coefficient, multiple correlation coef- 

ficient, error sum of squares (E.S.S) of each one of the independent 

variables and also E.S.S. of the dependent variable, are calculated in the 

analysis. 

.4.2. Analysis of Variance. As mentioned earlier, the analysis of 

Variance can be used to break down a measurement variation into additive
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components. The use of the analysis of Variance is show in I.C.L. 1900 

series statistical mark 2 package. 

2.14. Cutting Force and Measurements 

In the study of the metal cutting field, measurements and eval- 

uation of the components of cutting force are particularly important 

especially from the point of view of the mechanism and of the mchine 

tool design, as well as from the point of view of the cutting tool design, 

For designing of the machine tool structures and the associated mechanisms, 

only the maximum values of the components of the cutting force are 

required. x 

In any metal cutting process the cutting force, which is originated 

from a point on the interface between the cutting edge of the tool and 

the workpiece, is a single vector. That vector can be resolved into three 

mutually perpendicular components called the tangential force B. the 

radical force t and the axial force PF In addition F, and BE. can be 
t 

further resolved into two camponents, one parallel and the other one 

perpendicular to the direction of feed. One example of force resolution 

in down face milling process supposing two teeth in engagement with the 

workpiece is shown in Figure (4). 

Traditionally the instantaneous value of each component, especially 

the tangential force F,, can be given by a function of the machining 

parameters, like feed and depth of cut. In face milling, for example, 

(35) the value of F, for each tooth is given by Koeningsberger as follows: 

Pp i P dA (19) 
t 

where Pa is the mean value of the specific cutting pressure, d is the 

depth of cut, f£ i is the instantaneous value of the radical chip thickness,
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and the value of p lies between 0.75 and 0.9. 

Especially in milling, measurements of force components Fhe a and 

PL are difficult because hey are oscillating rapidly due to the variation 

of chip thickness during cutting 2°) -A dynamometer should record the 

fluctuations on a time base. For peripheral milling, Figure (5) and 

Figure (6) show the trend of Fe and ET in relation to the underformed 

chip length, both in upcut and dow-cut milling 2%, Koenigsberger and 

Sabberval 2! Sebberwall ¢©) qeasuced the horizontal vertical and/axtal 

ccmponents of the cutting force for different machining variables and 

different materials, in both up-cut and down-cut peripheral milling, 

using a three-dimensional dynamometer. 

A standard vertical milling machine was used. A hydraulic piston 

and cylinder arrangement was mounted at the end of the table to eliminate 

the backlash in the screw and nut assembly in down-cut milling. 

He concluded that in dow milling the cutting forces are generally 

higher than in up milling. In down milling the specific and mean cutting 

pressures are higher than in up milling. In down milling greater power 

(29) made will be required for the rotation of the spindle. Herderson 

a theoretical analysis of cutting force components in turning, milling and 

drilling. He explained each component of the cutting force as a function 

of the machining parameters and of the tool geometry. Pandley and Shan (40) 

described and analytical method for evaluating the cutting force components 

in peripheral and face milling operations using a single tooth cutter, 

They concluded that the cutting force components can be calculated with 

sufficent accuracy by describing the cutting action of the tooth by means 

of a shear plane model. The coefficient of friction largely depends on 

the tool rake angle and is virtually unaffected by the machining parameters,
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2.15. Power Consumption 

Because machine tools have limited horse power, the evaluation of 

the power required during cutting is as important as the evaluation of 

the cutting force components. 

Gilbert, Boston and Siegen”? considered the power required in 

force milling processes using cutters having a single carbide tooth, 

brazed in position. They examined the unit power (horse power per volume 

of metal removed in the unit time) required at the cutter in relation to 

the machining parameters and geometrical variables, using different 

materials. They also pointed out that the cutting speed has very little 

effect on the unit horse power at the cutter. The feed per tooth has an 

appreciable effect on the unit power. Depth of cut has little effect on 

the mit horse power at the cutter. ‘The width of the surface face-milled 

effects the thickness of the chip. The Brinell hardness of the material 

being face-milled also affects the unit horse power. 

2.16. Surface Finish 

Surface finish is an important parameter especially in finishing 

processes like turning and grinding. Feed, as a machining parameter, has 

been known to affect the quality of the surface. Surface roughness, 

both in the feed direction and in a circumferential direction, and surface 

waviness, which are known as properties of surface finish, can play an 

important role to determine the Nae life of the tool. Surface roughness 

in C.L.A index was considered in a regression analysis of feed, noise 

radius of tool and cutting speed by Bhattacharyya, Gonzalez and Ham i) : 

In recent years the measurement of surface finish in various processes 

(43) 
has been given closer attention, especially using laser beams The 

discussion of this developement is out-side the scope of our research,
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2.2. Economical Performance Index 

One of the three machining functions (precess cost, process time 

and profit rate), which together constitute the performance index, can 

be taken as an cbjective function. Apart from those three functions, 

metal removal rate may be proposed as an object function. In machining 

processes, different types of constraints can arise. 

Machining variables can be determined according to a selected cbjective 

function, either without constraints or under constraints. The importance 

of being able to select the econanically optimum machining conditions has 

long been recognized in the metal cutting field. The basic mathematical 

models which have been used in the analysis of the economics of machining 

are: Unit-time model, unit-cost model, and profit-rate model. 

1. Unit-time model 

The total time per piece q, can be divided into elements as follows: 

a) Non-productive time TT) includes loading, unloading and set-up 

time; it is independent of machining variables. 

b) Machining or feed engagement time tT, = T + T where Ty is the 

actual time for cutting and Ty, is the time for approach and overtravel,. 

In practice, T, = Th 
eo 

c) Tool replacement time a SLSe 

where qT. is the replacement time (time for replacing the cutting edge or 

edges) and T is the tool or cutter life. 
t 

oe ic 
Thus: * = Tt a qT + ue eae (20) 

The reciprocal of is is the production rate eS which indicates the number 

of pieces produced per unit time.
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Poa (21) 
P P 

2. Unit-cost model 

Tf o. is the cost rate (which includes operator costs and overheads) , 

and Y is the cost per cutting edge or edges of the tool, we have: 

C, = CT, = non-productive cost. 

Cy = CoT5 = oot, = machining cost. 

= = vee C3 C73 Ce T tool replacement cost. 

qT Cy =¥ ae too) Costs 

The total cost per piece, C, will then be given by: 
Ts T 

= = ee ies Cl Cae CoG +c, = Cr +CT, + Ot te sor (22) i #3 3 1 T 

3. Profit rate 

The profit per unit time, Pr, can be written as follows: 

Eee 
ecm aTe (23) 

12 

where S is the selling price per piece and may be assumed to be a function 

of aay C is the total cost per piece, and + is the total time per piece. 

It is essential that cost, time and tool-life data should be available 

to evaluate economic cutting conditions. But it is not always essential 

to express tool-life data in a mathematical form; Optimum cutting 

conditions can be obtained using tool-life data curves drawn using points 

obtained in actual tests. 

(22) As mentioned earlier, Brewer and Rueda used a number of nomograms 

to determine the economic cutting speed in turning. ‘he cutting speed
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was determined for a selected maximum feed under cutting force and horse- 

power restrictions using the equivalent chip thickness variable for 

different tool materials (igh speed steel, carbide, ceramic) and work 

piece materials (cast irons, steels). 

Ravignani. 3) suggested graphical methods for determinining the optimum 

machining conditions from tool-life curves obtained from actual tests, 

using the relationships between the basic unit-time, the unit-cost and 

the profit-rate models. He extended his studies to the case of different 

operations successively carried out on the same workpiece. He also 

derived a method for determining the optimum ranges of the cutting condit- 

jions. He showed same examples in turning. Generally, his studies, need 

a rather high degree of simplication for practical use. Jakobsson ee) 

suggested a method to obtain optimum cutting conditions, based on actual 

tests and using T-V and V-q curves drawn on a logarithmic graph, where 

by 
7 TH, 

as an economic criterion to obtain values. In the above equation Ty is 

  

qis the chip equivalent. The productivity, P -2 js , is calculated 

tool replacement time + tool cost per replacement expressed in machining time 

Tool-life data are more convenient G2) if expressed in mathematical form. 

Brow considered the selection of machining parameters when 

turning with a single-point tool in one pass and in two passes, using a 

unit-cost model. When turning in one pass with constant feed and constant 

depth of cut, using Taylor's well’ known tool-life relationship v0" = k 

he derived an expression for the minimum-cost tool~life. 

(opel 
7 = eat ta( 1-4) (24) 
vm c 

and for the corresponding speed von 

K (25) 
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Similarly, with constant speed and depth of cut, using s TL = cr 

Taylor's tool-life equation for feeds, he obtained an expression for 

the minimm-cost tool~life. 

Cr 
t= ett. (2-1) i 

6) Rear tesserae (27) 

He also derived the expressions for the cost of the two passes, which is 

the sum of the cost of each pass plus the cost of time required to change 

conditions from one pass to the next, at each pass using different cutting 

speeds, feeds and depths of cut. The derivations are rather complex and 

needs simplifying before they can be used in practice, 

Taylor (6) showed the effect of speed on the unit cost model at 

constant feed using the relationship vt" = kK in turming. He also examined 

the effect residual variance in the determination of the equation linking 

the tool-life T to the cutting speed V. In the absence of any quantitave 

statement regarding residual variance, he applied 95% confidence Limits 

which produced a variation of + 30% on the individual determinations of 

tool-life value, thus indicating that the work and tool material are the 

main sources of variability. He showed graphically the probable range of 

unit cost models with 95% limits. He pointed out that EN970 specification 

allows hardness the vary from 248 to 302 Brinell. Variations of this
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magnitude can cause tool-life to alter by 50%. 

Exmer and wa (47) investigated statistically the effect of experimental 

errors in tool-life tests on the determination of the minimum unit cost 

model using vr" =k (Taylor's tool-life equation) in turning. They 

determined a probable range of cutting speeds for minimum-cost because of 

uncertainty in the tool-life equation. A decision rule based on the mini- 

mum principle was used for the selection of a particular cutting speed 

(48) used a for minimum-cost confidence interval. Ermer and Morris 

different approach, a correction factor for the selection of the cutting 

speed for minimum cost, which takes into account the effect of experimental 

errors in tool-life tests. French, Milner ang weston 49) presented a 

computer programme for selecting the cutting parameters using only the 

known properties of machine tool, cutter and workpiece in turning, 

They pointed out that for the numerical control of machine tool,it 

is necessary to determine the four facts listed below in order to obtain 

maximum utilization, because of high initial investment cost of machine 

tool: a) tool motions, b) cutting variables, c) tools required, d) sequence 

of operations.Throughout their investigations, the workpiece material 

used was steel because any research and development progranme concerned 

with machining should include a high proportion of ferrous matals as 

stated by PERA reports No. 142°), okushima and Hitomi ©) anatysea 

theoretically the profit per piece in turning, using a linear break~even 

chart and employing Taylor's tool-life equation vt" = K. wu and Exmer (2) 

showed the application of economic principle to the profit-rate criterion 

for the selection of the optimum machining conditions in turning, using 

Taylor's tool~life equation vr = kK. Amergeo and Russell (53) analysed 

theoretically the selection of machining conditions based on profit-rate 

for a single pass turning process, using Taylor's tool-life equation
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d Pp 
vr .s =K,. It was found that the largest possible feeds should be 

1 

used when selecting cutting conditions, in order to obtain minimum-cost 

or maximum production-rate; in general the maximum profit-rate is not 

achieved under conditions affording miminum-cost or maximum production 

rate. 

Armarego and Rese? also showed theoretically the use of the 

profit-rate criterion in single pass shaping and peripheral milling. 

They applied Taylor's tool-life equation to peripheral milling with a 

single-tooth cutter, as follows: 

nl A 
T= r r (28) 

y A, (teg) ny 

  

where T was the tool-life, expressed as actual cutting time of the one 

tooth of the cutter, V was the cutting speed,teg. was the average chip 

thickness (because of variations in chip thickness), and A, n, n, are 

constants. They determined the machining time from the ratio = where 

1 was the length of workpiece and F was the table speed and obtained the 

tool replacement time from the formula 

Te Tos 
dp 

where Ty was the time required to replace the tooth of the single-tooth 

cutter, I was the cutting time for the one tooth to cut workpieces, 

and T was described by equation (28). Wu and Tee (55) determined the 

optimum cutting conditions using maximum profit-rate and the cutting speed 

at maximum feed to meet the fixed demand. The effect of the variation 

of selling price per piece and operator cost on the profit rate was exan- 

ined.
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In single-pass turning operations with fixed feed and depth of cut, 

using Taylor's tool-life equation aS i , Kizhanatham and 

Brian (56) analysed a cost model, ess me in-process inventory 

cost which is determined as the cost due to the waiting of the semi~ 

finished jobs in the workshop for processing by some machine, and the 

penalty cost which is a cost for violating a due date clause. 

Enter 7) showed the application of geometric progranming to 

turning operations, to obtain optimum cutting conditions for minimum unit 

cost under constraints such as available speeds, feeds, horsepower, sur 

face finish. The optimum cutting conditions obtained by his method are 

subject to uncertainty because some coefficients of the unit cost model, 

such as non-productive time and coefficients of constraint, are subject 

to variations. 

Iwata, Muratsu, Iwatsubo and Fujii (58) showed an analytical method 

to determine optimum cutting conditions by considering the probabilistic 

nature of coefficients in some constraints such as cutting force, horse 

power and surface finish, 

Friedmann and Tipnis (59) introduced a new concept which explained 

the existence of a characteristic relation between metal removal rate 

MR and tool-life T for a given metal process. They showed that the 

optimum point, which determines optimm cutting conditions, must lie 

(60) showed. on the MR-T characteristic curve. Tipnis and Friedmann 

the application of the above concept to circular sawing and peripheral 

end milling processes they obtained a MR-T curve, using the cutting 

speed V and the feed per tooth f as the two variables. 

They also theoretically explained the use of the MR-T characteristic 

curve for the selection of economic cutting conditions under limited 

cost data, the economical development of tool-life data, the comparison
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of machining responses such as tool-life, surface finish, the determ- 

ination of an objective function for adaptive control, and the maximis- 

ation of Metal removal rate at the desired level of surface integrity. 

As can be followed from the literature survey, in the field of 

face milling processes little research has been done covering all 

aspects, especially in order to obtain mechinability data such as cutter 

life, power required, surface finish produced, and vibration of work- 

piece. The chip equivalent, which is the reciprocal of the equivalent 

chip thickness, was proved and used by woxen'!?)) in turning. Colding (24)s(25) 

only derived mathematical formulas for the chip equivalent in all 

aspects of milling processes using his own tool geometry and grinding 

processes. He did not use it in face milling processes. Cutter life 

tests have not been conducted using only two independent variables 

namely cutting speed and equivalent chip thickness, and no equation has 

been obtained using the two independent variables mentioned above. 

The power required at the cutter has not be obtained in terms of metal 

removal rate. ‘The surface finish cbtained has not been expressed 

in term of any machining variable. The vibration of workpiece in three 

directions, namely tangential, feed and axial directions, has not been 

measured. Surprisingly, there are few available machinability data in 

(61) face milling processes. Milner pointed out a similar conclusion.
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CHAPTER IIT 

Theoretical Analysis of the Technological Performance Index, the 

Relationship of each of its Machining Responses and Economic Index 

in Face Milling Processes 

Face milling was chosen as a typical process in order to evaluate 

the performance indexes of face milling processes themselves as well as 

other metal cutting processes. It removes metal from a given plain 

surface more efficiently than the shaping process, it is widely used 

in industry especially with brazed or throw-away carbide inserts. For 

this research we were fortunate to obtain the co-operation of the 

GKN Ltd., Smethwick, Birmingham, a Company producing nuts, bolts and 

fasteners. 

Surprisingly there is litte available machinability data for face 

milling processes. ‘The following considerations on face milling will 

be limited to those cases which are of particular importance in estab- 

lishing relationships such as cutter life, cutting force, power required, 

surface finish, and vibration produced. 

3.1. On the Mechanics of Face Milling 

Face milling, which is considered as interrupted cutting process 

and treated to be a type of milling process such as the others peri- 

pheral (slab), end, side etc., milling, is essentially similar to 

continuous single-point tool cutting except variation of the chip thick- 

ness and impact upon the first engagement of each tooth of the cutter 

with the workpiece material being machined. Three types of face milling, 

which are described according to set-ups and machining directions, are 

named as central, down-cut (climb) and up-cut (conventional) milling as
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shown in Figure (7). 

