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n 
··! 
\!1 
lj 
),;1 
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1.j 
I 

.. 
- - - ·- <; ·------ --- -- ' . 

·. :- 1941, · was derived"~ using the principle of minimum ·energy. 

---'---"----· ---_----·· _ ... ~_. --______,:· The~ a·s·s-umption. ·-made~~i--s~hat· -~--materia·1 ·~"when~~b-e:ing~ -~cl1t-~==--· -· ~-~-~------= 
.. . .. 
- --- -- ----'--" -

-- ----,---

. . 
;· ' -- .. :: .. --_, ~ -

.,. . 

-----"---·----···· 

·--
' I 

-- - ---· ------------ ·--- - -·· 

·· would fail-· by pure shear. in a shear plane which will be 

e e .· e I .. ·-·located such that the minimum amount :·of energy will be 
.---------------f------- -

_required to shear the material. 
' 

T~ey also assumed that .. -------'--"-~--
• ' I • ~ 

the shear stress S, is maximmn in the direction-.· of shear·----~:-·----·-.. -- -·--·· 
' -- "• .-.:,... ---~-- .- ·--- _· _, ' ___ _-, . 

plane and.that the shear stress on the shear plane was. 

unifor,m;t.y distrib-utet. 

.... .. 0 • • • - - • • "a• ... • • • 

With this asstimptio-h, it is evident from the .. ---'·----~ __ _:__:: _____ ~_: __ :.~~~---·---~=·-· 
. . 

-·-,: .. , .. _ ...... -_ .·--· ··--- ~---·- - - ----- - - .. 
. --------------~----·- force diagram - -- --.·----------~,--.·------ ---- -----<--- ·----~--·------.~----------- ·--

. '. •· .. .. _.._._ 

- . - --- ------- -------·- _' ________________ . _______ ,. _______ _ 

. l". 

- . - . . . . . - - . ~-,,· -~-- ·----·- ·~· --··---..- ... ~---~ ,.. __ . ·~ - ... -

3Ernst, H., and Merchant, M.E., "Chip Formation, 
Friction, and High Quality Machined Surfaces , 11 Surface 
Treatment of Me·tals (American Society of Metals, 1941), 
pp.' 299-398 0 
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. ·- -··· ·- - ----- . - ··; . ..... . 
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--- - - - - - - - ~ -- -- ---- -----------------~--------

!.__ --· ---· 
-- ---- -

·-·- -··------·--·-···: ____ ._. ·---' ". ' . 
' ,\\ ' 

- . _-_- . _--:.., ':.:~·-·.: - . - .,--------------
-•------ - ~-- . ··.... _ : where A

8 
_-···· is tfie area Of tne shear pratle ,· A iS th_e cl'oSS . -

• . • ' • 1- .... ~ • • • --~. ; • 
_, • ~ _. -· 
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the·· depth of ,° ut. E_rnst and Merchant reasoned that ~ . · 
, I 
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· ___ relationshiP .. for j6 was· ~b-ta:Lned by differenti~.!i~g 
,l;' 

. • , 

·and equating the _resulting expressi,.on. to zero. This led 

to the result · · · 
. -
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·-
· __ - .. .3: .: . ._.,. ··- ·- - ___ .-_. - ---·---. -

- - ' -- ----- --- ----- .. 
:: '_. --·····. . .... -- . .::=--- --=------:: - :: -- - - - -- - - r 4'-••· ~..,,· ~:., --~: -- - -- • • . ' . 
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. ·---·---·--.---·-----,----- - ----- ----. -- :-----,- --- . -c---·--,-.----·.·:·. 
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-- .. _, ___ - -···--·· - .... ----:.- ·-·--·· ----- .• ;. ···-·----- - --- -- - -- ---------- --. 

- --- -. ______ -----------~-· -·--- ------------- -
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. ;i· = 45 ...... ~ ,., . . ' 2 
o<... ·---.... . 2 (2) .· 
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• •- ---·---•·--- ·.-------------•I••• ,. _.. ___ , ... ....,;. ·•- -·----·--· ·•• ·• . ~. . \ 

p. -v 

In order to _ .Predict· tne · c ut·~ing force, they still -. 
' . ' ·- . ,·~·. 

-- ---· ----------' -- -'----. ···- ---- ·,. needed a way to either pr.edict .·1:'- or fJ, ·so from the .geo-

' '· 

--·-··· - .. --~~---~---- . 

.. ,_, ···-------- -----'----met:t·ical change which the material must -go through when 

· it··: is· being·· deformed in the shear plane, they found that ------~::.:~--~-···~·.: -_-·. • '"C • ••··-· • • -·• --• • ~- •••.-•~--- ·--- --- ' -

• • I tan t, · = 
--- ,. 

• -, -.-. ·• -- • --·· ·• - •• •··~ ~- - - •• _._ \" •-r. ,.• •-' •_•'· ·• • 

•• • • ,. e• L - • - ••' • " •-

. . ----· -
. • ,_ ·~-·: _ __, ·..::..·.·- ·.;::-.:- ;".,.:. . ..:.:~:-:: .; ____ , _·_;~:-~·:~"..:_ ·---~;: :.-.: - - -· r - •••• - --- ~- --• --~ -~--.- ~-··-- -- .· .. -:-·.--;-:·, ·-

'I. ·•--•-- . 

. --·- --- .. --····--··---·--·-·. -

r cos°'-
( 1-r sino<.. ) (3) 

.. 
- - --- -- ,--< - ... _ ' . -· -- ' ~ - . . . 

•' :::-.----'::·:::-:::.·~·-=·: ____ '.:.:::-:-· •,·J-:_••·:.-· :~·------•-------~.--:-:-:-l.-~----··••~.::::::::-~c::::.:·.==::-:.::· .·-·--··--.. ~--····-~-------=--------·-·•••••·•·-._ ----•-----· ,_., "'' ' .... 

------------···-- - ,-----·----~··-----.. -

.,. ,--··---~-._ ..... ,~ .- - . - - . 

.. .. - -

where r is the cutting ratio which is the ratio of the 
. . ·-----

-, .-..: 

· depth of cut to the chip thickness after cutting._ 
.. - ·-· •· -- . - .•. ·--.. -- __ .,._ -·----- -:-· 
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· .. - since its -de.velopmento · One of the biggest criticisms i~. 
. . ' . 

·- - -- ·---- ---- __________ :_ -----. ' . . ' - '------'~-----.: .... -- ·--·- - - -- - . ·-.. .· .. --_- --- - .. -- -· ·--····- -~.-----:~-:--:-:.--.::·.·-;-:-

< __ --.-->,.: ........ _:_. that this theory---~d~es n·ot- pre.diet. the forces. accurately 

'because the .... cutt-ing ratio• must be known' in order to cal-
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.; ___ -- -- ., ', ''' =. __ c: __ . -~--~·-----=~-~~~ci:uiate.the shear plane ... angle_'f. --To,-find--t-he---C-Llt-ting ratio~---,·, - .-~···.· ' ' ------------- .. --- -.. _-:··. ·...:...-....... 

we. have to.take the actual cut at the .same :c<>nd.iti_ons ______ , ____ .;---'.-- .... .:. ....... . - - --· ---- .. -·-· ·-· ---

·- --- ···- - --

' ~:~~~~-.· ~" ~ ~· ~c.~='.:-f·dt'~ 't>JhiCh.~ihe forCe iS to be p:t'edl.C:ted. ... , •.·············· . ·-- - ·:· : '-~: · · ....••.. · ··=-~ ·- ····· 
. ·- --·· -----· ... ·., ._ .. _--.. ·; -

.~ .. ' . 

The assumptions made.by Ernst and Merchant have 
' . 

. been questiOned by Shaw.,, Cook, and Finnie~ 4 
: . - 0 - -- . . 

· .. -:·;·-.. ' . .:;:.:..-. --· •.·.· 

They~ ~fo~g;. ' .-'-·-· - '" -. ' ...... -. - --~--
--------..:.. ' 

.. - __ ,_ --. ---::-.-:·-·--;-·· -·--. . .. -

"l . - -. ..:..,..,-_ 

. ' . 
- ----- ---------. ------~· ___ :.~.· .. ,· .. - --~ -:---;'--

. that a tool. o_per_ating with. a fixed res·u1tant force at an 
angle· (re .. o(.) must ha~e a ~hea:r: pl_a~e -~t .. ,a f-ixed positi9n; · __ 

Iii 

··~,·>·; ' ': .. ---·-b-ut. it does not have ·to be in the direction of maximum '' 
' > 

' ·~ 

-' .. ~' shear stress. Experimental.data.has shown t:hat the re-.. 
. ,_. 