In up-cut and down-cut milling, the eccentricity, e, determines 

the distance between two planes of symetry: One plane passes through 

the centre of the cutter, the other passes through the longitudinal 

axis of the workpiece. In up-cut milling, the cutter rotates against 

the direction of the table movement, in other words, the workpiece 

advances towards the cutter on the side where the teeth move against 

it. In down-cut milling, the cutter rotates in the direction of the 

table movement, in other words, the workpiece advances towards the cutter 

on the side where the teeth move away from it. In central milling, the 

centre of the cutter is on the longitudinal axis of the workpiece being 

machined. 

In Figure (8) one typical down-cut face milling is shown, in which 

the width of the workpiece is W, the table speed F, the depth of cut d, 

the engagement angle Ge the angle G, between any two teeth. The 

cutter, which has diameter D and number of teeth z, rotates a number of 

revolutions per unit time N and a cutting speed V. In face milling, 

the thickness of the unde formed chip varies continuously while each 

tooth of the cutter cuts the workpiece. In up-cut milling, the unde ~ 

formed radial chip thickness increases from a small value f, to the max- 

imum value f. In down-cut milling f occurs almost at the beginning of 

the cut and the unde formed radial chip thickness will then decrease. 

In central milling, the unde formed radial thickness increases to f 

from f then decreases again to £,- The path of each tooth of the cutter 

relative to the workpiece is a trochoid. For the sake of simplicity it 

is assumed that the path generated by each tooth is circular oo) . 

In any face milling process, each tooth cuts a certain volume of 

metal (W.d.f). All teeth will cut a total volume of metal removed in
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the unit time, MR, will then be (W.d.f.z.N). The characteristics of 

MR are as follows: 

a) The equation is the same for all face milling processes. 

b) Time is not related to the tooth engagement time Tt which is a 

function of Cea: 

In face milling processes the expressions below are well know; 

V=%.D.N. (29) 

F= £.2.N. (30) 

MR = W.d.f£.2.N = W.d.F (31) 

If the teeth are equally spaced along the periphery of the cutter 

the angle q, between any two teeth is written by: 

(Cages (32) vA Zz 
  

It may not be necessary to space teeth equally, in fact it might 

be desirable. Doolan, Phadke, wa (68) proposed a method to design a 

face milling cutter with unequal tooth spacing which has a higher stab- 

ility against relative vibration between the cutter and workpiece. 

In up-cut milling, the unde formed radial chip thickness h at any 

instant can be expressed approximately according to the set-up used as 

shown in Figure (9) in the following: 

h= £.SinG (33) 

The mean value of the unde formed chip thickness ho can be written as 

follows: 

hy = E fe £. Sin@ .a@ (34) 

Go 

oe. : ie oe (cos @, Cos &) (35)
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In down milling, the unde formed radial chip thickness h, at any 
2 

instant can be written approximately as show in Figure (10) in the 

following provided the same value f is used; 

h, = £.Cos & (36) 
i J: 

The mean value of the unde formed chip thickness Din can be written as 

follows: 

Gu 
Seas (37) eee £. Cos @,.d@, 

Gor 

h (sin @ ,, - Sin @o) (38) = oe 
dee Get 

It can be seen that for the same f value and angles,up-cut and 

dowm-cut face milling produce chips with the same mean chip thickness 

value: 

(39) 

From now on, therefore only hy will be used in notation. 

Either of the two situations below can occur face milling processes 

a) G4 @, (40) 

Either one or non tooth is engaged with the workpiece at any time. 

b) G7 (41) 

One or more than one tooth could be engaged with the workpiece at 

any time. The number of teeth engaged with the workpiece, Zor depends 

both upon G, and z. The value of G, also depends upon the relative 

position of the cutter with respect to the workpiece, CG. increases, when
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the workpiece is displayed from the centre-line position towards the 

down-cut or the up~cut position, that is to increase the value of Ge: 

The value of Ze is written as follows: 

_ Ge 
ee 

  (42) 

or 2. = G,.2/2% (43) 

For example, if Sane 1.6, it will indicate that for 40% of the time 

only one tooth cuts and for the remaining 60% two teeth cut. The 

author proposes that for any set-up regardless of type of ace milling, 

the metal removal rate, MR, may be also expressed in the other way apart 

from the equation(31) using the mean value of unde formed chip thick~ 

ness hi and the engagement angle G. ideas as follows: 

MR = hy d. = . Gy-2.N (44) 

or Ge as) 
MR =h dV. a= 

m 
z 

The value of MR depends upon hy which is a function of f and the geom- 

etry of set-up, d, V, Ge and Ge In MR, the term which in this 

research the author called the "characteristic feed" £, is defined as 

follows: 

Ge 
"c= Geeen (46) 

When is smaller than it shows only one or non tooth is engaged 
e Z Y 

with the workpiece at a time and non-cutting time exist between any
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S 

Gz 
time, hence f aoe smaller than h. TE Ge is equal to G, at 

two teeth, the ratio   7 is smaller than 1, determines non-cutting 

also showns only one tooth is engaged with the workpiece at any time 

but non-cutting time does not exist between any two teeth, the ratio 

Ge is equal to 1, hence fy becomes equal to ho When Ce is bigger 

thai @: it shows one or more than one tooth is engaged with the work- 

  piece at any time, the ratio is bigger than 1, hence for which 
e 

Gz 
becomes bigger ho determines the complete motion of one tooth plus 

the partial motions of one or more teeth, which will engage the work- 

piece while the first tooth campletes cutting. 

Metal removal rate, MR can be calculated by using one of the formulas 

given below: 

MR = W.d.F = £,.d.V (47) 

The product fy. determines the area A, which will be called "the 

characteristic cross-sectional area of cut"; 

Ast £,.4 (48) 

For example when Ge is bigger than G, i AG is the total area cut by 

one tooth while passing across W. 

£ i. and AS are related to the mean value of chip thickness. They 

can give better understnading than f£ itself in order to evaluate responses 

of face milling. Because f is varied during cutting. 

3.2. Equivalent Chip Thickness Idea and its Derivation in Face Milling 

All energy, which is required to remove excess metal from a given 

surface, is converted into heat, mostly in frictional heat and in shear
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(67) plane The sum of energy in a metal cutting process is expanded 

in several forms listed below: 

a) Shear energy alone the shear plane. 

b) Friction energy among chip, tool and workpiece. 

c) Surface energy due to the formation of a new surface area. 

d) Momentum energy. 

The temperature at a specific point cm the tool can be determined 

in terms of the quantity of heat generated during cutting and the 

quantity of heat taken out of the specific point. Every temperature 

can be related to a particular value of wear on the tool. Referring to 

(8) 
face milling, Kuljanic stated that the heat generated rate io can be 

determined as follows: 

io = K,-A.V.z (49) 

where K, is specific cutting pressure, A is chip cross-sectional area, 

V is speed of face milling cutter and z is number of teeth in face 

milling cutter. 

The heat generated is transfered to chips removed, the tool, the 

workpiece, the surrounding air by radiation, convection and to cooling 

fluid if it is used. Woxen @y) assumed that the heat is chiefly carried 

to the workpiece because of a low heat conducting coefficient and the 

cross-section of the tool being relatively small, the difference in 

mean temperature between the nose of the tool and the workpiece greater 

than between the nose of the tool and chip, the surrounding air and 

cooling £luid which carry off heat indirectly chiefly from the work- 

piece and a large volume of the workpiece in relation to chip. Woxen (21) 

stated that the contact surface between the tool and the workpiece is 

a measure of the heat carried off, He first proposed the engaged cutting-
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edge of tool to constitute a measure for the contact surface and in 

doing so for the heat transport in turning. Woxen showed that in 

turning actual area of cut A=s.d. (where s is feed and d is depth of 

cut) is a measure of the heat quantity generated with cutting speed 

and the engaged cutting-edge length of the tool L is a measure of the 

heat quantity carried off by chip, tool and workpiece. The relation 

which is called the chip equivalent q was first used by woxen*)) ang 

it was expressed by the ratio of the engaged cutting-edge length of the 

tool L to the area of cut A in turning as seen in Figure (11). 

q= (SO) >| 

The reciprocal of gq, which is called equivalent chip thickness h, was 

(13) (22) 
used by Barrow , Brewer and Rueda in turning. 

=o Das (51) 

In this research the idea of equivalent chip thickness and its applic- 

ation, which have not been searched yet in face milling, will be used 

in order to investigate face milling processes. 

Because dimensionally equivalent chip thickness is easier to under- 

stand and it can play a useful part in helping researchers to a deeper 

appreciation of face milling rather than feed f itself,because of the 

variation of f during cutting. ‘Two different face milling cutter, the 

Walter cutter and Sandvik cutter (with their indexable right hand P25 

grade throwaway inserts) which are widely used in industry, were used 

throughout this project. The angles for both Walter cutter and Sandvik 

cutter are shown in Figure (12), Figure (13) respectively. 

By using the idea of equivalent chip thickness, in face milling 

two quantities are considered; area, which is a measure of the heat
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quantity generated with cutting speed, is calculated as characteristic 

cross-section area of cut Fecause the heat is generated while one 

tooth or more teeth pass across the width of workpiece W depending upon 

the set-up. Therefore characteristic cross-section area of cut is taken 

into account as a measure of the heat generated with cutting speed. 

Length, which is a measure of the heat generated carried out by chip, 

tool and workpiece, is calculated as cutting-edge of one tooth of the 

cutter engaged with the workpiece. Because cutting-edge of each tooth 

of the cutter engaged with the workpiece has the same value while the 

cutter pass across the width of workpiece W. 

Equivalent chip thickness is the ratio of these two quantities 

mentioned above. 

Two situations are developed; one is for Walter cutter, the other 

is for Sandvik cutter. 

3.2.1. Derivation of an Equivalent Chip Thickness Expression for 

the Walter Cutter in Face Milling. 

Characteristic cross-section area of cut AY for Walter 

cutter is calculated from the ratio of metal removal rate MR to cutting 

speed as follows: 

A (52) 
WwW 

Metal removal rate is also calculated from either the equation (31) or 

the equation (47) obtained in section 3.1. For the simplicity the 

equation (31) is used. Hence AY is written as follows: 

a, = eg (53)
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ae nS W.d.£.2 (54) 

4 w 

Where W is the width of the workpiece, d is the depth of cut, f£ is 

feed per tooth, 2 is the number of teeth and D, is nominal diameter of 

the cutter as shown in Figure (12). The cutting edge of tooth engaged 

with the workpiece Ly is written using the tool geometry parameters as 

shown in Figure (12), in the following: 

d 
LeletS>seo 
Ww w Sin ©. Cos § |, (55) 

where Ae is the horizontal length of insert, © im is the approach angle, 

S Ww is the positive axial rake angle, d is the depth of cut. The 

values are: 1, = lnm, @, = (vse, Se = +8°, ‘These values were taken 

from one of Walter Current Technical Informations ce) and were checked 

under the Nikon Shadow projector in the Metrology Laboratory of the 

Production Engineering Department of the University of Aston, 

Hence in face milling the equivalent chip thickness hy for the 

Walter Cutter can be written as follows: 

Ww. 
h =—— (56) 

WwW L, 

h 5 W.d.f.2/ 7% dD, 
Sah ei 
  

  (57) 
Oe 
w Sind, Cos & HS 

As can be seen from equation (57) the effects of seven geometrical 

parameters and machining variables, W, f, z, Dd, ; 1, 3 ee jand § [ 

on hy are significant. If the values of W, f, 2 and e, are increased, 

h, will be increased. If D, ; 4, 4 S w are increased, hy, will be decreased. 

The effect of d on h, is not very significant. Only big variations in
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d will affect on ho. The equation (56) is valid for all types of 

face milling. ‘The value of hy is not related to cutting speed. 

3.2.2. Derivation of an Equivalent Chip Thickness Expression for 

the Sandvik Cutter in Face Milling 

Characteristic cross-section area of cutA for Sandvik 

Cutter is calculated from the ratio of metal removal rate MR to cutting 

speed as follows: 

  

MR 
A, == (58) 

Ss vy 

Lo Wid. bee 

AS = Ft 2) 

Ds is the nominal diameter of the cutter as shown in Figure (13). These 

two formulas are not the same (formulas (54) and (59)), because diam- 

eters of cutters are not the same value. 

Two situations can arise according to cutting-edge of tooth 

engaging the workpiece as seen in Figure (13). 

a) at. (60) 

where d is depth of cut, ln is vertical length as seen in Figure (13). 

In this situation engaged cutting-edge of tooth Loa can be expressed by: 

len Sin Qs 
-1 4 Cet sm o* Sind.) 

s 
L 

Cos § . sl (61) 

where 4 and lo are the length of tooth, 8, and @ are the angles of 

corners, S ie is the negative axial rake angle. These values were taken 

from the Sandvik Catalogue ©) and also were checked under the Nikon 

Shadow Projector in the Metrology laboratory of the Production Engineering 

Department.
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The values are: 1, = 1.4 mm, 1 4 = 1mm, ©, = 30°, B= 60°, & = -7° 8 

b) a> the (62) 

In this situation engaged cutting-edge of tooth can be written as; 

a Sins, Sing 
Sip Le +154 mip - Oy Sep See es 

625 8 ws § 5 i 

where 1 g is another length of tooth, Ais the approach angle as 

seen in Figure (13). The other values are 1 oa 1.4 ma, Be 75°. 

Hence the equivalent chip thickness h,, for situation (a) can be 

written as: 

h W.d.£.2/ ™ .D, 
Sl = eee 

a d Sin 9. 
it 6+ sing 7 lo Sin @ ) 

Cos 

The equivalent chip thickness hos for situation (b) can be written as: 

(64) 

h Wedef .2/ JC O, 
s2 = 

Sin@., Sing 
rss * 14+ sinxeg + lo Sing) axe 

= oa 

  

  (65) 

As can be seen from equation (64) and equation (65), the effects of 

eleven geometrical parameters and machining variables, W, f, z, Ds 7 1. : 

zr a? ly 18.) g, AY 55" on ho and ho are significant. If the 

values of W, f, z are increased hy will be increased. When the values 

of 1, 5 1 ji ly ’ 5 g are increased, hoy 

has a negative value but it does not effect on the result. The effect 

and h, will be decreased. § . 

of don hoy and hoy are not very significant. Only big variations in d 

will affect m hoy and ho. The equations for hoy and hop are valid for 

all types of face milling. The value of hoy and ho, are not related to 

cutting speed. The equivalent chip thickness formula takes into account 

all lengths of one insert engaged with the workpiece during cutting
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and cutting angles of inserts, machining variables (feed per tooth f 

and depth of cut d but not cutting speed V), cutter specifications 

(diameter, number of teeth z, and axial rake angle), and width of 

workpiece W. By using the equivalent chip thickness, the many indep- 

endent variables, which determine the cutter life, are reduced to only 

two independent variables, namely, cutting speed and equivalent chip 

thicknesses. Feed per tooth itself, due to variation during face mill- 

ing, cannot be one of the independent variables. It is obvious that in 

metal cutting tests when the number of independent variables is reduced 

big savings can be achieved both in the time consumed and in the number 

of workpieces required. 

The equivalent chip thickness can also give useful information 

about the selection of inserts geometry, cutters and machining variables 

except cutting speed, which selection is among the duties of the 

Production Engineer. 

3.3. Chipping Mechanism in Face Milling 

Generally the chipping mechanism, which limits the use of brittle 

cutting tools like carbide and ceramic tools especially in interrupted 

cutting processes such as face milling, can easily occur because of the 

two reasons below: These two reasons can act either together or separ- 

etely. 

a) Chipping, which can be the consequence of mechanical stresses 

produced by cutting force, can be related to entry conditions, when 

the contact point between the tool and the workpiece occur along 

the cutting edge of the tool even as soon as the cutting process starts. 

Cook 4) pointed out that chipping is not associated with any wear 

zone and can occur in brand new cutting tool.
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b) Chipping can be the consequence of both mechanical and thermal 

stresses, after a certain cutting time, not only under severe cut- 

ting conditions but also under medium cutting conditions, 

(5) made an. analysis As it was mentioned in Chapter II, Kronenberg 

from the geometrical point of view of the initial contact point only 

along the length of the workpiece between the face milling cutter and 

the workpiece. Shinozaki”) examined cracks, which are caused by both 

mechanical and thermal stresses, almost perpendicular to the cutting 

edge on both the rake face and the flank face from probabilistic point 

of view. The analysis of this part is mainly related to entry conditions. 