..,. . . . 

~--~---· ________ ;_ .. :~_·_·~ s-u-ltant force. R and the friction angle '1: , are dependent 

on the shear plane -angle, and therefore ca-nnot be assumed 

·. · ... ____ --c-------------------- to be independent of the. shear plane angle. The ass.ump--

__ ,-·tion ·that --the• ma·terial fails in· c'pure shear and in a shear· 
' 5 

plane has been questioned by Oxley. ·- __ , - . ..,_ ~----···-.,--· ~ -·-· - . -

. Merchant modified the theory in 1945 and came to · --------· -

the same result as Equation (2). ·In-this modification, 
- - . ... •· -

______ ;' - ... -.... -... ----·:=;::::::.-:~ .. ------------

·.)' . ' 

. ,• . 

4Shaw, Mo CG, Cook,.N~ .I-I., and Finnie, I., ·1'The 
Shear Angle Relationship in Metal Cutting, 1r Transactions 
of the AoSoMoEa, Vol. 75, Noe 2, February, 1953, pp. 273~ 
288 .. 

5 
Oxley, PoLoBa, ''Mechanics of Metal Cu·tting,'r 

Proceedings of the International Production Engineering 
Research Conference, 1963, PPo 50~60 
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- ,<-- _c he _'assumed that· the' shear plane . angle would 
-----~--------------------;----

- ------·---- ---~-- -----------. -------------
__ .:.....-----~ -- --

such· that 
- -- -- - ----·-------·--- ---·--·-·-·------

. "' . _-_ .. · -.· ·the -total power consumed 'in_ the cutting prece.ss would-__ -b_~--~-~--- __ _ 
"·-:-· 

------------·- -- ·-·; . - --- .. - -- --~---'-:-'~:----'-:-~-:---:,--~:-:-----:-.,-·--·--a--minimuni .-- ----He ----exp·:r.: es sed_ -~:-the -tot_ -a-1 --·pow.er·_-_ ·as --------
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-. 

, - - --- . ·•·· . - . . . · --~'.~ -- -- -assumptions: .. 

---- ' -· -- 1-- ~ ..... 

--- - --- - - --.- ----

' . 
-·· _-.. --· 

· .. -·- _. _ ·. ____ l •. The she-ar plane angle will be. such that the 
t·otal powe·r. consumed in cutting will be minimum. 

. . -· - .. ;._...._ ~---=·= "-------- ·. _. __ 
-· . . - -- .. ·--.·--· .. ' _· '_.:~-~="~~~==-2~.~~~----~ __ ~--:l'.he~'-f-r-ie,-tlono -at1gle -±-s· ·ind·epefidentc'of=,~.ceflie -_ 
---=-~-~---:-____________________ -' ~ ; . . - . - . 

p . • she·ar plane· angle. 

·" . -___ }~.- . The _shear stress· 0~ the shear· plane:i-s inde.:.. . .. 

' . 

pendent of ,the ~_hear pl~ne angle. ... 

_ .. ·. - -. - ~- ;;- - ~-·. -· -· - When Equation (4) is differehtiated with respect· 
-- ----- ------ ;;- -- -

' . 
" _ ..................... . 

. 
. ---- -,-_----------·-· -~ --- to ~, considering S and re to be indepeti¢1.ent of the shear /· 

----··__.,_ _____ -

plane angle.as assumed aboye, the result is 
- .. 

J 
l • --~ -

- ___ _.,:. _______ _ :__ -- --- - ---------- -~- - ~ - --- . __ --: .. . 
--· - - --· - ·-~----- ---·-- -- ----·--

' ' ~ .. ------· __ ,___ __ f-=- 45-... - -2 + o(. 

-2-·--- . -- ------- - -·-~ 

- . -.. , .. ,- - - - -· ' -· . . ~ - --- ... -· ·--~~ .• - ........ --•- -·> ---- -"'!' 

. ---~---. 
- ·-- -~--- .. ~----- __:_-.... --~------~-:-

....... -- .. - -· .. - - --.. i ·._:"_~_::.-:.· --·- which is the same----as ·Equation (2).· Since many examples 

~ ~---,-.....- :.- -..-·- ------·- ·- - -

, 

can be found where a process occurs in such a manner 
that the energy consumed is not a minimum, there is no 
clear reason 1;vhy assumption 1 should be ·true. Asstllllp ... 
tion 2 was previously discussed and assumption 3 is only 
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'ri.ot .inq._e_pend~rit Qf:, .the -shear ·angle. · --
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~··,-~-~ .- ._-c· --where .s --·is- ·1:h~ · shear strength of the materi.a1· -under --~-~--.· 
.. ··--· ·. ·- - -- .... ·. --··- .. · . . s . . . . ' . . -1:.;,---·.------··· ----~--.---·-·-. ·---- - ------ •. ---· _..:.,._--'--...-------=-=·. 

~' 

. ------·· --· ~. - ze:rc5·:·comp_r,essi-ve ___ stress ;-- S·1 . is the shear -str~n.gth-~C>-:f __ _ 
S . ·- ·...:,___.'_:_.:.. -,--·· 

.,. 

the material unde:r;" load, Sn is the normal.stress on the 

shear plane' . and l< is a constant 'cif. the material and 
-- . . ·- --- --: .... ..:.,-- -·---··- :__ -_; 

. p 

· represents the __ slope of the curve of ss vs. S ..• 
.S n 

. . 

- -----·---------·- I ' • 
•· •• • • • 

a4 ___ _.;__ __ -_· ·-_ .. ·~-·· _--!I.,.., ______ Using _ _b.is minim:um.-e~ergy-the().ry---r--· he-der-i-Ve~d----1-::-t-'Hh~e---~-----· -_--·---,...-.. -· 
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. ·- --------- --- ------- ·----·--·. --~-- ' .. -·- - . ---

-. -- - -· --- .-:following expression. for sh~ar plane angle: .... ~· 
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- - -·- --~·· .. -~ -· - . . .. ~ 

- • -----------,· Q -· 

. --·--·-----~ .... -· . ,_. -- -- •. _,_ • - • 1 
- ~ .. -

. 11 

.. -1. 
cot (K) 

', . 

. ·------ - . -· -·----·- _: -- --- - . 

,, = 
2 . - re. -~ 

2 * r ( 1-)-'---·. - ---~ 

Merchant called the term cot-1(K),.the machining constant 

C, and expressed his equation in more common form 

--·>· ---- .... - ··-····- ---- --------------- --------~--------- -------·--·---
2,', + rt - o<, ·= C. (8) 

6 . . . . 
Merchant, Me E., ''Mechanics of .the Metal Cutting 

- . :,,, . 

·---·····-····· 

. .. 

_____,_ -·--- ... - . 

- -· -----·-·- . 
.... ·--- -----,~- - ....... -.. -~.-- -. '. 

ProcessQ Ilo Plasticity Conditions in.Orthogonal Cutting,'' 
J·ournal of Applied Physics, Vol. 16, No. 6, June-, 1945, 
pp. 320-322. · .. . 
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~---'--- --------· . 

- b .. . ·----. ---··-'- _:.,_ ···----- ------------ . ·-·--' .. 

-- .... · = {!nfortunately, the dependence,· of the shear·· strength 

. ·~ 

. . 

.... -- · -·-,:~- - fn:'this case, C along with the .cutting .. ratio m-us-t-·--be-.. knowne----.... -.-__ ----~~---__.;_· ---'---
. ·r. 

-- - - -· ··- - ·- -· . - . --,., . " 

------------- ---··--·-·-----------------"-----to -·predict -the·-·f·orce~~'-- ---·- --·--------------- -- --- --- --
~ ~- . 
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· -"· -·--;·-~---·--- · · ·tn-1951 ··Lee 'and· Shaffer p··resen.te'd thei~r S<llutioll.--~· .... :·.: .. ~-~-::_::~~:=~~-~---- --~~.--· 
. ' . ,.i - . . - . . . - .- - . . •. - - ' ' 

·····- ____ _. ____ : ..... _:..._ _________ ·~ .. ----------·--------· ·-------- -- -

I 

······· ~< , '_--·. to--t-i1e-prohlem of deterrninin.gtne· shear p~ane B.ngle. 
.· --- :. -:-:-- . ·,. ·. .. - -- --• --- .. 