(5) used here are given below: The equations derived by Kronenberg 

The intersection angly i’ between rake face of tool and plan of 

engagement is given as follows: 

._ tg6. Gos x (66) 

where § is the axial rake angle, r is the radial angle and € is the 

engagement angle which changes continuously according to set-up. 

Slope of transient surface of metal being machined produced by 

approach angle of tool is given below: 

Slope of transient surface = hy Gogh ge) (67) 

Using the value of i’ and the’ value of slope of transient surface, the 

location of initial contact point can be determined, according to the 

engagement plane described, cutter angles and machining variables. 

When initial contact point is not on the cutting edge or edges of the 

tool used, chipping cannot occur, but if initial contact point is on 

the cutting edge or edges, chipping can occur.
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3.4, Definition of Face Milling Cutter life 

Face milling cutter life is defined as the time between two rep~ 

lacement operations or two regrinding operations of all teeth in the 

cutter. 

This is the total time, which is obtained by adding the cutting 

times that are spent to cut the individual workpieces until the below- 

mentioned criterion occurs. In this research two different criteria 

are used, namely i) chipping of some of the teeth and ii) 0.635 mm 

(0.025in) arithmetic mean value of maximum widths of wears measured on 

the flank faces of all teeth. Which ever occurs first, it determines 

the end of cutter life. Chipping on cutting edges may occur first, 

especially when using carbide tools. When chipping on cutting edges of 

some teeth occur, the cutter may still cut the workpiece for a very 

short time; afterwards the number of cutting edges chipped increases 

rapidly and all teeth are replaced. 

In this investigation, chipping takes place under different conditions 

especially up~cut face milling. According to the second criterion,when 

the aritmetic mean of the maximum widths of wears measured on the 

flank faces reaches the value 0.635 mm (0.025 in), all teeth are replaced, 

Only the aritmetic mean value can determine the concept of cutter wear, 

because the maximum width of flank wear varies fram one tooth to another 

since all teeth are not in the same position even if they are checked 

by dial gauge before cutting begins. It is also assumed that each tooth 

of a cutter cuts an equal chip, a condition unlikely to occur in 

practice, 

The cutting time of one pass, t, is given by the ratio of the len- 

gth to cut the given material, to the feed rate or table speed F, as 

seen in Figure (14):
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Rank: 
t= (68) 

3.4.1. Cutter Life Relationship in Face Milling 
  

Cutter life is only expressed as a function of the cutting speed 

and of the equivalent chip thickness in this research, 

After experimental results, cutter life as the dependent variable, 

cutting speed and equivalent chip thickness as the independent variables 

are taken, and the relationship among these variables is established to 

obtain the proposed equation. In this research two different types of 

cutter life equations are predicted, the coefficients of the independent 

variables are calculated, the Boerne of the predicted model is checked 

and the confidence intervals, within the certain percentage, are determined. 

3.4.la) The first proposed model of cutter life is the logaritmic 

form of the Konig-Depiereux type equation 27); 

r Ay og 
9 = Tint = bi +bV ~ +bohe (69) 

where y is the predicted value of cutter life on a logaritmic scale, 

V is the cutting speed, he is the equivalent chip thickness (for the 

Walter Cutter and Sandvik Cutter, he is taken into account as hy and hs 

respectively), ah 1 and A, are the power parameters, and bor by and by 

are the least-squares estimates. . The uncertainty of the least-squares 

estimates by e by and by as indicated by certain percent confidence 

intervals, 

The coefficients bor bi by in the equation (69) are estimated by 

the method of least squares as: 

B= (xt.x) txr.y (70)
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where B is the vector of the values of bo by and bor Xis the matrix 

of independent variables, XT is the transpose of x, (xr. yt is the 

inverse of (XT.X%, y is the vector of observed cutter life, i.e., y = 

t.lnr, 

where T is the geometric mean value of the observed cutter lives. The 

residual sum of squares (R.S.S) is calculated as the numerical criterion 

to determine the best fit of the cutter life model: 

n 

= S52 RS.S.= 2 (y;-¥;) an 
tet 

where y; is the Aas observed value of cutter life, vy is the co 

predicted value of cutter life, n, is the number of observations, 

The experimental error is estimated by the error variance ce 

2 URS, s “ie (72) 

where p is the number of coefficients. The confidence interval (CI) . 

for any coefficients b ir under the assumption of spherical normality, 

is given by; 

cE (b,) Diet oe 2"® diy (73) 

where 36/2 is the Student's t-distribution (with v the degree of 

freedom and § the level of significance), and ais is the element of 

the i*® row ana ith colum of the inverse of (XT... 

The computer program was written to calculate the coefficients of 

the first proposed cutter life equation (69). The flow chart of the 

program is given below:
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CD 
v 

Read 

Number of coefficients, number of experiments, 
first values of power parameters, increment of 

power parameters, the values of independent and 

dependent variables obtained in experiments 

  

  

  

      

    
Calculate 

——>— power parameters, (4, andA,) 

nunber of calculations (IT)       

Yes 

  

    
  

Calculate 

the second part 

of second term in 

Calculate 

the second part 

of second term in the equation using 

the Cee using] gl = boav 

UL=V       

      
    

 



sAqe 

    

  

    
    

Yes 
Se ae a 

Calculate 
the second part of 

No third term in the 
equation using 

Calculate U2= Unh, 
the second part 
of third term in 
the equation using 

U2 = (h,)*2 
f 

ya   
  

  

Form the matric of 
independent 
variables, (X) 
  

  

Find the transpose 
of X, (XT)     

  

Calculate the product 
of XT and X, (XK) 

        Calculate 
the increase of XK 
(XC)     
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Calculate 

the geometric ratio of 

observed cutter life 

(aw)     

    

Calculate 

the transformations 

of the dependent variable 

(¥) 

  

    

  
Calculate 

the product of XT of 

Y, (XA) 

    

    

calculate 

the estimate values of 

coefficients (BETA) 

  

    

  Calculate 

the residuals (B) 
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Calculate 

the residual sum of 

squares (SUM)     

    

WeW+1 
    Continue 
  

ee mw <r 

  

Find the smallest 

(SUM)       

  
  

Write 

the calculation number, 

corresponding to the smallest 

(SUM) 

  

  
( Stop )
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When A, = Oand ee = 0, the equation is written; 

Plot =b, +b, lnv =, (mn, (74) 

This is a logaritmic transformation which is similar to Taylor's type 

of tool-life equation, 

The computer programme can also give the comparison between the 

linear logaritmic transformation and any other transformation in term 

of R.S.S. 

3.4.1b) The Second proposed model of cutter life is the second- 

order equation in a logarithmic form; 

ir 2 2 Inf = b, + byInV + bolnh, + b, (Inv)? + by (Inhe) (75) 
aE ee 

+ bs Inv. Inh, 

where T is the predicted value of cutter life on a logarithmic scale, 

V is the cutting speed on a logarithmic scale, he is the equivalent chip 

thickness on a logarithmic scale (for the Walter Cutter, he = hy for 

the Sandvik Cutter, hy = h.) and bo bi, by, b3, by and bs are the 

least-squares estimated coefficients. To calculate the coefficients, 

(34) statistical package was used, 

3.5. Power Relationships in Face Milling 

In face milling, the power required (in H.P) at the cutter can be 

given, when one or more than one tooth is engaged with the workpiece, 

by the expression: 

ZELV 

HE adsco   (76) 

where 2eN is the total tangential force (in kg) and V is the cutting



Spin 

mn 
ed (in = 

mun 

  

When only one tcoth is engaged with the workpiece, the value of 

meen ee (35) Fy is given by Koeningsberger as: 

BL = kdb (77) 

where Kk, is the specific cutting pressure, d is the depth of cut, h is 

the instantaneous value of the radial chip thickness, and the value of 

p lies between 0.75 and 0.9. For instance, in up-cut milling, h can 

be given by equation (33) as; 

  

  

h=£. sinG 

Hence F, = k,.d. (£.Sin @ )P (78) 

The maximum value of Fur EE max’ Occurs when @ = 90°, 

Eee ode (79) 

Ee 

The ratio of F is written as; 
t max 

Pe -— = (inG)P (80) 
t max 

Power, P, may be written as; 

P = k,.d. (£.Sin Ce)P.v (81) 

The value of P is changed according to the value of qG under one cutting 

condition, 

In this research, average total tangential force > E. is proposed 

as follows:



  Ft = K,.d.h. Ge (82) 

or 

Pt = K,.d.£, (83) 

where nL is the mean value of the undeformed chip thickness as cal- 

culated equation (35), Ge is the engagement angle, and @, is the 

angle between any two teeth as calculated equation (32). 

Hence power required at the cutter can be given as 

P=k..A.V (84) 

or 

P= k..MR (85) 

ks can be changed with the equivalent chip thickness. 

3.6. Surface Finish Relationship in Face Milling 

Surface finish obtained can be expressed in terms of different 

measurements taken. In this research,(C.L.A.) index is taken as a meas- 

urement of surface finish in order to compare surface profiles cbtained 

in different cutting tests. . In any machining process, it is known that 

feed is an important independent variable on surface finish. In some 

situations, cutting speed may be the other independent variable like in 

face milling, because surface finish is produced when the cutter across 

all over workpiece. Surface finish model is proposed as: 

a = 3 
S.F = KV -£ (86)
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or when logarithms of both sides are taken, the following expression 

is written; 

In S.F = ink, + K,.1nv + K,. nF (87) 

Unk, , K and K3 are calculated using the method of least squares, 

3.7. Vibrations Relationships in Face Milling 

Vibrations, in milling process, may occur due to a number of 

causes (70) + Mainly two reasons can be recognized. 

a) Vibrations due to the geometry of milling process, 

b) Self excited vibrations. Vibrations due to the geometry of process 

are known as forced vibrations. Those may cane out from two main 

reasons in face milling. 

ai) Variation of the chip thickness, because cutting force FB. is 

changed with the chip thickness as given in equation (78). 

aii) Impact due to interrupted cutting. 

b) Self-excited vibrations. 

Chip removing machine tools belong to a group of dynamical systems 

in which a slight disturbance of the steady-state motion may generate 

internal forces which depend on the velocity of the disturbance. Cutter 

and workpiece perform a relative motion,then the cutting system becomes 

(70) + That is called Chatter which can be detected dynamically unstable 

either by its noise or surface finish marks. 

In this research, vibrations generated are considered as forced 

vibrations. Chatter marks on any surface finish produced that have not 

been observed. Peak-to-peak amplitude of vibrations in feed and axial 

directions in dowm-cut milling, in feed and tangential directions in up- 

cut milling are taken into account rather than frequencies of vibrations.
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The maximum peak-to-peak vibration amplitude model is proposed by the 

following expression. 

D. D. a 2 3 V1B.AMP = D,.V “.(s_..) (88) 

where S max is the maximum area being cut, S max = d.f. 

When logarithms of both sides are taken, the following expression 

is written; 

InV1B.AMP = InD. H oH Dy.1nv + D. 3-In sae (89) 

Ln, Dy, Dy and D3 are estimated using the least-squares method. 

3.8. Economics of Face Milling 

Generally in metal cutting field, producing a batch of components 

to the acceptable dimensional accuracy and surface finish is to make 

decisions the right choice of machine tool among available machine tools, 

cutting tools, method of the process, the use of cutting fluid, machining 

conditions such as cutting speed, feed and depth of cut. The approaches, 

to make such decisions have been known as economics of machining, can 

be achieved in two ways. One is a mathematical solution, the other is a 

graphical solution. In some cases mathematical solution can be much 

more suitable when cost, time information as well as sufficiently accur- 

ate tool-life data are available about the process. In some cases 

graphical and mathematical solutions together can give a reliable answer 

in machine shop practice. 

The concept of T-MR characteristic functions can give another 

a) » At any given constant application to machining economics 

tool-life value, it is possible to obtain several different metal removal 

rates, depending on the combination of its variables and vice versa.
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In this research, more or less the same cutter life results were 

obtained in the validity tests of equivalent chip thicknesses both 

using Sandvik cutter and Walter cutter. But metal removal rates were 

different (Test No. 6 and 7 - using Walter cutter in down-cut milling. 

Test No. 5 and 6 - using Sandvik cutter in down-cut milling). It was 

proved that the T -MRcharacteristic function could give the best possible 

combinations of metal removal rates and tool tite") . 

3.8.1. Unit-time model 

In face milling, the total time to produce per piece, Tp, can be 

written as; 

ee 
MV MV ie = a coe ee, ae 

aS Ty * Teet-up tet ® im MRT (20) 

where Tyis loading and unloading time, Cees 

is approach and returning time of the cutter. These three times are 

is set-up tine, te 

independents from machining variables. It is also very difficult to 

give their exact values in machine shop practice. Their values 

partially depend upon the behaviour of the operator which uses the 

machine tocol. Their controls can be possible either in bonus 

preduction system or using the robot. The total of ae Ay Tay, 
set-up + Tor 

is simplified as T. MV is the volume of the metal to be removed, MR o 

is the metal removal rate, K is the constant coefficient which is det- 

ermined by the position of the cutter relative to the workpiece as seen 

in Figure (14). 

Ke (91) 
Ip 

where 1 is the length which can be calculated using the geometry of
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cutting, eS is the length of the workpiece being cut. 

By introducing K, MR is considered as unique variable during 

cutting. ‘T is the replacement time for all teeth. T is the cutter 

life. 

T+ 7, 4 = faoeremoeree ie! 5 T) = K.MV ( 7) (92) 

Ty » K, MV and Tr are independent values from machining variables. To 

_ MRT 
1” hr, obtain extreme values of 75 in terms of machining variables, F. 

function, which is the reciprocal of the part of the second term in 

equation (92), should be searched. For the minimum value of oe the 

function FL should reach the maximum value. FL is a function of MR 

and T, 

F, = F, (sR,7) (93) 

It may be possible to obtain the characteristic function, T = T(MR), 

which is the best combination of metal removal rates and cutter life 

values (59) . 

For the existence of T-MR characteristic function, in the other 

words, to cbtain the function T = T(MR), their Jacobian should vanish (71) 

  

as follows: 

ome amr 
av dhe 

— ORT) _ 1 
7 = “SWihg) = Tee? 

oT or 
“OV h 

MR can be expressed by a function of d, he a V as seen in equations 

(57), (64) and (65). 

MR = MR(d, V, he) (95)
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In this expression d can be taken into account as one chosen par- 

ameter depending upon the maximum available cutting force, horse- 

power and test results obtained. Therefore, MR can be written as; 

MR = MR(V,hg) (96) 

Cutter life T can also be expressed in a function of V and hee 

T=TV hp) (97) 

Using equation (94), T = T(MR) can be obtained. For the mximm 
dF 

value of FL , the first derivation of Fi, _ should vanish, 

    
Sr ae + MR T, pclae =O (98) 
dMR MT, (rer)? dMR 

or 

“ oun T(t) BRS ero ae (99) 

Hence optimum cutter life T and metal removal rate MR can be obtained. 

3.8.2. Unit-cost model. 

In face milling, the total cost to produce per piece C can be 

written as follows; 

T MV MV Cr MV ol + Co.K. pa + CO.K. pee got YK Gee @ (100) C= .T. a 
i 

where Co is the operator and overhead cost per unit time, Y is the 

total cost of cutting edges of the cutter 

T 
or C =Co,T, + Co.K, Mo (2 - Epi ) (101) 

iR
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Co, T,, K, MV, Tr and Y are independent values from machining variables. 
iu ; ; i i MRT To obtain the extreme values of C, the function Fy +r + v/Co 

should be searched. For the minimum value of C, the fimction Py should 

reach the maximum value. The functions F, and Fy are similar functions 
1 

except the term (Y/Co). By following the similar procedure as wmit- 

time model the first derivation of F., to MR should be zero. 

  

2 

ane z ee etc) acy 
avR OY ee +b 7 Co (f + Tr +¥/Co)” MR 

or : 

T(T + Tr + ¥/Co) + MR(Ir + ¥/Co). <2 = 0 (102) 

The optimum cutter life T and metal removal rate for the minimum value 

of C can be determined. 