. . .,_ •. .,r!' . 

. . . • < 

- \ . .. 

They _intr~du.ced the concept of the ideal_ t]\e:ory of plas-· 
. -

\ . - - -- . . ..... -~- - ." .. · --- ":. - - - -. 

ticity or ideal .slip. line theory-. ·· They mad~--. .-the following.-->·~ ·· .. , 
.-- ---···· . '--.- ··----- .. -- - - - . \ . -. 

_L._ ______ ,...:.____--,-----!-~--,---- -··-· ·;_:_;,::_ __ - ----·- -- ------------- - ------- -- ------ ------------- ---- ·-·····----·-· _--·-----·--· . ---------------- -- _· :· - _---------'~-- - - .. - <' ·--~--------:-- ---~ - ···- 0 -·~· . . • 

a_ss wriptions: . - . . ·\ . ~ . . 

1. The material being cut behaves as a~ ideal 

. ,. .. _ ...... 

. \ -·--... 
• . ~- . - -- . --. -- .' ii . • 

· · ,· -· . · plastic which does not strain harden. · 
·- . .. ' .. ~-:. .• .: ,_ :.'.. - .. ; ·.1-· :"" • 

. . 
·-----·-·---·· ------- ---------.------'--·· -•,·- 2. The shear plane represents.the direct·on of 

maximum stress in the material being cut. \ __ . 
. . \ . 

-------~------~-----. · With-·these as~umptions they concluded that \the- ,-·- ~-- -=-- -· · 
I . -
I • . • - • • 

... I 

.{ :· _ shear, stress and the normal str.e-ss on the shear p
1
lane 

.. 
- ------ --- -. . - -. --_ -- --·-·- - - . - -----, ------- . --~-------- --- ----- - -· --- --·- - -- -- ---

. 
- --- -·-·--·-------···-~----~-·-.------------ should be equ~l. Using Mohr_1 ·s circle, they concl'uded 

· the following relationship for the shear plane angle·: -

\' - ,. ___ 

\w·-.! 
_ _________ , .... 

-- .. 7oxley, PoLaB .. , nshear Angle Solution in Orthogonal~·-.-~:-~~-~~--: ____ _ 

"' .. ___ ...___ ---~- ·------------· -

.. ,, 

Cutting,'' International Journal of Machine Tool Design · · 
and Research, Volo 2, Noa·3, July-September; 1962, p.· 221. ,_ 

8 
Lee, Eo Ha and Shaffer, Ro We, 11 The Theory of 

Plasticity Applied to a Problem of Machining,tt Journal 
of A~lied Mechanics, Trans. of the A.S.M.E., Vol. 73, 
t1951, ppo 405-413. 
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-. ~..,....._- .... ' : "' . 

~~-~-~~-~~-----~~-j=--~-~=;~;~~;~0-~~~~~~~ 
".- --.. ~----... - ' ' ' ... •. ' ' .--- .. 

_· __ . . ·. -~·· ~ - - --;-.:. ___ .:_______, -

--- - --------_ -- -~--:-· · and: tl)~ ___ n_Q_rmal_stres_s __ on the Shear plaD.e g, B.re llot equal ·· -
~- ·'" 

---------- ;---,-·_-------- .. >-"--~-----_·--•· " -~~and hence Equation (9) cannot be regarded as a gene:cal 

• • • • • ., • - '\ • ,' 7 . \ _ .·.· · _·. . s~ill'ti.~n. · They modifieci their· solution to include_ the. 
-. -- ------ -- . __ .. -. ~:-·----~=--.. ~- ---~ . : -- ~=~=-·· -~----~----------- ----

. - . '\- - ~ L-'~_ffect of the l:>Uiit Up edge. Then _1:f:i~:y €lil.'iied _at_ihe~:=::=l:: ~~=-i : ' .:. . . 

- I 

. . \ . . __________ .. - - . - .... ---'-'-- --- ---- .. ---- --· --" ·----------~--~- -·------ --- . . . ' . •---· ·. '. . . . .. ·- . . 
.•. .:.... ___ -------·---- .-.- - - --

-. --- --- . . . -- .. - -------. ----. --- -- ·,- : - - -

,:,· ____ :__ __ 

-·- - -·----- .. , _,. ·- -- . 

\ 

--

: fol lowing expression·: 
_ _____:__ _ __:___:::_~~_,_........:....:.:;:___.:_~~~:.....:...-::..._:.:.:.....::.~~:--~~~~---
. ' 

-- . 

-·-- ·-···----- ---------
·. . - . 

---~-- I • • __JI:..:.__~-•• ,~-' • --.-------··-·•• 
,0 

= .45-. -+ S ... '1::. • o<.. ·(lO) - · 
·-c: 

. . - .. - _..._ 

--.------'~-'-----"--.-- ~---,----.....c.:..;;---_-·.;.....;.;:--____:....:_;.:_.-- =;c..-·-=--wff..,~h....,1 ...... • Ch d-if f 0rs f rQm- Eq ua tion { 9) only by the angle _ (9 
. 

-- .-.------------- - ·.:··· ' '' . . . 

>. .. ·- which is a measure of the built up edge,· and it is 
•· .. · .. -· _ _.,,.,, .·-·:.~--·;_~-- ... -·.cc.::··,~ ·:~•;::"c·:_-··· ·,,~ 

·given_by 
.. 

;-:-· .. 

. ~· -
6 
T .. l --·-. ----- .. --·-----------

I, . 

-.-----

_, ·-- ·-- - ------ --~-- ----- . ·-·- ·- ·- - - . ---- - ---------; ---~~ :· 

·---------· 

. (9 ::; . -- -------
• I ·: ' -- ' ', •. r. 

2 ·. \' 

(11) 
--- -;---,·-. - . -- - ---- -- - -

' . . . . -~'· - - - -:--
___ ; ' - ·-·-- -------·--- ----- - -- - - - - - - -- - ------ -~ ---·--·--···--------....- .----.. · .. 

.:--7·-.-' .. , 

. ~ 

.. ~---- _,~-_:,where 6 is the nortnal stress On·the shear plane, and. -.:-·- .. : --

I' 
- . - ... "-· . 

.. 
. '•• --- ---· ..... ' 

-·-----. ----- ---··· -~-

J 

T · is the shear. stress on the -shear plahe. . They cla;i.med 

good agreement between the actu~l results and theoretical 

- p_r.ediction, .but they did not present a method for cal ... · 

~culating the normal stress 6 , or the shear stress T 

without first knowing the forcei existing on the shear 

- -plane. 
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Lee :and Shaff er .did.~nC?! ~~l..low .• fo:t' -~~--~-t~--~~~ __ §_ing_ul_~:ri ty _____ ·--:i-· :::_ .. ·: ·._ -----·~----_-. ~ • 
- ' <' ;·· ;·- ..... :.. • 

• -- ....... --- : ___ --- :··· -!: : .. '.,. : .. _.·-~_.:. ... <- __ · - · .. : . --. 
which must occ·ur at ·each en.d of the. shear plane.--------~ 

-- ,, ·i . 

Hucks· 
. --- - . ----·--······-'- . -- ----·--···------ ----· 

' -
,.. .. ---~--- -4-_ -~--, " ..... - - . ·. - -. - ,. -' -- ·-- -· - •'-. 

. . . 
,-• --·- ... - . . ,· - _, .. _. - . . ,. . . . . . . - . . -;---------,"' . - .. : . . . . . -- - . . . 

. . . : _ . Hucks presented . a sol.\.1.1:;_9~ _. to _ tb~.--PX'Qblem o"f ______ ----~----: ~--· ·;·- ------~~~==:!~~----~-~:: .. ~~--. ________________ .,___ ___ --------~--- --·-- ·-··-··------ ------·····- .. ----··--··-····:·-····- --- ______ ., ... -,--,-------····--.-,----------:·---." .. ' . ------·· ...... -- -···- .. ·-·--- --··- .-----~----···--···-··-··:-~--:·-----~-:.-······-.-.···:-:--:--:-------- ·. ,, "' . 

.. . >:.-,determining. shear plane. angle· that is .similar to. Le.e . - - ·_ .' ---~~-_--:,~~----- ·-,_ .-~ - .. . 
. 

~ 

p • • 
• 

• 

___.__ ___ -· :~ ___ '_ ~, -· - ___ _:_,,.~--,: ~~nd-,<,-Shaf-fer'-'-s---s:el~a-t-i'c,n-.--:- -I-n--hi-s-:s-olut±on, Httctc-s---m-ade · 

the following assumptions: 
·. -. ·) .-·.·' . -

. -

-- - --- ·----- - --- ·---- . .. -- - ----

· '. i(p The stress· between the chip and too.l along-- ~ . -.. ..... - _...-

. ·. . : .. the~ fa?e pf the tool is evenly distributed: - . ·-· . ------··--·--·----

. ·--·--------------·- - ·;_---=-:-.. ---.. :. '' ': -- --··-,--------- .·· - -·-· -? ·. 

----- --- . --- . - . . - ---- - - - ~--··--·--·-· . ---- -

- .. ---·-' ----·- ---~ ,. • .::.~. -rr - .• .. - , • ., · •. ,-.-,,. ~"..,.......,._ . .., •· ' --~ ,-. 

2. The shear plane is in the direction of-
J . - . - _· maxim-m . stress. . ---· - ----•- - . --- ·-,-------.----· . .-

- --. -.~.-, .... -_,;;---,.·-.a:w:---,.-· ...... •C"T . -- -- . 3. - - . ' - ·• . . · .. The· resistanc·e to flow in the direction of 
. --'-- - - .~-- ~------··-·-·--·-·----- -- - .. 

- .. -- -- ·_ . --- _::__,_ - -- - - $'Ii 
,· - ·chip-·motion is rel~tively small and th.us the normal· ' 

_____ ._ . _____ -_ -- -----~ s-tress on a plane perpendicular· to- the face of the tool_- -~~----::~-----=--:- -.-~-~~-- --. ·-- ··.•·· ---~----- -- --- - ·----·-------- - . . 
. , 

------- ----- - -·- - --- - -- . ----- ---·----~---------· ____ __:,__.._ ' --

-- -~-----------~--. --:- ·-;:--:-=_--:-______________ ---· -------- . 

· ---~ ----·- ----.-. - -- ,- can be- assumed to be zero • 
. . 

' . . 
.. - ·-------· ··:-=-~~--~=--~-----~-· - - With·. the·s·e~~-l:iss unf(5ti~oiis-==H[l'!kS ---p---~resented ---the- ~=~=====-- - 1 

. - . '· 1!" . . 
. . 

· following solution: . 
.,· 

- -
.• '-· :.1. - ··- -- . - ·-· ·~.· ·• -· -·-- ' - ---- '.""":·- ---<>--···: .. ,. - ' -- ·- --~--- ·- ... - . 

-----· --- - .---···--" .. --·· - . -··-·-- ·----- ·-· ·-- ------·- ... ~----- ~~,-····· --···:· 
·--··---·-·•· -----~-- - ---- -·--- .. -- , .. -

' . --···· . ·- . -----·---·. ' .. .. - -· __ --.,_ -·-·. - -- - . 

--------·-·-- ·---- -------- - -- - -------- --------- . 

. ';,;, 
· ···.· · · · · _·_. ·1:~n-1 c2 J.l) 

= _·45. -. . 

• .. •• - • 0 1· • •. ,·, • -· ..••• .,. ·; • -

,. -

. -·-. --· -:r-.- ...... -_~_...,, . ...!..., ••"•' 

. . ' 

I • 
, . 

·2 - - --· .· --~--~- .. ---- .,_ __ , ..... --,·-· - (i.2) . 
. ·. 

,.a .... - .. -...:··:. ... ___ ·_:· .. ·:;_-_,;....... -- _ _-_,; 

. . 
where/.(.. is the coefficient of friction of the tool. 

-, .. ,._.,,-,.,,,_--_,_.,-~--~··-~...-·,,· --"'"; ....... ~---------------. . ' 

9
Hill, R., uThe. Mechanics of Machiriing: A New 

Approac;h., ' 1 J0 urnal of the Mechanics and PhY.s-ics . of Solids, Volo 3 1 Noo 10, October, 1954, PPo 47~53. 

< 12 

' 
... 

........ l· . ·t 

! 
1 

. f 

\ 
I 
,1 



-- - ----- ---- ~-- - ··- - -- - - - - - - - - -- - - -- ---------·- -- -- -------- ---- -- - --·~- - - - - -- --- ---- --~ ---- --- -----------·-----··-- .. 

,' . i -····-. - . ----·-- ·-----" . . . . . •_.:_ ____ ----=::::-::-_ •• _··--··-------__,,._ 

: . ' . . ' ----------·---=-:--:--=--~---=.::.=--==---::--:---:=-=-=----=-===----~-·· __ .. _· ----.~_---=-,:____.:_;_ __ ·.~---------:--· _: ____ --~_::-:..·-=-.:--'-:-;-:-_-=:.=~-=--~....:......_--=:-=c.'":':.~=-;:'..~------ ' ·.:;:;a_:c·_":'_~_--..:;.:..-_~:...~---.·-.=:_.--:.:-- ~-- -~·-:-·--·~:-·--·~-~-:..,;..~--- ·,,.....---=;----;~·-.:. -_-_; ___ :;___:..::C.~:, -'----- _;:•·_--,_-,:--,·:::_~.::..·.·__:.:__:_ ::.. i i - ' . ~- ·----·------- ------- ·----=-------------------- -· --·-

I 
[· .. •' ... ·.-;--- . .. d 6 

i .· . . . . - . . - ·. . . . . . . 
1

• ______ .__ . -----" i •. ~-- .... --~:.Jlu.ek-sL.as·slllllptions.:.were cr±tic±zed-·by- Shaw ,---coo1c;--·- ----~--:-_ ------------ -· 
t.:. . . .. ,. .. -: __ ·_,________:_________ - ~------------------ --~-----·----~- -------------····-·-·-----···---~-----...:..~-..------:--:---. ' . --. . .. I . . , .. ··. . . . . . ._· . . --~-----~-"·----·--·-,-··'-··--·---------------~-----··---··--·---·----------------- ... -........ ·--. ··- ··: ......... ---·-· --·----··:·· ........ - -- -- - - --- - - - -

1
-~--------- ,., - . and Finnieo lO In particular, the thi:t'd assumption was 
. - !~ .. ··.- . ' - '. --7·----- -·---··-----··---~:---------···-·--'---

criticized- · more .because .. there is no -reason to ·assume· that·· -·--. - ~---,:~-~,"~-------- -~- , _· 
- .. 

·the normal stress is zero, and if,this-is ,done, it leads· 

to the c_onclusion that-the normal stress on. the shear 

:. - - ---· ··-···----- - ·--'-' .. -.·.-. !,:.• __ , •... ·.-··----·--- -----------· 

. - -
_____ ,.._ --·-· ------ ... - .. --·····--·-···--'·-·-----~-.--·--·-·:--·-·_·- .. · ... :.-· _:,-.·· -··--

. ' · .... experimentally·. to · be untrue_~-~-:- __ ·---~---·-----------------~ · ~ 
,... . .. . ·-·- - . -- ----·- .. ·· ... _.. --- ____ -________ ., _______ ,. '-....;.........·---------.-· - . . -._ ----- .::--=--~--'--~~~ :-: . .-·,-.-.- ··.: -__ :~.~--. ·-- ------·-··--- -· - ... ,:::,.: - ·: ------:----·--··- -· --,--· -····;•,J . . -·- ····-- - -······ --

. . - . . - ·- ... --·- --···-·- - __ .... -- ... ·--·-' ... - --- ·-·-··-· 
-- .. ···------ ... . 

····-:-:-·.-·. 