3.8.3. Profit-Rate. 

The profit per unit time, Pr, can be written in face milling as; 

  Pr = (103) 

where S is the selling price per piece, C is the cost per piece, T is 

the time to produce the piece. The equation (103) is also a fumction 

of C and To therefore only of MR and T. But the value of S is not 

always the fixed value. 

In this research C and qT, will be considered in order to obtain 

optimum machining variables.
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* CHAPTER IV 

Experimental Equipment, Workpiece Materials, plan of Experimental Work 

Technique and Procedure 

4.1, Experimental Equipment 

4.1.1. The Machine Tool 

The conventional horizontal Knee-type milling machine manufactured 

by Cincinnati, which has been used for teaching purposes and research 

work for some years in the Production Department, was used in this 

project in such a manner to achieve face milling processes. It was 

coupled with 15 H.P electric motor. Additional balancing or flywheel 

mass was constructed on the milling spindle in order to reduce torsional 

vibrations. The machine tool was attached to the calibrated meter which 

reads directly horsepower consumption up to 20 H.P. and the tachometer 

which shows a number of revolution of the spindle per minute up to 

2000 r/min. Before the research was started, the tachometer readings 

were checked with another tachometer during cutting, It was noticed 

that the actual readings were not corresponding to the numbers written 

on the machine tool. The table speeds or feed rates were calculated 

using three methods : Firstly X-Y plotter; secondly stopwatch; and finally 

time counter in order to measure times for the fixed distances during 

cutting. It was also found that actual table speeds or feed rates cal- 

culated did not correspond with the numbers written on the machine tool. 

Actual number of revolutions per minute N used in the research, 

followed a very close geometric progression. They are given below (in 

r/min) ; 

198, 238, 300, 378, 460, 580, 680, 860
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Actual table speeds or feed rates F used in the research also 

followed a very close geometric progression. They are given below (in 

n/min) : 

0.356, 0.447, 0.559, 0.686, 0.864, 1.092, 1.354, 1.666 

The machine tool was stopped from time to to time to obtain necessary 

measurements. According to up-cut or down~-cut face milling backlash 

eliminator was adjusted at each time to eliminate the backlash in the 

screw and nut assembly of the table. General view of the machine tool 

with the equipment are shown in Figure (15). 

4.1.2, The set-up 

Each workpiece being machined was mounted on the big plain 

block and clamped using screws in such a manner to simulate a vice and 

to ensure enough rigidity. The view of the set-up is seen in Figure (16). 

4.1.3. The Cutters 

Throughout the research two different cutters with their 

indexable throwaway inserts were used. Both were medium grades P25, 

and recommended for light and rough machining of steels. They were 

mounted on the horizontal plain knee-type milline machine by means of 

arbors. 

i) The Walter milling cutter, type Wendelnovex F244, nominal diameter 

Dd, = 101.6 mm, with 8 indexable inserts, grade P25, axial rake angle 

5 
face relief angle = 5°, 

2 +8° , the approach angle Q,= 42°, radial rake angle = -16°, 

The geometry of the cutter and one of the inserts is shown in 

Figure (12). General view of this cutter with one workpiece and 

the top view of one of the inserts are shown in Figure (17) and 

in Figure (18 ) respectively.
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ii) The Sandvik milling cutter, type T-Max 265.1, nomimal diameter Ds 

= 100 mm, with 8 indexable inserts, grade P25, axial rake angle 

5, , the approach angle Ne 75°, radial rake angle = -5° ‘ 

face relief angle = Oy , the geometry of the cutter and one of the 

inserts is shown in Figure ( 13) General view of this cutter, 

one workpiece and the top view of one of the inserts are seen in 

Figure (19) and in Figure ( 20) respectively. 

4.1.4. Wear Measurements 

The travelling microscope, which has a magnification of times 5, 

was mounted and adjusted on the table of the milling machine in order 

to measure maximum flank wear Vy Teo the flank face of each tooth 

of a cutter. The microscope is seen in Figure (16). From time to 

time cutting process was stopped. When the clear wear picture of each 

tooth was observed through the microscope with the aid of electric light, 

the measurement of Vy max Was taken. For each situation, eight measure- 

ments were recorded, because of eight teeth on a cutter used. Then 

arithmetic mean value of eight measurements was obtained with the 

corresponding cutting time in order to determine wear-cutting time pro- 

gress. The cutter life criterion, which was used in this investigation, 

was either 0.635 mm (0.025 in) arithmetic mean value of maximum flank 

wears or chipping of some teeth and which ever occurs first, it takes 

into account. 

4.1.5. Power Measurements 

The calibrated meter was already attached to the milling machine 

in order to measure directly idle power and power consumed during cutting 

in unit of horse power. According to wear progress with cutting time,
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horse power readings were taken and recorded when two teeth were 

engaged with the workpiece. The meter is seen in Figure (16). 

4.1.6. Surface Finish Measurements 

Talysurf device was used to measure average surface roughness 

(C.L.A) of the surface finish produced. A pointed stylus detected the 

surface for a fixed distance, then centre line average meter indicated 

(C.L.A) readings according to cutting conditions. It is shown in 

Figure (21). 

From time to time the graph of the surface was obtained from the 

graph recorder. ‘The Talylin device was also used to measure the waviness 

of the surface, 

4.1.7. Vibration Measurements 

Two identical vibration analysers with their magnetic pick-ups 

were used in order to measure peak-to-peak vibration amplitutes and 

frequencies in two different directions when two teeth were engaged with 

the workpiece under cutting conditions. By using the storage oscill- 

oscope, vibration photographs were taken. The positions of vibration 

pick-ups is shown in Figure (16). 

4.1.8. Workpiece Materials 

Two different types of tool steel, which were provided by GKN Ltd., 

were tested. The company uses these types of materials in its production, 

Their compositions are given below: 

i) ‘ool steel (B.H.N. 238) 

Cc 1.69% 

Si 0.29%
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Mn 0.128 

Cr 11.82% 

Vv 0,148 

Mo 0.65% 

The mean value of Brinnel hardness number is 238. Materials were 

annealed, Widths of workpieces were varied according to cutting cond- 

itions between 25.4 mm and 46 mm,lengths were between 150 mm and 200 mm 

and heights were between 40 mm and 90 mn. 

ii) ool Steel (B.H.N.197) 

iC 1.53% 

Si 0.35% 

Mn 0,253 

Cr 11.91% 

Vv 0.17% 

Mo 0.75% 

The mean value of Brinnel hardness nunber (B.H.N.) is 197. Materials 

were annealed. Widths of workpieces were varied according to cutting 

conditions between 37 mm and 44 mm,lengths were between 150 nm and 200 mm 

and heights were 90 mn. 

4,2, Plan of Experimental Works 

As it was mentioned before there is little published machinability 

data available on face milling processes. Limited knowledge in the 

range of cutting speed V, feed per tooth f, depth of cut d exists, 

Using carbide tools in face milling, the range of cutter life T,
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horse-power required, surface finish produced, vibration, which are 

normally dependent variables, did not exist. There was also lack of 

knowledge in literature about equivalent chip thickness,which is a 

function of geometrical parameters of one of the inserts and machining 

variables, £f, d except V, is used as one independent variable in this 

investigation in order to obtain machinability data. Also the range of 

equivalent chip thicknesses used was unknown. In this research in invest- 

igation of each machining response and its mathematical form as less as 

possible, the number of independent variables are used. That 

achievement reduces experimental time consumed as well as a number of 

workpieces required in order to cbtain machinability data. 

4.2.1. Planning Cutter Life Tests 

In the research, cutter life tests were planned and performanced 

using the Walter Cutter and the Sandvik Cutter, annealed Tool Steel 

materials B.H.N. 238 and B.H.N. 197 types in down-cut and up-cut face 

milling. Before planning cutter life tests, the working region, which 

can be thought around optimum cutting conditions, may be determined for 

cutter life, cutting speed and equivalent chip thickness. In this 

research a typical domain for cutter life was considered between 10 and 

70 minutes. This procedure identifies the working region in the cutter 

life domain but it doesn't determine the ranges in the cutting conditions 

domain (as cutting speed and equivalent chip thickness). A convenient 

criterion, which can be used for identification of cutting conditions 

domain in face milling, can be metal removal rate MR, provided W is 

constant. High level MR is always desirable until power limitation is 

taken into account. 

Because there is a relationship between MR to be cut and power
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required at the cutter. In this research two types of face milling 

were planned and tested namely down-cut and up-cut milling. All tests 

were conducted dry. Central face milling was performed under cutting 

speed of 182.21 m/min and equivalent chip thickness of 0.133 mm. ‘Two 

teeth of the cutter were chipped at the 0,412 mm average maximum 

flank wear which was lower than the chosen cutter life criterion of 

0.635 mm. In this research the linear distance between any two teeth 

for both cutters was bigger than the width of the workpiece being mach- 

ined in most cases. At least one tooth was always engaged with the 

workpiece in any type of milling. Generally carbide tools are part- 

icularly weak under thermal stress. The characteristic repetitions of 

heating and cooling of one tooth during onerotation of the cutter are 

important. These repetitions should be balanced, especially the width 

of workpieces is small like width of workpieces used in this research. 

When down-cut or up-cut milling were positioned, the contact time of 

any tooth with the workpiece was increased. 

Therefore down-cut or up-cut milling can give longer cutter life 

when width of workpieces are small. Kronenberg (5) approached the problem 

from impact problem of view. He also tested five different face milling 

using the narrow workpiece (19 mm) in order to reduce tool wear due 

to cutting, in comparison with the wear due to impact. He found that 

both in up-cut and down-cut face milling, tool wear due to impact were 

smaller than tool wear in central milling. 

4.2.la. Planning of Cutter Life Tests for Annealed Tool Steel   

(mean B.H.N. 238) using Walter Cutter in down-cut milling 

As it was mentioned before due to lack of knowledge in literature, 

two pilot tests were peformed at the beginning in order to plan cutting
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tests. Cutting conditions of first pilot test were chosen as follows, 

a number of revolution per minute N available on the machine tool was 

selected to be 198 r/min, it gave a cutting speed of 63.19 m/min. Feed 

rate or table speed F available on the machine tool was selected to be 

0.356 m/min, the width of each workpiece W, which was sent by the company , 

was 25.4 mm (1 in), depth of cut d was chosen 2.54 mm (O.100in). 

Using the specification of Walter Cutter the value of equivalent chip 

thickness h, was obtained to be 0.075 mm from the equation (57). 

Cutter life was obtained to be 143.2 mins. ‘That value was out of 

typical domain of cutter life and the value of MR was 22.968 ene /min, 

The cutting conditions of second pilot test was chosen as follows; a 

number of revolution per minute N available on the machine tool was 

selected to be 238 r/min which was higher than previous N. It gave a 

cutting speed of 75.96 m/min, 

Feed rate F available on the machine tool was selected to be 0,447 

m/min which was higher than previous F. Depth of cut d was selected to 

be 1.52 mm which was lower than previous d, This time the value of 

equivalent chip thickness h, was selected to be 0.116 mm which was as 

twice as previous hy. Using the equation (57) the width of each work- 

piece was calculated to be 42.7 mm. 

Cutter life for these cutting conditions was obtained to be 120.8 mins. 

That value was still out of typical domain of cutter life and the value 

of MR was 29.012 em" /min. It was decided to increase cutting speed V 

which meant to increase a nunber of revolutions N. The next value of 

N available on the machine tool was 300 r/min. It gave a cutting speed 

of 95.75 m/min. 

According to the value of N, F was increased to the value of 0,559 

n/min in order to keep the value of f at the same level as previous f,
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This time the value of hy was kept constant that was the value of 0.116 m 

as the previous value. The value of W was selected to be 45.7 mm (1.8in) 

and depth of cut d was calculated to be 1.26 mm (0.050 in) from the 

equation (57). Using these cutting conditions, the cutter life was 

obtained to be 61. 8mins whichwas in the typical damain of cutter life, 

Hence the lower limits of cutting speed and equivalent chip thicknesses 

were determined according to available material, machining variables and 

the cutter specifications. Under these cutting conditions the value 

of MR was calculated to be 32.188 cm?/min. 

Three more levels of cutting speeds were selected, according to 

the values of N available on the machine tool. One more level of hy 

was chosen to be 0.143nmm, this being different to 0.116 mm the previous 

one. 

After determining of the levels of both cutting speeds and equiv- 

alent chip thicknesses, two tests were conducted to prove the validity 

of equivalent chip thickness. For both tests the same low cutting 

speed and the same low equivalent chip thickness, which were 120.65 m/min 

and 0.116 nm respectively, were used provided W, f and d values were 

changed. On the first test Wwas chosen to be 38,1 mm, de2.79 mn and 

F.0.685 m/min respectively. 

On the second tests Wwas increased to 45.72 nm by 173 and d was 

decreased to 0.77 mm by 723 F was increased to 0.863 m/min by 218, 

Metal removal rates were 72.81 enein and 30.38 ont /min respectively. 

Planning of cutting tests and cutter life results are show in Table (1). 

4.2,.l1b. Planning of Cutter Life Tests for Annealed Tool Steel 

(mean B.H.N. 238) Using the Sandvik Cutter in dow-cut milling 

At this time, planning of cutting tests hecame easier than previous
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planning of cutting tests because of experience obtained. ‘Three levels 

of cutting speed V,2118.75, 144,51 and 182.21 m/min and three levels 

of equivalent chip thicknesses h,-0.083, 0,122 and 0.133 mm were sel- 

ected according to available width of material and machining variables, 

Specially two values of equivalent chip thickness were chosen close to 

each other in order to compare cutter life test results which can also 

give idea about the validity of equivalent chip thickness. First cutting 

conditions were chosen as follows; a number of revolution per minute N 

available on the machine tool was selected to be 378 r/min, it gave a 

cutting speed of 118.75 m/min. Feed rate or table speed available on 

the machine tocol was chosen to be 0.559 m/min, and d was selected to be 

1.65 mm and available W was taken to be 40 nm. All these variables 

gave the value of 0.083 mn of the equivalent chip thickness using the 

equation (64). Cutter life value was cbtained to be 51.6 min. ‘This 

value was in the typical domain of cutter life. 

Two tests were conducted to prove the validity of equivalent chip 

thicknesses at the same cutting speed of 144.51 m/min. and at the same 

equivalent chip thickness of 1.122 mm. To obtain this value of equiv- 

alent chip thickness from the equation (65), first cutting conditions 

were chosen as follows; W = 43.2 mn; F = 0.864 m/min; and d = 1.905 ma. 

In order to obtain the 0.122 mm value of equivalent chip thickness, 

F was increased to 1.092 n/min, d was reduced to 1.27 mm Then using 

the first equation (64) the value of W was calculated to be 42 mm. 

Metal removal rates were 58.25 and 71.03 Ga Anns Another test 

under the conditions of Ve of 182.21 m/min and h, of 0.133 was repeated 

twice to compare cutter life results. Planning of cutting tests and 

results are shown in table (2).
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In addition to these tests two more tests were performed. The 

first test was in up-cut milling in order to conpare the cutter life 

results with the cutter life obtained in down-cut milling under the 

conditions of Ve of 182.21 m/min, and hy of 0.133 mm. Cutter life result 

was obtained to be 7.8 mins which was smaller than the cutter life 

obtained in down-cut milling. Second test was tried under the conditions 

of V, of 182.21 m/min, and hy of 0.133 mm in central milling. 

Two of the inserts were chipped at 0.412 mm flank wear, Hence 

the ese was not completed. Another test was planned under the cond- 

itions of cutting speed of 182.21 m/inin, feed rate of 1.666 m/min, depth 

of cut of 2.03 mm, W of 57 mm, MR of 192.772 on? /min, The test was a 

failure, same cutting edges were broken, because of power required was 

exceeded taximm available power on the machine, Chips obtained in 

these tests are seen in Figure ( 22). 

4.2.lc. Planning of Cutter Life Tests for Annealed Tool Steel 

(mean B.H.N. 197) Using Sandvik Cutter in Up-cut milling, 

B.H.N. of second type of tool steel materials, which were sent by 

the company, were lower than first type of materials received. 