. '" -.- -·- ... - . -,-.- - " --- ····;· .. ,._ .. :·_., ... '. ·.·-· .· - .. : 

· Hucks also· modified · .. his · res··ults .. · to_inc_l_ude_·t.he~. -~_ .. ____ .. ·_;__·-·---.........:..· -_· ._ .. _· -----'----'--
-. - ·-·--------~----·--·--------·· ---------------~------~~---- . . - . -· --- ---·--·--

-~-. --. ~-'- - . . . ' ......... --;:----~: --~ 

! -

. -· ... 

norm~l stress on the· shear plane. · · Eq.uation (12) then · 
···,-··i··: : ..... . 

~ . 

. --

became: .. o 

' . · " -. _, · · -I 

.. 
·---------·-·---- ~ -- ----------------·-

-·-···· --•. ,.;;, __ ._,_.,. _, __ ,_,_.,.,.,--7'1· .. ' •.. 
... . .. --· . --....·-- -· - -·· . ·---:----r ... ' - . - - ------ ----- - ':-- .. ----~---- ,. - . - - --.~--

' < 

•. ·.• · where c'ot-1 (K) is Merchant's machining constant .. un~--- .. 
-------- . 

. ,• 

·-·--. ···-····'--···-·-·-- ···.--

,,_ . 

- ..... --- _ ... .., .... - ... -

------·---
. - - -·- ,. -

' . ' '· . 

- ·:.·----=-- --- ·----- ·- ....... -·-· ··- . -

. . ' .. , - ·•·- -
. - . ". . . 

. '.J_ 

f9rtunately, Hucks 1 theo-ry is not supported ~ery: well r , 

' --- -- ··-- .. -···. 

. . 
' ... ' .. .. ~- " 

V experimentally. 
- ·--·-·------------- '. 

0 • • 

. . . - . ---- -··---: ··- -·- ·- - . ·-- - ,. 
•. "" . 

.. · ..... · .. ·----· _-_ -- .. --·.--- - --- --------·-····'---------- -----.-·---.-~-:..- - . ----~-----· --~~--.. ·-~-----··. -· 

.· Shaw, Cook, and Finnie/ 

__ , .. - . - -...... 
. ···-· ... ·-.--- . , ... · --···--.·---·~-·-···-----=--··--·--· ·-------·-·- ·-·-· ·-···-···· 

In 1953, Shaw, Cook,-·and ·Finnie,,: modifi(:?.d: the Lee·----_--:-:-~-:-----~----_---· 
. • . ! 

and Shaffer solution by making a change ~n assumption 

that the plane of maximtun stress will not -be the shear 

plane, but will make an angle N1 with the shear plane. -- ... -. - -----·----·-····-··· ·-

-- - --- . -~·--· -- ·- ---~-~ - --- - - - -

10 · 
Shaw, Ma Go 1 Cool<., N. H., and Finnie, I. , ''The 

Shear .A.ngle Relationship in Metal Cutting,'' Tr,.ansactions 
of the AoSaMeEo, Volo 75j?ll953), p. _ 276. 
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• tJ - • , ,. • ·'--·-··-. ·- ----··--·-----~----,c-~·-····--·····.- . -·-·--··---·a-'-··----------·-- . _: _______ ..:::_ __ - .... :--~ ·---'--·-·---~-',--------···-- --------- - - - - . ·--;-··-- ' - - - --

-- ---- ----------c'------- • .. - ,·_, ___ ,,- ·-, .. -__ ,,.__ ---

' ' . . . .- .. ' ' . 
' . . . . ' _·. . . . . . . .- -.. ·-._:· - . . . ~ .:_. •results did n.ot agree w1.t,h experimental----·-·:·r•·<cc~-s-· .. ~~C-~---~~,~-c,--~·=-c·~cc~~~-'.-'cc---· 

{ 

. . ····" L ·· results. Lee11 has c~-i1:icized the results and comm~nted - -----~----- -----~---------- -- - ~-~- - ~ _,. . ~. . . ... -- ----

... 

. - . 

, that only a ~positive· N:1 has · been reported,: and· t.hat -•- _ ·-·· __ - _____ : _____ -·--- . ___ . ____ _ \ ~ .. - --·-·-· -·. - -·- ...___ --- -·- ----· ---~ -·---·---· - - -- ~ ----- ---- ---~-. ---- --- -- ---
--- --- . .Jc...... ---·-· ----- ----- ·--· . - --·-·--_· __ __c_--:----- --rt-7""-:--:-~~-.--: __ :~~~~-------,~----.-.. -· -~_,_ --· - · · - --

··· .. · .: -,-·-=-·-: ".:-: .. _ _-_ · deformatio11. lllElY 09cur~ahead- of:·,·the shear plane~--·:.· . - - --· ·--·- ··- -·-······-····.--· ---- - -· ·-. 
, ___ ----- --- ·-·. - -------------· -·----·----- ----:---···--·------ -- -·-····-· -- ---,· - --··· --·· -·- . - . . . _. . 

.. - . - -- - ,. . - ... -: -·. ---· . - . 
. . -· ··-·-· ··- ..... --- ---- ·- --- ____ ._ ------ - . - -·-· -

· In their research work, Shaw, Cook, , and · Finnie ·did _· .· 
' 

. find that the· following statemen:t:s c·ou.ld b_e made about· · . . ·. 
~ ,. . 

. --:· ~ ,-.·.-·:--·· .. -.-;-,--·- .. , .· . ·metal :cutting: 

-· 1. - · Friction -encocunter·ed~n the . c~~Urig-prqc-es s---. . 
------'....:......-,--~~---,---:-----------··· 

', '----- ····--. . . . . ·, - • ' - • 't ,. : ·: is basically differen_t· from that for ordinary_ siiding . . - . ' 

,• . 
·- . 

-.--··_-------__ -~~~-: · .. --~--cc>ri.tacts, . owing· ·to· ·a variation of the effective inden• 

tationhardness of the metal at the.point of the tool "·_. .., .. ; ..... ~ .. 
under different cutting conditions.· 

~ . 
- - ----- - -- - - ----- - -- - --- -- -- - -

·" ,•t 

the shear. and friction processes in cutting brought about - -· 
- --- -·---- -·--,-----'i·-··'··- . 

b_y the close proximity of the process~es and the fa.ct that· 

they are connected by a common stress field.· 

3. The effective hardness of the chip metal in" 
------···--·-- ~--creases as a result of the increased restraint associated 

with a·decrease in the angle between shear plane and tool 

faceo 

11Ibid .. , Po 285. 
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.... · -_-.:. .. _·_-··-··:.____- :-· ···-- :--..;_:_~----- -~ .· -~---·'- ·-· - --------· __ ., _____ :_...;... ______ ~_. ~-------·----- ---------- -----··.---,------. -. . . . ' 

---_;·_;_· __ . __ ::. ·,..: __ : __ __;__. __ 

.. -- . - ---· -· --- -·----;"1c···-,~--------·- __ ,, _ ______ : ____ ·-···----~ ..... - -- ---.----,--. - ------ ---- - ---- . -

·--- --=-c,='-,-- --- ,,,,_ __ . --- _ _. ___ ··- . ----..,,. ------ ---- - - --__ :;,_ ~., .. .:..· .. .•.. ·• -------··-- _._ ·-· 
" . 

-·-·-· -... -.··-···--'-'-·- _., _______ - . -----.. ---------- ----··-·-······-· . . . . . 
',...... "'I,. 