Obviously in order to compare dependent variable (s) some indep- 

endent parameters and variables should be kept constant. At the beginning, 

one of the major aims of the project, was to compare cutter life results 

both in down-cut and in up-cut milling. Unfortunatley, the same type 

of materials were not obtained from the company. The values of cutting 

speeds and equivalent chip thicknesses were kept the same as down-cut 

milling using available widths of materials. At the beginning a)- 

experiments were planned and carried out. ‘Three tests under low-speed 

conditions and two tests in medium-speed conditions were not completed.
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Because two or three cutting edges of the cutter were chipping simult- 

aneously, then three more tests were planned and carried out using a 

higher cutting speed until power available on the machine tool reached 

to the limit in order to obtain the cutter life equation. One test under 

the conditions of Ve of 182.21 m/min and hg of 0.133 mm was repeated 

twice. 

The reasons for chipping will be investigated and explained in 

Chapter V. Another test was carried out in down-cut milling to compare 

the cutter life result with the cutter-life result obtained in up-cut 

milling. 

Planning of cutting tests and results are shown in table (3). 

4,2.1d. Planning of Cutter Life Tests for Annealed Tool Steel 

(mean _B.H.N.197) Using Walter Cutter in Up-cut,Milling. 

In order to compare tests results three levels of. cutting speeds 

and three levels of equivalent chip thicknesses were planned. Planning 

of tests are shown in table (4). This time, eight of nine tests were 

failures. These were like those of Sandvik Cutter life tests in up- 

cut milling, that is, cutting edges were chipping on the first or second 

cut pass. Obviously cutter wear was not associated with any wear zone. 

The reasons for chipping will be investigated and explained in chapter Vv. 

4,3. Planning of Power Tests 

Tests of power were not planned, because planning of cutter life 

tests also gave an opportunity to obtain different values of metal 

removal rate, MR, and power measurements. In this research during every 

cutter life test under planned cutting conditions three measurements of 

power were taken, when any two teeth were engaged with workpiece. First,
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measurements were taken around average maximum flank wear of 0.2 mm, 

the second measurement around 0.4 mm and the final one around 0.6 mm. 

4.4, Planning of Surface Finish Tests. 

Special tests of surface finish were not planned, because milling 

process is generally recognized as intermittent process and many cases 

milling is not final process like turning or grinding. Only surface 

roughnesses in C.L.A, index were measured while cutter life tests were 

being performed. Surface waviness measurements were taken, but in each 

case over a fixed distance at different positions, different wavinesses 

of the surface profile were obtained, 

4.5. Planning of Vibration Tests 

Vibration measurements in two directions were taken according to 

a type of milling. Vibration in the third direction was also taken in 

order to compare measurements. It is known that tool wear is affected 

by vibrations. In order to avoid the point mentioned above all vibration 

measurements were recorded and photographed, as shown in Figure (16), 

when cutter wear had the same level in all set-ups, These were taken 

when two teeth of the cutter were engaged with the workpiece. 

Vibrations under each cutting conditions were stored to the 

osciloscope in order to take ehete photographs. Horizontal scale which 

represent the frequency of vibration, was 5 m sec per division. Vert- 

ical line which represent amplitude of vibration, was 0.1 m volt per 

division.
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4.6. Technique and Procedure of Tests. 

At the beginning of each cutting test, the positions of all new 

brand teeth of each cutter were measured in the axial direction using 

a dial gauge to make sure that all teeth were the same position. 

Maxim allowable height was + 0.0127 mm. Each workpiece was held rig- 

idly. Cutting variables such as a number of revolution, table speed or 

feed rate, depth of cut etc., were fixed according to the cutting test 

condition. From time to time cutting was stopped and maximum flank wear 

of each tooth was measured and recorded where ever it occured. Typical 

crater wear for both Sandvik Cutter and Walter Cutter are shown in 

Figure ( 23) and Figure ( 24) respectively. Typical flank wear for both 

the Sandvik Cutter and the Walter Cutter are also seen in Figure (25) 

and Figure (26) respectively. ‘The arithmetic mean value of eight 

maximum wears was calculated. The total cutting time was also calcul- 

ated as the product of the number of passes and the cutting time per pass 

calculated by equation (68). Normally four times the above mentioned 

procedure was repeated in order to observe a wear-cutting time progress. 

The points obtained were joined with each other by straight lines. When 

either some cutting edges were chipped or the 0.635 mm arithmetic mean 

value of flank wears was reached roughly, machining was stopped. Then 

the end of the cutter life was obtained from wear~cutting time progress 

under each cutting condition chosen. The first point on wear-cutting 

time graph was determined after short cutting time. From time to time 

the 0.635 mm arithmetic mean value was exceeded to trace the progress of 

wear. That was noticed after a certain time some cutting edges were 

chipped. One of the cutter life criteria, which was the 0.635 mm 

arithmetic mean value, determined correctly the end of each cutter life 

test. All tests were conducted dry, because cutting fluid cools cutting
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edges when they are free, after cutting they are healed. These cooling 

and heating repetitions make worse effect on cutter life than cutting 

is conducted to be dry. 

Typical examples of chips obtained during cutter life tests 

using the Sandvik cutter, annealed tool steel (B.H.N. 238) and the 

Walter Cutter in down-cut milling are seen in Figure (27) and Figure 

(28) respectively. 

Three gross power measurements were recorded when any two teeth were 

engaged with the workpiece being cut. It was noticed that power was 

increased due to wear progress. To obtain power required at the cutter, 

idle horse power plus power required to drive the table were substracted 

from each gross power value. The arithmetic mean value of three calcul- 

ated power was obtained as power required at the cutter. 

Surface finish roughnes ( in C.L.A. index) measurements were recorded 

around 0.4 nm flank wear. When the teeth were brand new, rough surface 

finish was produced. Due to wear pregress surface finish produced was 

better, toward the end of each cutter life test surface finish was 

rough. These were observed for both the Sandvik Cutter and the Walter 

Cutter. When the cutter acrossed the workpiece completely, ten measure- 

ments (in C.L.A. index) were taken in direction of table movement. ‘Then 

the arithmetic mean value of ten readings was calculated under each 

cutting test condition. : 

Vibration measurements were obtained in two different directions 

in each case. In the other direction vibration amplitude and frequency 

were not high values. In down~cut milling, measurements were taken in 

feed and axial direction and in up-cut milling in feed and tangential 

direction.
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Typical examples of vibrations taken for both the Sandvik cutter 

and the Walter cutter are seen in Figure (29) and Figure ( 30) 

respectively. All reading were obtained around 0.4 mm flank wear,
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CHAPTER V 

Experimental Results, Discussion of Results and Relevant Relationships 
  

Experimental Results and Discussion of Results 

One of the aims of this research was to prove the validity of 

equivalent chip thickness in face milling. That was achieved in 

two ways; first proof was to use the same cutting speed and the same 

equivalent chip thickness but to change the relevant variables of 

equivalent chip thickness. In down-cut milling, using the Walter 

cutter under the conditions of the cutting speed of 120.65 m/min 

and the equivalent chip thickness of 0.116 mm, the values of cutter 

life were obtained to be 39.0 mins and 38.2 mins. Their wear-cutting 

time progresses are seen in Figure (31). Also using the Sandvik 

cutter under the conditions of the cutting speed of 144.51 m/min and~- 

the equivalent chip thickness of 0.122 mm, the values of cutter life 

were obtained to be 20.4 mins and 18.9 mins. Their wear-cutting time 

progresses are drawn in Figure (32). 

The results obtained were acceptable, because in any machining 

test,+ 10% variation is always allowable. Second proof was to choose 

two close values of equivalent chip thickness and to trace cutter life 

results in different cutting speeds. These were achieved selecting 

equivalent chip thickness values of 0.122 mm and 0.133 mm using the 

Sandvik cutter and two different workpiece materials in both down- 

cut and up-cut milling. The wear-cutting time progresses obtained 

using the Walter cutter, tool steel (B.H.N. 238) in down-cut milling 

are shown in Figure (33), Figure (34), Figure (35), Figure (36) and 

Figure (37 ).
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The wear-cutting progresses obtained using the Sandvik cutter, tool 

steel (B.H.N. 238) in down-cut milling are seen in Figure ( 38), 

Figure (39) and Figure (40). Cutter life results, which were obtained 

using the Walter cutter and the Sandvik cutter in down-cut milling, 

versus cutting speeds are seen in semilog. scale Figure (41) and 

Figure (42) respectively. 

Some cutting tests were repeated twice under the conditions of 

Ne of 182.21 m/min and h, of 0.133 mm using the Sandvik cutter and two 

different workpiece materials (namely tool steel B.H.N. 238 and 197) 

in both down-cut and up-cut milling. Cutter life results were obtained 

to be 9.10, 8.20, 11.49 and 11.17 mins respectively. Their wear 

progresses are shown in Figure ( 43) and Figure ( 44). 

In central milling, one test was planned using the Sandvik cutter 

under the conditions of We of 182.21 m/min and h, of 0.133 mn, but 

the test was not completed, because two teeth were chipped around the 

0.412 mm flank wear. W was 46.4 mm which was bigger than the linear 

distance between any two teeth in the Sandvik cutter. The wear pro- 

gress is show in Figure(45). Under the same cutting conditions, up- 

cut and down-cut milling were performed successfully. When width 

of workpiece is small, dowm-cut or up-cut milling can give longer 

cutter life because of better partial balance of heating and cooling 

repetitions of each tooth. one up-cut milling was tested under the 

conditions of Ve of 182.21 m/min and hy of 0.133 mm using tool steel 

(B.H.N, 238) and the Sandvik cutter to compare the cutter life result 

with the cutter life result obtained in down-cut milling under the same 

conditions. The cutter life was obtained to be 7.8 mins which was 

lower than the cutter life results of 9.10 and 8.20 mins obtained in 

down~cut milling. The wear-cutting time progress is seen in Figure (45) .
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Qne down-cut milling test was also performed under the cond- 

itions of VV, of 182.21 m/min and hg of 0.133 mm using tool steel 

(B.H.N. 197) and the Sandvik cutter. The cutter life was obtained to 

be 13.9 mins which was bigger than the cutter life results of 11.49 

and 11.17 mins obtained in up-cut milling. ‘The wear-cutting time 

progress is shown in Figure (46). 

Using the Sandvik cutter and tool steel (B.H.N. 197), up-cut 

milling tests were a failure at very short time or 0.3 mm flank wear 

under low and medium cutting speed conditions. ‘The other tests under 

high speed conditions were performed until around 0.5 mm flank wear. 

Their wear-cutting time progresses are shown in Figure (47), Figure 

(48) and Figure (49). Using the Walter cutter and tool steel (B.H.N. 

197) only one test was performed until around 0.5 mm flank wear which 

was smaller than the cutter life criterion used in dowm-cut milling 

tests. The wear-cutting time progress is seen in Figure (50). 

By examining cutter life results it was noticed that cutting 

speed was one of the significant independent variable in cutter life 

results especially under high-speed conditions. Generally when cutting 

speed was increased cutter life decreased. Equivalent chip thickness 

played a significant role under low-speed conditions. When equivalent 

chip thickness was increased by means of W, f and d, cutter life 

decreased. 

Equivalent chip thickness values of the cutters being commercially 

available gives ideas about which cutter can provide longer cutting 

time. Under the same cutting variables (at the same cutting speeds, 

table speeds or feed rates, depth of cuts, widths of workpieces, number 

of teeth) the smaller equivalent chip thickness values were calculated, 

when the Sandvik cutter was used. Hence the longer cutter life 

results were obtained,because under the same cutting variables in
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each test the same amount of heat was generated but bigger value of 

each cutting edge engaged with the workpiece being cut (due to big- 

ger lengths values of each cutting edge) which is a measure of the 

contact surface, was obtained,when the Sandvik cutter was used. In 

the other words heat generated was transfered in bigger value to chips, 

the cutter and the workpiece being cut by using the Sandvik cutter 

in each test. 

Longer cutter life results were obtained in dowm-cut milling 

with comparing cutter life results of down-cut milling to up-cut 

milling. Under the same cutting conditions, cutter workpiece material. 

Chipping Mechanism 

The reasons for failure, which was occured by chipping of some 

cutting edges, at very short cutting time for both the Sandvik cutter 

and the Walter cutter in up-cut milling tests were thought to be rel- 

ated to cutting force and mechanical stresses caused by entry conditions 

along the width of the workpiece being cut, AB, for both the Sandvik 

cutter and the Walter cutter as seen in Figure (51) and Figure (52) 

respectively. Because the initial contact point between AB and each 

tooth always occurs along the cutting edge of each tooth. Some 

examples are seen in Figure (51) and Figure(52). It is known that 

failure caused by both mechanical and thermal stresses normally occurs 

after certain cutting time; not very short cutting time. Shinozaki ?) 

pointed out thermal cracks after certain cutting time in face milling. 

The location of the initial point can be determined applying 

equations (66) and (67) derived by Kronenberg") to both the Sandvik 

cutter and the Walter cutter. The intersection angle i' between rake 

face of one tooth and plane of engagement can be calculated as follows:
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a) For the Sandvik cutter;the angle of the engagement plane € changes 

continuously according to progress of cutting. If for example 

€ =o a7, thus the values of i', oF , @' and A, can be calculated 

using the formulas (66) and (67); 

tgd. cos r 
Seno, 

tg (-7). Cos (-5) 

eee asthe 5- (07) ae ) 

Hence the angle,i' = -10° 

The cutting edge angles, e 1 @' and »% 

tg hs 

=g 8 7 Cos @ 

tg 30 
€9°3 = tsi) (105) 

@! = 40° 

and 

tg D 

eo pee Cos @ 

tg 60 
Ve 106 

tg = ~eas a7) ae 

@' = 68°.5 

and 

iy eo Ae 
) a Cos 

‘ tg TD 
a 10 t9%= sem ety
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b) For the Walter cutter;the angle of the engagement plane @ 

again changes continuously according to the progress of cutting. 

tg & cos r 
tg i" = See a Ww. 2 

in(c -€) 

If for example € = - 47° 

tg (8). Cos (~16) 

Eo eee olngh-saa nt 

it = 119.4 

The cutting edge angle, 8 

t9e 
Se WwW 

¥9e, = cose 

tg 42 
Oaes 108 

tge, Cos (-47)_ mee) 

o oO 
or = 53 

Initial contact points in both cases are along the cutting edges as 

seen in Figure (53) and Figure (54). Surface finish was also 

examined over a certain area after cutting. On surface finish the 

traces of the broken cutting edges were seen. 

However in down-cut milling, the initial contact points for both 

the Sandvik cutter and the Walter cutter were away fram the cutting 

edges and toward the inside of the edges. Plan of engagement was always 

occured along the length of the workpiece, 1, in down-cut milling. 

Cutter life Relationships 

The computer programme was written to calculate the coefficients 

of the proposed cutter life model given by the equation (69) for both
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the Walter cutter life data and the Sandvik cutter life data given in 

Table (1) and Table (2). The flow chart of the Computer programme 

written is given in Chapter III. The programme and the results for 

both the Walter cutter life data and the Sandvik cutter life data 

are seen in Appendix I, Their R.S.S. contour diagrams in ely - A, 

plane are also show in Figure(55) and Figure (56). An example of 

a R.S.S. value, coefficients and confidence interval of coefficients 

are given in Appendix II. 

The cutter life equation, using the Walter cutter life data, was 

obtained as; 

31.836 Int = 226.568 - 2.066 v.98 — 957,419 10°h 4:9 
WwW Ww Ww 

or 

J e 0.8 _ 4.0 Int, = 7.177 - 0.065 V, 2693. 237h, (109) 

R.S.S., which was the minimum value, was calculated to be 0.411. 

The error variance s? was obtained to be 0.046 using the equation (72). 

The 95 percent confidence interval for bo:cl ,) is given as; 

CE) = bs ot Aalst 
° O— ‘v; §/2 -acdd 

toe 72 Was taken to be 2.262 fram a statistic table 
7 

Cr (b,) = 7.117 + 2.262 .\J (0.046) (1.525) 

7.716 

CT) = 
6.518 

for bi 

CT b,) = -0.065 + 2.262 \} (0.046) (0.00076)
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CI (b)) = 

-0.078 

for by z 

CI (b5) = ~2693.237 + 2.262 \} (0.046) (467.57 10") 

-1644,190 

CI (by) = 

-3742.284 

Two more cutter life equations can be written using the upper and 

lower limits of coefficients calculated above. If the upper limit 

Of CE (b,) is used for bo, the lower limits of CI (b,) and CI (b5) are 

chosen for by and by and vice versa. 

i = 0.8 4,0 InT,, = 7.716 - 0.078V,-"~ - 3742.284h, | (110) 

and 

Int, = 6.518 - 0,052y, 9-8 - 1644,190n, °° (113) 

Logarithmic transformations of both sides, which is similar to 

Taylor type tool~life equations, were also obtained in the results. 