.4 • . · The ·eff~<;-tj.ve_]1~rdne~_s,:f~t!te ___ phi_g__.· thu_a __ ~inc_reas_es __ ~_-_--_ _i ________ -- : --~----------------.----------~---,---,- _ .. --------·-··· ·-- --~------~-=-~:.--~---~==~-- ---= ------------ "----------~~----· ___ -----=~-~=--- - - ~-=-·-:·-- ------- - - - -~-~--~·-:_. -

----'•---- c-~...;:;...c.·____:__:_____~:______ __ ~:.::· . .. · ..• -_. ··----------- -- _..:.._:..,.:::._:_;.... ~--- ---- - ••• ---·----·· 
... ,,., 

.._ • 
~ • 

--------- . ···-· . . . .· . . . . . ·. . . .. . . . . . . . " . . .. . . . ,/ . . . . . . . . . ·. . . - .. ' . . ' ' . . . . . . · · : _____ :-~-- --· with a de-cre~s~ in .. rake _/angle, whic]J. in· turn._, gives r1.~e .. ~?: --:·~ ~~--~-~-=:~~:=?~_::.~::_~:_:~-
_______ .... ________________ - . ---:··-~ .·-·:-.·~--- .. .. - _· . / 

///., 

.... ~ --'--~--·:: _________ -::- .. :-·- -,-a'.-~·significant· de.c·rea,_se·•· in the ·.coefficie'Clt of. fricti.on. with . . . . 
~ / 

. ~ 

. . / ' 

' 
" .. _:_ ---~-- - - -- --- ---- ~-- --~ -- ---------:-;;~---

. -- -- . °':....~-~---- -·-··------- -·-· --- ---- -. -- -- ~-. ----'---_.____.__ 

-· -_-a~creas~=d- ~a~e_?;~e. _ ~- ~ . _ _ .. ~- . .. . ......... _ .... -. ___ __________ _ ______ ..;......,._ .----------~--~---__ .,...-_ ~-___ _ 
---------- -:----:--. __ -/---,~-,. --. ~-- .··. -5. T0nterconnection between the shear and , 

. /;' : -- .,': _· - . . ' . __ : . - / . ' - -~----· - - - .... ·-- . :· :: . -~-·-::~: ·--~~--'···---· . >/ · ____ -------~-- ___ -frictionA)rocess prev~nts the·· shear plane from ·being in·_ • ---· - - -/,- ~-- ~ t / . 

. ,--_-_-_:·~-~--. -_·---c--·=·:__::. ___ -'--- -------- . -----·~:_.-"~'. .. : _~-~-·~:•c ~}j_e~ectiotl ~f m·~xilfium shear str~ss. in the general . use. .,z~,--•• ·· .••••••••• _-__ 
. ·-····"---~- -/----6.~The-assumption~of a-untform s-tate··of s-tre~s·rn-· · . .. .. 

. . . . 
- ~ . . 

) ..... . ;f/·--~--,' : _ I - th'e 'vicinity of thr t<;>ol p~int is a ,good first· .approxima- .. 
:. -~ . •- _: __ _ 

. . 
,/ ·_ .. ··'·- . 

// .. 

... - .. _,_ .. -. -

.. .,..~. . 

-~--, . · 7 ·• -Normal · st r e_s_s:_~on · a shear---pl-ane----d-oe;S--f:)l-ay~= -a-----_---"<-\ -\ __ ------:-:-.. ---:-_. ~-- .-:-::-. ,· -----~---. 
. . . \ ,•. ,,. 

- . - . -
.. -·- -----·----- . 

-- ·--- ___ ___:, ... ------ .a..........,-----·:·-=---·-· s.ign-ificant ro-le iri determining, whether a given chip will .._ I' .-~ ., 

~-.':l>, _:______:__-------· -----·-----· --------- - ----
· .- ~--,_ ·be cont":(n·t1ous qr d~iscontinuous . 1·2 

. ' I 

' 
--'-·-·-· - -- ·- .. --· . .·· . 

' ' .. ·:_··. . . 

' .. - --- ,......_ 

·.Oxley. '\ 

.\ 

---- -- ---- - --- --~------···· - •... --· - - --- -- ----··· --------..,,.------ ------·------ -·-- ----~~-- - -- --- --- ---_ __. ----

- -- - - . - - --- - - - - - . - ·- -- ·---- -- -- -- -- -

. _-- . ·. .. ' - ·-cc- - -Oxl:ey13 fOUtid that the -shear plane atresiW8s __________ _ 

.. •··-·•--'U,- --

- ... ·. ..· .. -:-::.. _____ :..... .. :..:. -- .. --- _' - . .. - - . 

... ~-.:- . 

greatly influenced by the relative motion of the cutting _____ · ,._ ~-
- ··-· - --------

. tool and the· workpiece. . The shear zone was thj.ck at 

sl·ower speeds, but at higher· speed this zone reduces to 
,a .. single shear -plane. . Using his slip ... line theory for 

. ' 
.. ····-·---···· ··-_- ; -:..':"."';;'.' .. --~...-.-;·-:·:::-:,-,.·_· .----.--~.:;::::..::::.::- .• :::~. 

_...._ ~,--~---· ·-----~,__,,__. -~----- - -
, -••-·------· -- a·•• 

.--·materials, he. developed the following relationship: 
~ __ ,_,. . --------.-----------.-- - ----· - ... 

·- ---·- ---- ·-·- --·· -·' 

' 
-- ···-·- -··· ----- - --- . -·--· -· . ------ -- ------

~--~ ------ _. --·-· - ..... ·_-····· . ~- . 

. ----··-····~-- ----~- -- --- -------·· -· _,_ ______ ----- . 

1 2Ibide, pp. 282, 283. 

13oxley, P., "Shear Angle Solutions in Orthogonal Machining 7 " In·ternational Journal of Machine Tool Design·, and Research, Volo 2, PPo 219.-229. 
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___ ( - --- - -
' j--

----.. ----~-.----- .-.-----,-, .... -.... ., ... ------

------- ~--------·:----· ----:;--··--------~---,---- ----···-·-
- . - . - - . - - ~- - . - - - . - ·- . - . ---- - - - - ·_ -- - -- -~"': . ' GiVen .•re. atld ~ or ~ and ~, th.e two equations ... · · -:;;;¥~, .···· ·• ·· .. - -- _- - . - - - - -' - - - -- -_ - - - _----_- ·_ ... i- --- ,- --- ' ·"'-.'(_ :·-:. -_\ -_ --_ ~',;~:-~---~: ___ =-~~-:-- --~---__ · _qo;ulcl-be so lve.d_ ·simultaneously _fo:r cg and" j6 or re and <9 • - .: -: .:_ --·'·--~~-<. ---~~----.---''·'--~ ----------~~ -----··' - . - - - . - --- - __ , _____________________ _:___~---·--·--------------- ------------------------,- - -----------------~-~~~~--=--->-,,< ~- -· ~:c : :E)cperimental agreement i.s fair; however' ·cert a.in as sump.. . .... · 

- . ----------------- -------- ~-~ -- -- --- -- -------·--··---~- -:--_-------·- - -· -- --- -

i - tions -ha.'ve bee'tl. '. questioned. 
. . 

In 1963, Alfred Bur-feindl4-proved that friction 
----- - -- . ~ ' -., - -- - - -

..... 

-is depend·ent on the QUtting ~onditions. He devel-- ... - . . -· - ____ ,. __________ .. -- - -- ·-- -
I - ·• 

"------- --.- ------~--~·o·p-elj:··exp·e-rimehtal--met~ods _to ... predict the'.friction. angle 
- - . -- .. ---- . - . - - --- -· .... -·· - . 

. - - --- .. - ' \, 
- ' ---- ---.--- _-- - -- .. --- - - -

• · __ -__ - ---~~:--~----- --for mater:i.als -AISI 10-20 HRS and- SAE 4340 HRS, }mowing -

• 
• 

• 
j 

---- --· . - - ------··----~- -------- ----

- . '. -cutting conditions._ In the same way, Sachse15 developed -. . . . '. 

· - · .an experimental method to p_redict shear ,plane angle for . 
-------'~·. _ · .. · · material AISI 1020 HRS •. He proved thaitMerchant 1 s force •I r ------------------------ - . 

-- . ,.0 ... -

-· 

-------- - . - --·-~·" -

--· --- - - - ··- .. . . -- ' -______ --· :_ --- : ________ rel.ationshi p is in'valid for SAE 4340 HRS when -the· shear - -· ---- " ----- . - .. ___ ·~~-

- ' 

plane angle is greater than 35 to 40_ degrees. 
. ... ---·-- ·- ----· -~-- l_ -----~---.-·--~--- - -- - • 

---------' ,-. -· .. -----·~·-··~ ' In the·preceding discussion, a brief slllIU'Dary of 

-----If'---~ -------

---- - •-·. ~ _,.. ____ , ---~~ • ~- • a 

the previous work has been presented·in the field of 

metal cutting in order to predict the forces by pre
dicting the .shear plane angle empirically. No work is 

14Burfeind 1 Ao Fe, ''The Effect of Cutting Conditions on ·the Friction Angle ,' 1 Unpublished thesis, Lehigh University, (1963), Po 180 

15 , Sachse, Ce;, De, 'An Experimen·tal Metl1.od for Deter-mining the Shear Plane Angle," Unpublisl1ed thesis, Le.high University, (1964), pp .. 47, 48Q 
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the cut.ting conditions 
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- ' · ·. In this thesis > a :t'elStionship Will be · deVel6pe<r 
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·· which can be used to predict: the Cutting forces once the 
·r 

' -------__________ ,. 

r - ·----- - ~·-·-···- ~---~--- ~- ----- -

. :.:.,:..-~,,:: :. ,.c::, .• .:;;. ·workpiece mqterial and c uttin.g ··· c6ndi'tions have been 
-. t • • 

- . -,--
- _'_ - - '---------·- ·-· "------·-·- -

---------_---· - ··-- -------' .. ···· 

----- . _·.: . -· -._ .. ' -- . .- . selected and without - -- - --- - -- - - .-
conducting a test at tho-se cog._gi~--·--~--------_-·-- -- ~.,.-- _,_ -···-"-.---- ·-- -

------------,-=--~- ____________ :__·,..:....··~- - -

.. - . . ----------· ··----,,---' -----.;~- ':.~--=~ =-ti.()tis C>r without: pr.edicting "the shea_r __ Pl.~ne .. or_ .friction 
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.-------------- -- -------- ----- 0 

. ..J 
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J. 

--- -·- •,--•- - - -- --- ---~ - ·--

- ----- -

.angles. This type o~ in.formatio·n. is extremely useful -.~. 
{' 

•Ii __ ___,___....:,______ _________ . -- ¥ 
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• - • f 

for the design of cutting·opeiB.i:ions, cutting tools and 
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' ------ -· ----- - -· ------- ·-·--- -------- - -

-----.!- - --- --- ·- ---;------- -- -- . 

~ ----

·.-t -~-- -- . --- -· -.. 
. ·- ·----- - ·-- •;· ·- -----··- -. --- - -·- ··_-;:;--- ·- --· ------ ·--- .. 

,_•,' 

'··' . t• 

. 
,,, 

- ... ~ 

(· 

~-- ----------------. -- -- - - - - ------- - -- ----- ---=------

--- --~--------- -~----------- ~- __ ...,,. ______ .-·. -

,, . 

~--,...- ---- - ·--~-·--.- ----- ·,~-~. --<"----:----- --·-----;--:--~---- -~-~-
. - ~-------··------ ... ..--------~~---·~ -· - -- -- -- --~-- --- - --------------. - -----

\ 

- --- ----·~ - ---·-· ··- -

: • ' - -l •- ·- --. --
-·~ ' . '-. 

- -. .... -- - - - -'- -- ·--7 - ... -.:.. . ....-.,.,. -· . 
- -· ··-------'---•-- - -·----. - ····--. ·-- .•. -.- •• _,h 

' 
- -
'7 

......... ·-·-----·---,------------·-- - ------·-.-·---- -- ·- ---------- ---· -~ - -· -- ------ -··- - - - - -- ----- ·--· - .---- --- - - - - .. - ------------ . 

- . . . . . - ---·--- - ---· ~----- -. '• -----~-·-------u--·--·----r~·------. , . I 't . . 

,,. - . 

' 
•• -~---------~-.----••_,_ .•. -. /••M·.--·~ • ·-• •·--,-~--~ -----~~·- -

. . 

; 
•, 

-~----------------- --·---

-··-· ··-·- ------ -.-'-- --·-..---· ------ -·---------- ------·-· --· . ~-·---,•-- .... __ , .. ,. - -. 
.... · ---- ..•. : ...... -.. - ... 

·-- ·----... ·-·-·--·---.::: ___ - -· .. -='.:'.'"::':'.~ - --·---- ·-·· ----·· ------. ~- - ----- -.. ~~~~~----=---==---..-...-.--.--_, __________ ----------·-·--~- -- -- --- ----- .... ~-- -
. 

- -- -- . - - -·-- -- -~----- - ----~-~ -- ------ --·-----=~---- --- - -· -- ~- ·---- - - -- - -~ 

• • •. ••-' • +. - ~ ·•0-·.<L-· • • • -«~ 
- ---.·--- -------·- -- -----._;.;__·· .------··.-," --- - ,....--.--•- ·-- --~-- --- ... -· ·-• • --- -~-··---~-------- - --------~~- ------~---, ; L~. 

1,,,-

l, ·17 

'" h ' 

I 
,\ 
'} 

. ~ 

,: 
._..:,. 

( 

' ' 

!J~ 
11, 
11·' 

i ' 
I 
' 
[ I 

l -

1,,:'., 
f: .I 

~

f' 
I 

. 

II 

\/.·:·, ( 

I 



. --·--'---··--· ·-----·· ..... -- ..... ,. ··-. ' 

- -- - - - - ... ---

... -·---·----·--- .. ""---··- .. ------ ------------ ··"···-~-:,:···· --_--- .... ., .. _, _______ .. ____ '. . ... .. ''. . .-

. $ 

··---------------~-------·-- ·--~------ . . -··-··-. -·-·-· ------ - -- ---·. - . --· -
. ·- . -

. • o..'f . 

; ' -I' 

..::_;----=--=-;::-:":"~~-··---.:. .. .:.:. ___ :_. ----------=-~· -- ··-- _.·_. ·: _· ---.·- -·_. ___ ' ___________ ··--·-·---·-···----' ._·---~-=--==::::.-:.--:::-:--~::=--~~-~-:------___:_~--------_;_·~---·---------~---,------~----------------_. -----::.·-;:--·---------------___ :... · ____ ·: -~~'-- -~· . ---·-. __ . __ · __ '_._,·_·. ··-_ .. ---· __ :· __ _ ==-· -· -- --·--. ~ 

' . ' " · ---";·. - .. : --· ~~-----'-~---'-----~~-- · · -EXPERIMENTAI.-·?ROCEDURE------- · - --·- -- .. ... --- ····- -· .. · ' . . . 
• -~- . . i ' . -··-·-

.. ~:· ~ 

----··--------'-------- --- ·-- .. ····- - -

... - . - ....... -~ ..... 
·-------- . . . ' -- . . _- _______ _. -------
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·_As . p~e.vio usly _ ··in·dicated, the ... objec:tiye of--this~~-;~~-· _-----~~--~'---------~-----~------·--:-.··-

- '<' 

. . ·' . . . . . . . - ~. 

-~~--=~-: ... ~: ________ -~-~-:~~:..~· --~-,-~---- -}st uay is-·t·o determine an experimental method. of. cal-cu.1:···· ~--···-··--·-· 
• .. '·,·· • , .•• -.·. <,l ~ • • -: J • ' --- ----·-----------·-~---,------------------· -------------. ··-----··.·····----- ---------------------------~---~------'--------,----.---

~~---,,.........____ __ ---------- . --~------------------------- -- . ----------- ----·-------------- ------ --- ---------- _ .. _-.--------· _______ f'i':,_ - -- ---- .. --. - .... --------_--· ___ . ____ . ---------'-,--___ --'----~~'---,.............,-·-------·--

. , · -· _ a ting cutting forces. To o.btaii;i.- da~a for .t-he study,- , 
. . • ·, V 

. -;.,.·-.··-··~ ···""'.~---... ·· ·-··----·--·_-~-·-··· ·.,. .. . ., J; • • ··--'·~--,--,"··· . :-- ·"''"'-';·-·-·.- ···--: . 

·· the following workpiece· ·materials, tool geometries and ; .. -. -, 

----' ·-·----·------------- ------·-- . - . . --- . ---·- -- ' '" . -. ---····" .. ---· --··- ·- - -----··. - - - . ·-· - - - .f/: ' < 
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--- - - -- ~--- -

____ ,:_ ~-·_:_A_. __ ._ Wo_rkpiece Material 

- - .. __ :·.··_: ---_____ ____;_,_ __ .;_ -----.·-------_-_;.....:_._--··.'--.--·-. ·. ____ ... ___ . __ : 

. . - . - . -- -- -· ----

- -- ------~----- . - . _:~-----. .. ··-----~----·-----

ri-,---------;.,··~-~~---------- - ·- --- ------- ------

SAE 6150 -HRS. · 

-s_, O; ~5 degree~ 
·---- ~- - --···.. -· ---·-···· . 