31.835 int, = 420,399 = 79.199 Inv, ~ 30.512 inh, 

or 

int, = 13.206 - 2.488 inv, = 5958 inh, (a12) 

R.S.S was calculated to be 0.885 which is bigger than the value of 

R.S.S. obtained in the equation (109).
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The second proposed cutter life equation which is in the 

second order model, was obtained using the statistical package Mark 

2 (34 ue The computer programme and results are seen in Appendix III. 

The multiple correlation coefficient was calculated to be 0.990 

int, = 45.391 — 12.994 inv, + 6,846 inh, 

2 2 
+ 0.346 (nv,,) = 1.6 (1nh,,) = 34304 InV,,-Inh,, C13} 

R.S.S. was calculated to be 0,228. 

The first proposed cutter life equation, using the Sandvik cutter 

life results, was obtained as; 

18.195 Inf, = -220.96 + 757.52 vr? - 645,871 10°h,>*® 

or 

aps neon 5.6 In, = 12,14 + 41,63 v7.35 107, (114) 

R.S.S., which was the minimum value, was calculated to be 0.041, 

The error variance 3? was obtained to be 0.005 using the equation (72), 

The 95 percent confidence interval for bocr (b,) is calculated as; 

CI(b,) = -12.14 + 2.306\] (0.005) (80.674) 

-10.68 

CI(b,) = 

=13.60 

for by 

cr (b)) = 41.63 + 2.306\} (0.005) (585.580) 

45.58 

CI(b)) = 

37.68
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for b, 2 

CI (by) = -35 10° + 2.306 \} (0.005) (44.64 10%) 

=a Oe 
CL (b,) = ; 

-45.9 10 

Hence two more cutter life equations can be written using the upper 

and lower limits of coefficients calculated above. 

5.6 a6 Oe 
int, 0.2_ 45.9 10 he (115) -10.68 + 37.68 pe 

Int, = -13.60 + 45.58 vO 24,1 10%, >*® (116) 

logarithmic transformations of both sides, which is similar to 

Taylor type tool-life equation, were also obtained in the results; 

18.195 int, = 303.143 - 56.354 int, - 14.534 inh, 

or 

Int, = 16.661 - 3.097 inv, ~ 0.799 Inh, (117) 

R.S.S. was calculated to be 0.060 which is bigger than the value of 

R.S.S. obtained in the equation (114). 

The second proposed cutter life equation, which is in the 

second order logarithmic model, was also obtained. The coefficients 

of the proposed equation and the miltiple correlation coefficient were 

calculated using the Statistical package Mark 26 34) i The computer 

programme written and the coefficients obtained are seen in Appendix 

Iv. The multiple correlation coefficient was calculated to be 0.930
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The cutter life relationship is given; 

Int, =o 122.597 +: 625440 inv, + 19'933 inh, 

2 2 ~ 6.387 (Inv,) + 5.437 (Inh,)* + 0.857 Inv..1mh, (118) 

Power Relationships 

Powers required at any cutter in different cutting conditions 

were measured and evaluated in a function of metal removal rate, 

because metal removal rate can be easily calculated. The results 

in each test were obtained subtracting idle horse power and power 

required to move the table from the gross horse power. The results 

are given in Table (5 ) and Table (6),(‘7),Figure (57) and Figure 

(58) for both the Walter cutter and the Sandvik cutter using tool 

steel (B.H.N. 238 and 197), in dowm-cut milling and up-cut milling 

respectively. 

As can be seen by examining the results, there is not much 

difference between power required at the Walter cutter and power 

required at the Sandvik cutter in down-cut milling under different 

cutting conditions, For the Sandvik cutter less power is required 

at the spindle in up-cut milling than down-cut milling. 

The power relation equations, which are in the first order 

logarithmic models, were obtained. The coefficients were calculated 

the least square method using the Statistical package. One example 

of the computer programmes written and results are seen in Appendix V. 

The equation using the Walter cutter, tool steel (B.H.N. 238) and 

and in down-cut milling was obtained. 

H.P.., = 0.0816 + 0.0738 MR (119)
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The correlation coefficient was calculated to be 0.995 

It is known that when MR is 0.0, horse power consumption is zero. 

“Hence the equation above can be written as; 

HP. = 0.075 MR (120) 

The equation using the Sandvik cutter, tool steel (B.H.N. 238) in 

down-cut milling was obtained; 

H.P., = 0.178 + 0.0738 MR (121) 

The correlation coefficient was calculated to be 0.982 For the same 

reason. the equation can be written as; 

H.P. = 0.075 MR (122) 

Both equations have the same slopes, 

Surface Finish Relationships 

Surface finish results are given in Table (8 ), Table ( 9) 

and Table (10). Cutting speed plays a significant role on surface 

finish. Better surface finish results were obtained using the Sandvik 

cutter in down-cut milling and rough surface finish were produced in 

up-cut milling. 

The coefficients of the surface finish equations were calculated 

by the least square method using the Statistical package Mark 26 34) 

in first order logarithmic models. 

The equation , using the Walter cutter in down-cut milling’ 

is written as; 

Ins.F,, = 4.326 - 1.013 Inv, + 0.064 Inh, (123)
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The multiple correlation coefficient was calculated to be 0.660, 

the equation, using the Sandvik cutter in down-cut milling, is written 

as; 

ins.F, = 1.27 - 0.741 inv, = 0,653 inh, (124) 

The multiple correlation coefficient was calculated to be 0.733, 

Vibration Relationship 

Vibration amplitutes results from peak to peak (P.T.P.) are 

given under different cutting conditions in Table (11), Table (12) 

and Table (13). It was found that cutting speed and maximum area 

being cut were significant variables on vibration amplitude produced. 

The results obtained also show that vibrations are generated by cut- 

ting force components applied to the cutting system. ‘There is not 

much difference between vibration amplitutes produced by the Walter 

cutter and the Sandvik cutter in down-cut milling, but less vibrat- 

ions were produced during the up-cut milling. 

The relevant vibration equations were obtained. The coefficients 

of the equations were calculated by the least square method using the 

Statistical package Mark 2 34) in the first order logarithmic model, 

The equation using the Walter cutter in down-cut milling is 

written as; 

InV1B.AMP,, = 4.636 - 0.174 Inv, + 0.537 Saxe) (125) 

where (Sax) is the maximm area being cut which is equal to d.f. 

The milkipie’ correlation coefficient was calculated to be 0.848. 

The equation using the Sandvik cutter in down-cut milling is 

written as; 

InV1B.AMP, = 7.426 ~ 0,682 Inv, + 0.898 nase, (126) 

where (Sax) is the maximm area. The multiple correlation 
w 

coefficient was calculated to be 0.895.
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CHAPTER VI 

Economics of Face Milling and Applications 

Basically two models are considered, namely wnit~time model and 

unit-cost model in this research. The use of profit-rate can be 

difficult, because selling price of each piece is not normally 

fixed at the beginning of the process in practice. 

1) Unit-time model. 

The total time to produce one piece a was written in 

Chapter III as; 

Te ae 
BS eae reece (127) 

where qt is the total, K is the constant, MV is the volume of metal 

to be removed, Ty. is the replacement time of teeth, T is the cutter 

life, MR is the metal removal rate. 

To obtain the minimum values of ey which is the aim of industry, 

the reciprocal of the second term of the equation above Fy = ea ’ 
= 

which is called time function in this research, should be maximum. 

Then the equation,which will give the optimum cutter life value,was 

obtained in Chapter III as; 

TI@+T) +MR. T. a? =0 (128) 
dMR 

The first derivation of T to MR can be obtained using the T - MR 

characteristic function. 

a) Determination of optimum cutting conditions using the Walter 

cutter, tool steel material (B.H.N. 238) in down-cut milling,
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The cutter life equation was obtained using power transformations 

in the form as; 

  

  

  

Ay 
Ve 2 

Int = bo + bj). a by hy (129) 

1000 

where b, = 7.117, b, = ~0.065, Ay = 0.8, by = -2693.23, 

ne ~ mm A, = 4.0, v, in min 22d h, in mn, 

Metal removal rate, MR, was written in Chapter III as follows; 

MR/V. 
h = eo 
” eee 

w Sin One Cos $ 

or 

d . -V. ° 
MR= (Maret) eee 

WwW Ww 

_ mm 
where Van See Oy in mn, and i, inm. 

In this research, depth of cut d is taken into account as any 

parameter,not a variable. In calculation, any value is given to 

depth of cut bearing in mind horse power limitation of the machine 

tool used. ‘Therefore the first term of the equation above 

ies da is calculated as any 
w Sin 6 .Cos§ 

parameter. Hence MR is expressed only as a function of hy and Vee 

For the existence of the MR ~ T characteristic function, their Jac- 

obian should vanish as follows:



OMR MR 

AY My 

w= =0 5 (13)) 

ay On, 
oh, oN, 

T e 

The partial differentiations, QMR OR a ana 2 can av, Oho” aoe 

be obtained using the equations (129) and(130) respectively. 

2 MR OMR 
ay egal on Stn 

>%y ur 
ge = by. 4. xr tT 

OW 1000 

T A -1 
sw be he 2 ov 
Oe 2 2° ow 

where 21 at wae ee 
Ww w 

By using the formulas above in equation (131) the following expression 

is obtained ; 

bay ys Pee pho eh, (132) Ce 
1000 

The equation above gives the relationship between Ve and h This 

is also the T - MR curve in ee = hy plane and an exponential fomn. 

Using the equations (130) oo we obtain; 

Ay ae A, Ng 
h = (133) 

Ww a ool
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and 

  

A 2 M aA, 1 Be ooi( Saale 34) 
WwW 

The relationship between Vi and MR can be obtained as; 

  

l & Dees oie cs ele ree (imei ee aT 
Pa eka Aco cn et 

or A 
‘ Sada okt 41% 

1 Z hy \ Aide Vv = PR\GZ hy 

tooo! * “b; A2 “ ec 

Using the cutter life equation (129) T,, can be written only as 

a function of vi 

Ay = b Ai Mh, See a Ot Vy (235) 

1000 

Hence the relationship between T, and MR can be obtained as follows; 

7 l Ai d2 
AL ) (2000 Ty hy Aa. ie y dis de 
dQ Badal 

    

    

  

  

  

= bi int, = bo + Lai (1 : 

1000 
  

ey 

This is the MR - q, characteristic equation. By using the values of 

parameters, the equation can be written as follows; 

Inf’ = 7,117 = 0.006 (Mets 0-087 (136) 
WwW ay: 

  That is the unique equation, because the ratio is equal to 
a. 

1 
hyve the value of the equation is not related to the value of d. 

The curve of the equation above is given in Figure (59). 

To obtain equation(128), the first derivation of ty, to MR



is calculated 
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Using equation (1377) obtained, the equation, which will give 

the optimum value of the cutter life, is written as follows: 

(+) +7, (nt, - by drde _ 9 (138) 
hiycke 

The solution of the equation above depends on the values of qT. ’ bor 

he and En 

Two different values of the replacement time of teeth, TL are 

considered as 15 and 30 mins, which are acceptable values in industry. 

i) T= 15 mins 
rn 

The equation (138) is written as: 

T,+154+15 (nt, = 7.117) 0.667 = 0 

T, was calculated to be 24 mins which is the optimm cutter life 

value in this situation. The value of MR was obtained to be 65217.02 
3 

ou using Ty of 24 mins and considering the value of d to be 1.905 nm min 

(0.075 in). 

The optimum values of cutting speed ie and equivalent chip thickness 

hy were calculated to be 134.62 m/min and 0.125 mm respectively. 

Table speed F can be calculated according to the value W of the 

workpiece being cut. 

ii) T,, = 30 mins.



aooe 

t, oe 0 gO (nt, ~ 7.117) 0.667 = 0 

qT, was calculated to be 39 mins which is the optimum cutter life 

value in this situation. 

As can be seen when T is increased cutter life should be used 

longer. 

The value of MR was calculated to be 53538.77 mm , provided d was 

considered to be 1.905 mm. ‘The optimm values of va and hy were 

obtained to be 114.19 m/min and 0.121 mm respectively. Table speed 

F can be calculated according to the value of W being used, 

As can be observed when cutter life is used longer, the value 

of MR should be decreased. 

b) Determination of optimum cutting conditions using the Sandvik 

cutter, tool steel material (B.H.N.238) in down-cut milling. 

The cutter life equation was obtained using the power trans- 

formations method as: 

  

ol 

ve “ (139) Int_=b +b +b, h 
s ° ak 1000 %1 2.5 

where b, = -12.144, b, = 41.634, b, = -35497.19 

A, = -0.2, A, = 5.6, V, in 2 and h, in mn 

Metal removal rate, MR was written in Chapter III as follows: 

  

s h_ = 
s a5 

a d 1,. Sine, 
O+ = Sts} Sind 

ip Sind eS ifd¢ia 
s Cos oe 

. are Sine, Sing 
where ay = [% + ly + Bink, (Le + ly Sind )* ae | 

s 
a Cos § 2
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Depth of cut d is taken as any parameter, in calculation any value 

is given to d according to horse power available on the machine tool 

used. The same formulas, which were obtained and used to determine 

optim cutting conditions using the Walter cutter in down-cut 

milling, can be also used in this section. 

MR is only a function of h, and ie 

MR = MR(h,,V,) 

For the existence of MR - T characteristic function, their Jacobian 

should vanish. By doing the procedure,the following expression is 

obtained: 

by. Ay 5 Ay 
Ay Ss 

A Sy cee te 
1000 

The equation above is the MR - T curve in Ng om hy plane, 

The MR - T relationship is also obtained as; 

  

‘ 4 6 Ay oky rch 

Invi b +—4+- ql +) (2000 ae bh asta BS jane 
Paes cons Ao Bie a) 

By using the values of parameters the MR - T curve is written as: 

-0.207 

InT_ = -12.144 + 115.96 (= (140) 
s a5 

The Curve of the equation is given in Figure (60). 

The equation, which will give the optimum cutting conditions, can be 

written as; 

ay: A, So EL ee as 141 Dye ster Dee nT 8) as Oo (141) 

Two different values of the tool replacement time a are considered as 

15 and 30 mins.



~95~ 

i) T. = 15 mins 

Ty, eke 15: (Int, + 12.144) - 0.207 = 0 

TS was calculated to be 33 mins which is the optimum cutter life 

value in this situation. The value of MR was obtained to be 64036.16 

rm /nin using T of 27 mins provided d was considered to be 1.905 nm 

(0.075 in). 

The optimum values of cutting speed Ne and equivalent chip thickness 

hy were calculated to be 111.43 m/min and 0,139 mm respectively. 

Table speed F can be calculated according to the value of W being used. 

ii) T. = 30 mins. 

Ts + 30 + 30 (int, + 12,144) - 0.207 =O 

Ty, was calculated to be 72 mins which is the optimum cutter life 

value in this situation. When T is increased, cutter life should be 

used longer. 

The value of MR was calculated to be 50622.06 imo aie The optimum 

values of Ve and hy were calculated to be 87.36 n/min and 0.140 m. 

Table speed F can be calculated according to the value of W being used 

2. Unit-cost model 

The total cost to produce one piece C was written in Chapter IIT 

as; 

T + ¥/c 
a, MV. x ° 

c= Co ae Co:K- TR Clee. aan amen ‘) 

where S is the operator and overhead cost per unit time, ty is the 

total idle time including set-up time, K is the constant which is 

calculated by oe as seen in Figure (14), MV is the metal volume 

bb
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to be removed, MR is the metal removal rate, Ty. is the replacement
 

time of teeth, Y is the total cost of cutting edges of the cutter. 

To obtain the minimum values of C, the reciprocal of the second 

MRT 

Mi 
(+ 2a 

ta Ce ) 

  term of the equation above Fy = 

which is called cost function in this research, should be maximum, 

Then the equation, which will give the optimum cutter life value was 

obtained in Chapter III as; 

ar 
Tam 7° 

% 5 
Tir +T +2) + ert +) 

r xr 

where the first derivation of T to MR can be obtained using the T - 

MR characteristic equation as done in the previous section, 

a) Determination of optimum cutting conditions using the Walter 

cutter, tool steel (B.H.N. 238) in down-cut milling. In the previous 

section (unit-time model) the relationship between T and MR was 

  

  

obtained as below: ; ‘ a da, ole 

Bt ( 1) 1 hi-ho ol qychg 
Ink =b + 1 + |/1000 0b, of. 

Ww ° hy ok ( 2 2) MR 

as e Bik ( se 

The first derivation of qT, to MR was calculated as; 

Ay Ay ole 

ieee vanced eet) high 2 

Bere ee ae 
  

    
1000 

ee (142) 

Using equation (142), to obtain the optimum cutter life value, the 

equation below should be solved,



yi ¥ . as (y+ +e) + (2 +e) ann, - ptirdhe = 0, (143) 
Lith 

The solution of the equation above is related to the values of Cor 

Tr Yr by, Ay and ae 

The following information was obtained from G.K.N. Ltd. 

cS = £4.20/hour = 7 pence/min 

Y = 176 pence 

By using the values of the parameters,the equation (143) is written as; 

(he i T. 25) ee (r. te2o) (nt, - 7.117). 0.667 =O 

Two different values of T are considered as 15 mins and 30 mins, 

iy T. = 15 mins 

(T+ 15 + 25) + (15 + 25) (nt -7.117). 0.667 =O 

T, was calculated to be 47 mins which is the optimum cutter life value 

in this situation. This result shows that the optimum tool life for 

minimum unit cost is larger than for minimum unit time. The optimun 

tool life for minimum unit time was already calculated to be 21 mins. 

in the previous section, The MR value for the 47 mins optimum cutter 

life value was obtained to be 50220.08 rma aie , dwas considered to 

be 1.905 nm(O.075 in). The optimum cutting speed Ve and equivalent 

chip thickness hy were calculated to be 106.55 m/min and 0.119 nm 

respectively. Table speed F can be calculated corresponding to the 

value of W being used. 

ii) qT. = 30 mins 

q,, + 30)+ 25) + (30\+ 25) (nt, -7.117)0.667 =0
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qT, was calculated to be 58 mins which is the optinum cutter life 

value in this situation. The value of MR for the 58 mins optimm 

cutter life value was calculated to be 45449.79 m?/min and d was 

considered to be 1.905 mm (0.075 in). Corresponding optimum Nes and 

he were calculated to be 98.04 m/min, 0.117 mm respectively. Table 

speed F can be calculated according to the value of W being 

b) Determination of optimum cutting conditions using the Sandvik 

cutter, tool steel material (B.H.N. 238) in down-cut milling. The 

same formulas obtained in the previous sections will be used in this 

section in order to calculate optimum cutting conditions. ‘The 

values of ce and Y are taken to be 7 pence/min and 176 pence resp~ 

ectively as previous values. 

The equation, which will determine optimum tool life, is written 

below by using the parameters of the Sandvik cutter life equation. 

Two different values of Ty, are considered as 15 mins and 30 mins. 

i) a= 15 mins 

(Ty 15 25). 45 + 25) (nt, + 12.14) -0.207 = 0 

TS was calculated to be 98 mins which is the optimum cutter life value 

in this situation. The value of MR for this 98 mins optimum cutter 

life value was calculated to be 46139.99 aria , d was considered 

to be 1.905 mm (0.075 in). The optimum values of Ne and hg were 

calculated to be 79.77 m/min and 0.141 mm respectively. Table speed 

F can be calculated according to the value of W being cut. 

aL) = 30 mint 
= 

(Ts + 30+ 25) + (30.4 25) (int, + 12,14) - 0,207 =O
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Ts was calculated to be 140 mins which is the optimum cutter life 

value in this situation. The value of MR for the 140 mins optimum 

cutter life was calculated to be 41669.06 mm? nin and d was consid- 

ered to be 1.905 mm (0.075 in). ‘The optimum values of V, and hy 

were calculated to be 71.65 m/min and 0.142 mm respectively. Table 

speed F can be calculated according to the value of W being cut. 

q. on optimum cutting conditions is significant. When Tt. takes 

longer time, the cutter should be used longer time. Longer cutter 

life leads smaller metal removal rate, hence cutting speed and the 

other variables should be decreased and vice versa. ‘The effect of 

Y on optimum cutting conditions is also significant. When the cost 

of teeth used is high, the cutter should be used in production for 

longer time, © is also another significant parameter. When ce is 

increased, the cutter should be used for shorter time. The Sandvik 

cutter in both unit time and unit-cost gives the higher optimum 

cutter life than the Walter cutter because of the effect of the 

coefficients. The optimum cutter life value for minimum cost is 

higher than for minimum time, 

Generally low cutting speed, high table speed and high depth of 

cut should be selected to obtain optimum cutting conditions in face 

milling bearing in mind maximum power available on the machine tool, 

Optimum cutting speed for minimum time and minimum cost under 

the situation of the Sandvik cutter is selected to be smaller value 

than under the situation of the Walter cutter. 

Under the situation of the Sandvik cutter, optimum equivalent 

chip thickness and using the result of equivalent chip thickness, table 

speed is selected higher value than under the situation of the Walter 

cutter for minimum time and minimum cost.
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CHAPTER VII 

Conch 

  

tons _and Future Work 

7.1. Conclusions 

7.1.1. ‘The selection of the cutter diameter should be related to 

the width of the workpiece being cut. 

A maximum of 1.5 times the workpiece width is rather a good 

choice because in order to balance cooling and heating repetations 

of each tool and reduce impact effect of each tooth entering the 

workpiece, the number of teeth,which will be contacting the work- 

piece,should be as high as possible at any time. When the width 

of workpiece is relatively small, the dow-cut or up-cut milling 
* 

position increases the number of teeth compared with central milling, 

7.1.2. Metal removal rate was found to be a function of cutting 

speed, characteristic feed (which is determined by average chip 

thickness and the engagement angle), depth of cut, and also from the 

product of width of workpiece, table speed and depth of cut. Then 

equivalent chip thickness was formulated in each situation. 

7.1.3. In order to evaluate machinability data, and at the sane 

time to save tests and amount of workpiece material required, the 

number of independent variables was selected as small as possible. 

7.1.4, ‘The cutter wear hardly affects horse power consumption, 

surface finish produced, and vibration generated. Generally, mean 

value of measurements was taken to determine dependent variables above. 

* i.e. Offset of workpiece to left and right side of cutter centre line
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7.1.5. In the life evaluation of a milti-tooth cutter, the nurber 

of wear measurements should be on at least half the number of teeth 

used, because each tooth does not remove the same amount of material 

from the workpiece being cut. 

7.1.6, The maximum width of wear land on each flank face is a 

better measurement than the mean value of the width of flank wear, in 

order to determine the useful life of the cutter. This is because 

after a certain cutting time, the maximum flank wear leads to the 

complete failure of the cutting edge. Measuring the maximum wear on 

each tooth takes a shorter time than measuring the mean value. 

7.1.7. In down-cut milling,0.625 mm (0.025 in) for the arithmetic 

mean value of maximum widths of flank wears was found a more acceptable 

value than 0.762 mm (0.030 in). ‘This is because of widespread 

variation amoung the wear values of different teeth on the cutter. 

But in up-cut milling, only the 0.5 mm arithmetic mean value of max- 

imum widths of flank wears was reached. 

7.1.8. Down-cut milling gives a better performance than up~cut 

or central milling, especially when the width of the workpiece is 

relatively small. When the cost of each tooth is considered, down- 

cut milling can be prefered because it gives longer cutter life, 

provided a backlash eliminator is used. The first initial contact 

point of each tooth with the workpiece is always away from the 

cutting edge in down-cut milling, but occurs on the cutting edge in 

up-cut milling, Hence when a brittle cutting edge like a carbide 

cutting edge is used, chipping can easily occur in up-cut milling,
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In this situation the cutter which has negative axial rake gives 

more strength than the cutter which has positive axial rake. In 

up-cut milling, more overall power is required, because more power 

is required in the direction of feed to produce the movement of the 

workpiece, but less power is required at the cutter itself. 

Down-cut milling also produces better surface finish than up- 

cut milling. With the backlash eliminator, the same level of 

amplitude of vibration is generated on the workpiece being cut in 

down-cut milling when using different face milling cutters. 

Less amplitude of vibration is generated on the workpiece being 

cut in up-cut milling. 

7.1.9. In planning of cutting tests, Fireeiy the selection of 

levels of cutting variables such as number of revolution table speed 

etc., is made. 

A typical range of cutter life which can be selected is from. 

10 to 70 mins, and metal removal rate can give some indication to ‘the 

production engineer to enable him to choose the levels of cutting 

variables. 

7.2.0. Equivalent chip thickness can also give same guidance in the 

selection of tooth shape amoung commercially available tooth shapes. 

The cutting edge which gives the longer engaged cutting edge with the 

workpiece should be prefered fram the cutter life point of view. This 

is because the heat generated during cutting is easily transfered to 

the chips, to the cutter and to the workpiece being cut, through the 

engaged cutting edges. In such a situation, a smaller equivalent chip 

thickness value is obtained. 

7.2.1. In up-cut milling, cutting edges of inserts, which have negative 

axial rake values, in the Sandvik Cutter showed greater strength than 

cutting edges of inserts, which have positive axial rake values, in 

the Walter Cutter.
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7.2.2. The exponential form of cutter life equation gives a better 

fit than the first-degree logarithmic polynominal equation. 

7.2.3, By using the T - MR characteristic function, the optimum 

cutting conditions were obtained. Different optimum values were 

calculated when using unit-time and unit-cost equations. Generally, 

one should select low values for the cutting speed, and high values 

for table speed, and depth of cut, always bearing in mind the horse 

power limitations of the machine tool and the grade of teeth selected, 

The replacement time of teeth, the cost of each tooth, operator and 

overhead cost are significant parameters like the coefficients of 

the cutter life determined by workpiece material, tooth material, 

cutting variables etc., in the selection of cutter life, metal removal 

rate, and cutting variables. 

Future Work 

7.2.1. Cutting Tests. 

Further cutting tests should be performed taking different 

values of the equivalent chip thickness as an independent variable 

with different values of the cutting speeds in the typical domain of 

cutter life and metal removal rate to be made better appreciation of 

equivalent chip thickness idea. 

7.2.2, Different workpiece materials. 

Different types of workpiece materials which are used in 

industry, mostly ferrous metals with different hardness and geometrical 

properties, should be tested,
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7.2.3. Diff 

  

cutters. 

Different cutters and inserts which are commercially 

available with different diameters and numbers of teeth should be used 

on various milling machine tools having different dynamic character- 

istics, 

7.2.4. Cutting force and measurements of cutting force components. 

Three dimensional dynamometers, also capable of recording 

fluctuations on a time basis, should be used in order to complete the 

machinability data. The relationship between the tangential force 

and the characteristic feed, which is determined by the average chip 

thickness and the engagement angle between the cutter and the 

workpiece being cut, will be obtained in mich more simple mathematical 

form.
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TRACE 2 =15= 
END 

TRACE 4 

TRACE 2 

MASTER TOMRIS 
FOI HOO Ie kik ne 

POVER TRANSFORMATIONS FOR WALTER CUTTER 
FOI IO IO RHEE 

DIMENSION VOCSO) FECT COU) sCT CSU) 1 XC45619) eXT (19015) XC (20720) 6 TAT C2000) + A2CL000) BL C2000) XAL 20020) rX1 (20020) BY C100) HETACI044 02 4154 (1.00) 1UC1U) 4 B(20UU) 6AC1.00) SUM (2000) Ue C1 UU)» SALFV C150) ALF 20150) WKSPACE CTU) XKCZ0re0) Hee INPUT DATA FRR H EE 
READC1+1) N 
READC1+1) NOB 
READ(142) AiLsATTeA2LeA21 
READ(143) NCAT INGAL 
pO 40 151,N0B 
READ( 164) VCCI) -ECTCIeCTCI) 
CONTINUE 
READ (16160) (WKSPALECT) el=1410) 
FORMAT (C1048) 
tet eae FORMATS FOR INPUTS fee we 
FORMATC10) 
FORMATC4FO,0) 
FORMAT C210) 
FORMAT (3F0,0) 

weet ee bebe He 
WRITE (2,198) 
FORMATC//+40X.24H NUMBER OF CALCULATIONS /) 
ITENCAT#NCA2 
WRITEC2,199) IT 
FORMAT(150) 
00 415 N5=1,1T 
SUM(N5)=0.0 
CONTINUE 
00 16 M1=15N 

aN 
XC(M1eM2)=0,0 
CONTINUE 
DO 417 N1= 
XACNT 4) 
CONTINUE 
DO 48 N3aien 
BETA(N3,1)20,0 
CONTINUE 
DO 19 NG=1,NOB 
ACNS)=0,0 
CONTINUE 
DO 80 Ie1.N 

          

XKCD, d= 
CONTINUE 

the tee woe theta 
1J=4 
VN1=0.0 
00 21 T1=4-NCAI 

 



VNTaVNT ATI Ske 
ALFUCIVSATLEVNT 
VNe=0,0 
DO 20 12=4+NCA2 

VNésvNetnel 

ALF2C12)=A2L4VN2 
WRITE C2, 500) 

SU0  FORMATC//156X+27H ESTIMATE VALUES OF PUWERS /) 
WRITEC2,51) ALFICI1),ALF2C12) 

51 FORMATCF40,54F15,9) 

WRITE(2,190) 
190 FORMATC///¢30X+37H THE MATRIX UF INDEPENDENT VARTABLES /) 

TFCALFIC11)2,£9,.0,0) GU TO 70U 

DU 650 1=1,NOB 

UICTD=VC CT) «*ALEICI1) 
650 CONTINUE 

GO TO 660 

700 DO 652 151,NUB 
Ui CT=ALOG (VCCI)? 

652 CONTINUE . 

660  ITFCALF2(12),E@,0,0) GO TO 701 
DU 654 1=1,NUB 
UeCT)SECTCL) **ALRe4T2) 

654 CONTINUE 

GO T0 670 
701 DO 671 1=1,NUB 

U2CT)=ALOGCECT(I)2 
671 CONTINUE 
670 DO 23 1=1,N08 

X(1,1)21,0 
X(T ,2)8u1 C1) 
X(1,3)2u2(1) 
WRITEC2,199) XC1eT) , KCL, 2) oXC1 93) 

191 FORMATC(F35,1¢2F1404) 

23 CONTINUE 

WRITEC2,192) 
19 FORMATC//,S50Xe29H THE TRANSPOSE OF THE MATRIX /) 

00 24 JaiyN 

DO 24 1=1,/NO0B 
XTCJ,1)=XC1,0) 

24 CONTINUE 

WRITE (2,495) COXT Cdr 1) TET eNOBI eJ=1,N) 

195 FORMATC E15. 3,11F9.5) 
WRITEC2, 158) 

488 FORMATOC//+50X%e51H MULTIPLICATION OF TWO MATRIXS /) 
DO 25 I=4.N 
DO 25 J=1yN 
XKCT, 0) 50,0 
DO 25 K=1,N0B8 
AKOTA JIEXKC Te JIFATCL RI*X CK eID 

25. CONTINUE 
WRETEC2]¢189) CCXKCL J) ede OND eT STEN) 

189 FORMATCF30,5¢2F 2549) 
eee whee teehee 
WRITEC2,165) 

16>  FORMATC//135X+18H INVERSE OF MATRIX/) 
TFATL=0 
CALL FOVAAF (XK e 20+ Ns XC e20eWKSPACE IFAIL) 
IFCIFATL,E@,U) GO To 170 
WRITE(22150) 

190) FORMAT(1HO+18H FAILURE IN FOTAAF) 
STOP 
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750 

80U 

The 
760 

754 

801 

7 
770 

e209 

s107.- 
bO 155 TH10N 
WRITE (2,156) (XC (Led) ,d34,N) 
FORMAT CF 50,5-2F25.5) 
CONTINUE 
wee Terry wee keene 
WRITE C2¢194) 
FORMATC//150%744H GEOMETRIC KATIVU OF UBSERVED CUTTER LIFE /? CARE1.0 
DO $0 154,N08 
CARECARSCT (1) 
CONTINUE 

AN=4,0/N0B 
GMVECARFSAN 
WRITEC2,195) Gy 
FORMAT CF55,4) 
WRITE (2,205) 
FORMATC//,50X%,43H TRANSFORMATIONS OF THE DEPENDENT VARIABLE /) 00 33 M=1,NOB 
YOM EGMVRALOG CCT (MD) 
WRITEC2,206) YOM) 
FORMAT(F 55,5) 
CONTINUE 
WRITE (2,300) 
FORMATOC//440X+24H SECOND PART OF BETA /) 
DO 34 1=4,N 

XACT,1)=20,0 

DO 34 J=41,NOB 
XACT sVVSXACT ADD 4EXT CL dd *Y CD 
CONTINUE 
WRITEC2,301) (XAC1L91)¢1e10N) 
FORMAT(E55,5) 
WRITEC2, 207) 
FORMATC//¢S0X%0 54H ESTIMATE VALUES OF COEFFICIENCIES /) DO 35 1=4.N 
1150 
BETAC1+1)=0,0 
DO 35 J=4.N 

JEah +4 
BETACT + T)=BETACT 1) #XCCL sd) #XACL I 1) 
CONTINUE 
WRITE(2,208) CBETAGT. 17,18 1—N) 
FORMATCF55,5) 
JFCALF4(112,€@,0,0) 60 To suU 
DO 750 Ki=1,NOB 
UTCKIDEVCCK1) #*ALFICIT) 
CONTINUE 
GO To 760 
DO 752) K1iRieNOB 
UICKIDSALOG CVE (KID) 
CONTINUE 
TFCALE2(12),£0,0,0) GO TO 8ul 
00 754 K1=1,N0B 
U2CKTDEECTCKI) #ALF2 CLE) 
CONTINUE 
GO To 770 
0O 771 K1=1,NO0B 
U2CK1) SALOGCECT(K1)) 

CONTINUE 
WRITEC2,209) 
FORMATC//¢40X,45" THE RESIDUALS /) 
BG 40 Let Noe 
u(1)=1,0
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40 

210 
4> 

217 

we 

2¢5 

ev 

ei 
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207 

215 

ve 

214 

UCEd=EUTCL (08 
uCs)y=uecL 

ACL)=0,0 
DO 44 Tmt Nn 
ACLISACLIFUCI)*BETACI +1) 
CONTINUE 
CONTINUE 

dO 45 L=1,NOB 

BCL)=YCL) ACL) 
WRITEC2,210) BCL) 

FORMATCF55.5) 
CONTINUE 
WRITE (2,211) = 
FORMATC//130Xe26H RESIDUALS SUM UF SQUARES /) 
SUMCIJ)=0,0 : 
DO 42 »M NOB 

SUMCIU) =SUMCIJ2 480M) «BOD 
CONTINUE 
WRITE(2,212) SUMCId) 
FORMAT CF50,5) i 
WRITEC2, 225) 
FORMATC/,30X1 26H *ee ae eeeee wkwnw/) 
ITJFIJ¢1 

TFCIJ.GT,1T) GO TU 501 

CONT] NUE 
CONTINUE 

FERRE hake AOE RR 
WRITE (2,213) 
FORMATC//,40X.16h THE SMALLEST SUM /) 
COMP=5000000,0 
DO 72 MCE1,1T 
TFCSUNCMC) GT, COMP) GU TO ¢2 
COMP=SUM (MC) 
1PEMC 
CONTINUE 

WRITE(2,214) IP,SUMCIP) 
FORMAT(130,F25,5) 

STOP 

END 

) 
} 
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GEOMETRIC RATIU OF OBSERVED CUTTER LIFE 

18,1930 

TRANSFORMATIONS OF THE DEPENDENT VARIABLE 

71,75256 
65 ,40555 
6062962 
5B, 42165 
54, 86760 

5$,47819 
51,55045 

44,2094 
44, 80666 
40,17966 

= 58, 26482 

SECOND PART OF BETA 

580 ,63¢05 

214,92592 
0,00417 

ESTIMATE VALUES OF COEFFICIENCIES 

"220.9596 
(50,52931 

™6426071 2496054 

THE RESIDUALS 

1, BY9O46 

=0, 08582 
178644 

70 ,21486 
0,60042 

30, 70919 
0, 554624 

=1,66592 

0,224 04 

1,67610 

=0,21806 

  

RESIDUALS SUM UF SQUARES 

13,02656 

eH keene wane 

ESTIMATE VALUES OF POWERS 

-0.€0000 2.80000 

THE MATRIA OF INDEPENDENT VARIABLES
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GEOMETRIC RATIU OF OBSERVED CUTTER LIFE 

18,1990 

TRANSFORMATIONS OF THE DEPENDENT VARIABLE 

71,75656 
69,40555 

OU, 62962 
5b, 421465 
54, 86780 
55,47819 

51,55045 
GO LIF7I 

47 ,80464 
40,17966 
38, 264662 

SECOND PART OF BETA 

580, 65405 
51289 25208 

0, 0u0es 

ESTIMATE VALUES OF COEFFICIENCIES 

127,046155 
71, 26605 

710345948, 89546 

THE RESIDUALS 

2,75910 
0.27026 

m1.04995 
n0, 70098 
"0145426 
1.85587 
0, SU8V6 
4.14907 

0, 26004 
2, 08850 
0.19596 

RESIDUALS SUM UF SQUARES 

18,007¢8 

eee teat ott ee 

THE SMALLEST SUM 

2 15,62858
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APPENDIX IT 

A Calculation of R.S.S. Value using the Walter Milling Cutter Life 
  

Results in Down-Cut Milling 

The proposed cutter life model was as follows: 

ah + bah, 
rd fy 

Tint =b_ + bi,V 
° ids 

For the Walter cutter he is taken into account as hy Hence; 

oh ol 1 2 3 ye Tint, = bo - by 

The coefficients bor b) and by are estimated by the method of least 

squares in the matrix form as; 

B= &k) ky 
where x is the matrix of independent variables 

X' is the transpose of X 

(Q6X) - is the inverse of (X'X) 

y is the vector of cutter life observations, 

i.e., y = P.Int 

The matrix of independent variables X is formed using the values of 

V, Ryr 44 and 4. For example, if 4 = 04,45 = 0.6, Vand h, 

are taken from the table (1 ), and X is written as follows:
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1.0 Bozo 0.211 
1.0 5.652 0.275 
1.0 6.201 0.275 
1.0 6.201 0.311 
110 6.802 0.151 
1.0 6.802 0.275 

x = 1.0 6.802 0.275 
1.0 6.802 0.311 
120, 7.357 0.275 
1.0 7.357 0.311 
1.0 8.072 0,275 
1.0 8.072 0.311 

The inverse of the product of X and X' is obtained from the computer 

programme as follows: 

atxyt = | 6.72329 0.69750 -7.04160 
0.69750 0.13407 0.78002 
-7.04160 -0.78002 45. 45204 

The geometric mean value of observed cutter life values T is calculated 

as follows: 

B
i
e
 

T= ). e Ts see TD) 

31.835 =6
 

n 

158.039 
y= Tint = 152.623 

131.286 
118.838 
136. 326 
116.631 
115.971 
89.438 
96.001 
68.870 
75.158 
62.845,
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Hence the matrix of the independent variables B is obtained as 

372.939 

B= -29.286 

-236.582 

The value of the residual sum of squares (R.S.S.) is calculated to 

be 730.382 for this example. 

Hence the predicted cutter life equation is written; 

i A 0.4_ 0.6 31,382. Int, = 372.939 - 29.286v,°*"-236.582h,| 

or 

zs a 0.4. 0.6 Int, = 11.714 - 0.9201,9°%-7, 432 | 

The 95 percent confidence interval (CI) for the coefficients under the 

assumption of spherical normality, is given by; 

2 
Vv} f 72 ‘s fi ia 

   CL(b.) =b, +t 
i abies 

where co f 2 is Student's t - distribution withv degree of freedom 

which is equal to Ge Pp), 5 the level of significance and qs is 

the element of i* row ana i*® coum of the inverse of (X'X). The 

estimate of the error variance ae is calculated; 

n 

- 13 = %) 
LP 

2 
Ste 

where Yi is the i observed cutter life and 9, predicted cutter life, 

n, is the number of observations, and p is the number of coefficients. 

For this example s? is calculated as; 

2 _ 730.382/ (31.835)? 
Sa orig 3) 

S2 _ 0.08
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For the statistical tables at v = 9 and § = 0.05, t ; 0.025, is 

obtained to be 2.262. Hence the 95% confidence interval for b is 

  

CI(b,) = 11.714 + (2.262) (0.08) (6.723) 

= 41714) 17659 

13.373 
CI (b) 

: 10.055 

for by is 

CI (by) = -0.920 + (2.262) J (0.08) (0.134) 

= -0.920 + 0.234 

-1,154 
CI (by) w 

-0. 686 

for by is 

CI (bo) = ~7.432 + (2.262) | / (0.08) (45.452) 

= -7432 + 4.313 

“11.745 

i Cr (by) 
Seo, 

Two more cutter life equations can be written using lower and upper 

limits of coefficients obtained as follows; 

a Be ata Ole 0.6 Inf, = 10.55 ~ 1.154y,0°°-11.745h | 

4 z, i 0.4_ 0.6 Inf, = 13.373 - 0.686v,"*"-3.119h |
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VS/47/57 22407776 ICL 1900 STATISTICAL ANALYSIS REGRESSION ANALYSTS COVA MaTRxt CUT OFF PARAMETER ,100000E~ 5 
DEPENDENT VARIABLE LNcuLT DEGREES OF FREEDOM 6 
INDEPENDENT VARTARLES AT SIGNIFICANT LEVEL 99,00 % 

VARILV VARECT VASQLV VASQLE VAMLVE 
VARTABLES IN THE REGRESSION SeT 

VaR REGRESSION STANDARD CONFIDENCE T STAT PART  HULTIPLE NAME COEFF ERROR INTERVAL CORR CORRELATION 
VARILY = 12, 9967108 +104370E 2 1,28 0,46 0,987 
VARECT 6, 6463530 1062783E 4 1,07 0,60 0,988 
VASQLy 0, 3467439 +840642E 0 0.41 0,17 0,989 
VASQLE = 16007637 +576856E 0 2.77 0.75 0,976 
VAMLVE = 3.355366 1120645E 4 2.78 0,75 0,976 

VARIABLES NOT IN THE REGRESSION SeT 
var 

T STAT PART — MULTIPLE NAME 
CORR CORRELATION 

EsS.S, 1226925E 9 
RESIDUAL ERROR .495617— 9. 
MULT coRR 0,999 

INTERCEPT TERM 453913390 

xoss/e2 

+28652bE 

«2674582 

12513036 

+S1S617E 

+5147 70E
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TEL 4900 STATISTICAL ANALYSIS. 2 16/42/35 VA /OBI 76 

‘ REGRESSION ANALYSIS COVA MATRIX CUT OFF PARAMETER ,19U000E- 5 

DEPENDENT VARIABLE tNCULE DEGKFES OF FREENOM 5 

INDEPENDENT VARIARLES AT SIGNIFICANT LEVEL 99,00 % 

fk VARILV VARECT VASQLV VASQLE VAMLVE 

as VARTABLES IN THE REGRESSION SFT 

“4 
var REGRESSION STANDARD CONFIDENCE oT STAT PART — MULTIPLE 

‘© NAME COEFF ERROR INTERVAL CORR CORRELATION 

VARTLY 62, 4403869 APIPTIE 2 41,27 0.49 0.907 

VARECT 199328396 ~361282E 2 0,55 0,26 0,926 

a2 VASQLY = 6, 3865375 OB3A35E 1 1,32 -0.51 0,905 

+ VASQLE 5,6305110 — .693009E 4 0,78 0.53 0.924 

2) VAMLVE 0.8872895 LSO3SSGE 1 9,28 0.13 0,929 

E.S.S. SB4971E 0 

RESIDUAL ERROR ,3O1927F 9 

52 MULT CORR 0.930 

INTERCEPT TERM + 122,5965160 

xpss/25 

A 77S437€ 

{620159 

7TBBQ78E 

6965208 

159 S8K9E



 



DATA ena 

x01] x 

- 0-00 0-00 
0-000000 0-080000 

- 36-82 2083 

36682000 2830000 
© 43631 3-655, 
43231000 3-+550000 

~ 50610 Ae80 

50.109000 4.800000 
7 Seet6 3-93 
52016000 32930000 

- 58-18 4007 

58+18000 A4-070000 
© 58-25 4e10 

58-25000 4.100000 
© 63440 4-70 
63640000 4.700000 

- 711-03 5-55 
71+03000 5550000 

~ 80-07 6+33 
80-07600 6330000 

~ 104-34 7-70 
104-3400 7+700000 

INDEPENDENT VARIABLE X1 

XBAR 56015273 

YPAR 4+323636 

VARIANCE 0151904 

LINEAR REGRESSION OF Y ON x1 

Y= 046177894 + 0+0738 X1 

CORRELATION COEFFICIENT R= 0-982 

95% CONFIDENCE LIMITS: 

INTERCEPT -0+473916 TO 0.829703 

SLOPE 09-0632 TO 00844 

Rg 0-931 TO 0+996
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Undeformed Chip Length 

Fig.5 Relationship between Forces Acting on Cutter Tooth and 

Undeformed Chip Thickness in Up-Cut Peripheral Milling 
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Undeformed Chip Length 

tween Forces Acting on Cutter Tooth 
ickness in Down-Cut Peripheral Milling    

Fig.6 Relationship be 
and Undeformed Chip
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| ‘NX Longitudinal 

Lexis of 

Workpiece 

  
     

Workpiece 
Centre 
Line 

of Cutter 

Direction of Table Movement 

Central Milling 

ee fe 
  

        Down-Cut (Climb) Milling 

     
Up-Cut (Conventional) Milling 

Fig.7 three Types of Face Milling |
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Workpiece     
  

Enlarged Cross-Sectional Area on AB 

Fig.8 One Typical Down-Cut Face Milling
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Fig.17 General View of the Walter Cutter with one Workpiece



  
Fig.18 the Top View of One of the Inserts using 

with the Walter Cutter



  
Fig.19 General View of the Sandvik Cutter with One Workpiece



  

Fig.20 the Top View of One of the Inserts using 

with the Sandvik Cutter
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M/M 1 

Fig.22 Chips Obtained under the Conditions of Cutting Speed of 

182.21 m/min,F 1.666 m/min,d 2.03 mm,W 57 mm



  

Fig.23 Crater Wear on One Insert using with the Sandvik Cutter 

  Fig.24 Crater Wear on One Insert using with the Walter Cutter



  

. Je 

Pig.25 Flank Wear on One Insert using with the Sandvik Cutter 

Fig.26 Flank Wear on One Insert using with the Walter Cutter



  

Material: Tool Steel (B.H.N.238) 

Cutter: the Sandvik Cutter 

Fig.27 Chips Obtained During Cutter Life Tests in Down-Cut 

Milling



  

Material: Tool Steel(B.H.N.238) 

Cutter: the Walter Cutter 

Fig.28 Chips Obtained During Cutter Life Tests in 

Down-Cut Milling



  

Test No.1 Vg=118.75 m/min ,» 8,,,20.305 mn 

  

fest No.5 Vge144.51 m/min =, = S_= 0.377 mm? 
in Vertical line 0.1 volts/div 1 m/div 

in Horizantal line 5 msec/div 

Fig.29 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling



  

Test No.6 Vg2144.52 m/min : Spay 0448 mm? 

  

Test No.10 V,= 182.21 m/min ; s =0.371 mm” 
max 

in Vertical line 0.1 volts/div=1Am/div 

in Horizantal line 5 msec/div 

Fig.29 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling



  

Test No.3 Vy=95-75 m/min , S,,.=0.294 mm? 

  

Test No.6 V=120.65 m/min , Siraxt 0-633 mm? 

in Vertical line 0.1 volts/div.= Wm/div. 

in Horizantal line 5 msec/div. 

Fig.30 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling



  

Test No.9 V2146.82 m/min , S_.=0.357 mm° 

  

= ; 5 2 fest No.1l V 2185.82 m/min , Siax@ 9+477 mm 

in Vertical line 0.1 volts/div=1Am/div 

in Horizantal line 5 msec/div 

Fig.30 Vibrations of Workpiece in Feed and Axial 

Directions During Down-Cut Milling
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Fig.53 Chipping of Cutting Edges in Up-Cut Milling 

    
Fig.54 Chipping of Cutting Edges in Up-Cut Milling
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