B ... Rake·Angle ... 
. ... \ 

. . ' .;, ' ., . . 

- - - _- -- -~--~--~~~=---=~----·~: __ :___~-~~~:-_--:·--- -- -- .----_- .. - ··C-. Feed Rate· ... o.oos1~, 0.0102, o·.0203 in./rev. 
·-· -- -- - - - - -· •• ¥ - ,,. •• 

····--·--·--- --· -·--- ~~~----· - .. -- ··- . 

• . , 
- . ... . . ' .-- •. -.· . ------ ------ ··- ----·. ·----- ----- ..... L---------~---'-------·---------------

. -

--· -------~-.-----Dep-th of Cut_ ... 0.020,,--0.040,---0~-06-0~-~-in-.--------------~--------- _·. -- ' . --.·~--
. ( 

-;~ . 
· .. All cuts were made at~ a· cutting speed of 450 SFPM. 
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A 

;, ; .. 
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/. 

·· -.·. · · :·. ·This speed is -in range of nor·mal speeds for carbides. 
. ' . 

. - . . . --.---- ;.; 
.~-

- ---·--·-- - ----- . -- ,. -- -- . ' 

· In this normal range of speeds, the· speed has negligible . I 

e~fect on. tb:e C U:tting forces. 16 - ·· -- ---~,:=='--' - ·· 
. 

. . ----------...----· .. 
. ' 

. --~- '"' '-" ---· .... '---- --- . ·- -· .. \.·· -·· - - - -
. . •••• ••• -,---•·•--•--• --T·- --•-------- ·--•--·- ·-·····- ---·---- --- ---- ----------- . ---·--·-··. - . 

The tool material was c~rbide of KENDEX KSH. TPU 322 ) 
... 

........... --------'--------gr~d-e~.---The--.. res ults should hold true for all grades of 
! . . 

- • 0 0 e - • • ~ e • - • M •• -

I 
Ii 
" ll!i 

1

1. 
·_',._,, ',) 
·:11 

',!; 

,:·1 ,_, . 
. , 
I: 

· carbides, a~tho ugh very little investigation ha·s ~·been 

done in this area. 1 
/ 

- .- . --- -- --- . . . .... ' ______ ....__---'-______ .. ______ , _________________ ,_ ---- -- . _,_____________ ·-·- -----·----------·- ·--,---,. -~-,-,----~------·--

The data was not ·taken in a random order point by 
' ..... --- .... --·· ---· -- -· - ... --- -·-, 

· .. · .. point, due to the s~tup difficultiies. The cuts were 
--·---- "' 

- ···-· .. :· -~--- ,_--~·- .- .... - --r- -~-~~ ..... 

; ••. r 

.. -·-·- '-··· ·---:·.-:·";-~··,~ ~' .__: _____ . 

16Boston, O. W., Metal Processing, John Wiley and ..... ~----.,:...,.,----
Sons, !Re., New York, Second Edition, p. 162. 
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r ·• - ••" --• -·-·-~~~~-~~:·p· = ·18.998 - 1.403A ·..;. 2.828B ... 26.813C • l.604D .C 
. - -- . - - -~ - --~ - -·· - -~ -~- - - -

.. + 0.828AB + 2.566AC + 18.476BC + 0.261AD 
, . . 

.... ~~. _·_------·. .. . , .· ;..o.430BD + 4.006CD + 0. 1634ABC + 0 0·20ABo·· .... :·.. . . . . :" ·-c---·.-·-· , ·--· .. ' ··- ... . ' 
• 

. . 
. -.· _, __ .. _,._.~ -

-· 

I . 

. . 'f .. ·-···· -.... _ ... · . .... 

------ - ---- -------- --·-, . 

- - . . . -- -~· . .- ... ... " 

. .. ·- .. ,/~-

• . ···-- • - --- -1- - ·--------·-· -

. . , . .. 0.41(+.ACD-.. 0.940BCD + 0.076ABCD 
--- ~· ____ . __ ....__ ...... ____ _,,_ - ..__, ~.--. --- ~-~~--· ... -,--, __ --..-~-- .-·: .. 

. .. . ··---· - -- -- ' ~ l • -- --- -

.·. 
-~- .'L'. ·-- • _,._ ,- • - . - --·· - • - • • 

. ' 

........... 

F =.18.998 ... · 1.403A .... 2.828B .... 26.8130 + 0.828AB C 

! + 2.566AC + 18 •. 476BC + 0.634ABC 
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B = Depth--of---cut in inch -x 1·00 . -_/ _ ···----~---~-=-=~~=~--- ______ , --~--------
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,.... . 
-:c = Feed Rate in ·in./rev. x lOO·c·, -
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·-'-- ··------ -· - ·-·---·--·· .··. " 
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··---·-----•·---·---·--·-··--··-···--· - ....... - ······- ............ _. ---

----·----------- --· -.---~--C----~-----~-· -------~------~-n- ==--·Rake-- Angle in degrees· 
-----·--- 1 • ~ --· -----'-·-·---- .• ----·-. -- -- . -· 
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The. same types of· rela:tionships··are--developed for· 
. -,. 

' . 

. . . 

·"···: •-~···-· -··'-~--C,C.,CCC,~,.C ••••.• O---:-----C .... ..f eed- _for.c.e., ...... as follows,~:. - - -- - --~~.-.... --.1..:.:-- -- - ------· . --- .. - . ''• . . . ' ' ·. ·. . 0 
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-=------ ---.·-- ----·--~---·--·-----------;---- ~ - • . ' 
. .. ··- --- --· ····- ... ···-··-·····- ......... -·-·· -,-··-· -- ··-----------.--,--~-- .. -----·------·-··-· 

. ·'· . . . . .. -· ... -·---------····-·-·-·---- ·------------- ··:._ .. -_:.--· _____ ..... ____ -. _ _._ ----------------- ~------'-'-> --it't;_:_=c-123·:-4"lii·------1~.-t-4t>k---~l1S-OB - 137. 4960 + 2. 254D 
. . . . .. • ___ ,:_..,_ . -~ - >. _. .... .·· ', 

... -- ----------.. • 

... . • V .. 

_/_~--,,_~-.2.787AB + 12.84&\C + 33.694BC ... '0.3:20AD-
.·- . ""- . 

·--. . ,, 

- 2.833BD .. 2.541CD --2.546.ABC + 0.265ABp· .. ~ 
. . . 

·,·- -·-· .. ·-'- ". ·- . •· ... 
I} • 

' 

' . •, ,. . · + 0.287ACD + l.187BCD -. o.-163.ABCD 
. ' ____ , ____ -- ·····--·--- -

~ . . . 
. -· -- ····---- ------------ ~--------------·------~----· ------ ···-·· -- --- .L---~-- ·-----------~- . ---- . _____ ___._-----'-'-~~~-----------.------·· 

------·------·-·· -------- . ---·----------.. 
. , ·· .. 

..... ··--~-- ... ········· --·- -- ··-···--- ,. 
.. ' 

. ,. -· F, 
. - .. -····- ... t = 123.·416 - 12.1401\ 

. . 
• 20·.:0BOB • 137.4960 ~- 2.787AB .. 

. "' -;i . . ~ . .. ~- '.-·····-·- . •· _ .. -
. ,\,-, . 

:. .. -- ~ .. -- ·.- : ----

+-12.84BAC + 33.694BC - 2.546ABC . • .I' . .. . . 

- -· --- -··--· -·------- . --·~·-where 
A = Shear strength of material in- psi/10, 00_0, 
B.= Depth of cut in inch x 100 
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C- =·Feed Rate in in./rev. x· 100 - ·--. 
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D = .Rake Angle in degrees 
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-- :~------------~-~ .. --
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.-·_ ~--the signif-icallce of the independent--variable.a and ·.their ____ -

--- . interaC1:ion .termS~ The data was analyzed .for each 
. ' 

Then the . complete data of Cutting --~-~---, ~: __ : - :~~~--- - ~-: __ _ 
. ' .·- ...... ------·----· -------··----------- -~------------ -------- --- - - ). 

--·----- '.~ - ' . 

----·- ---- --- ._ .. -- - ~--- - .... material -separ~tely,. 
. ---- ---... . .... ·-··"·. -----··;-

-- - ---- - ----- - -··--·------------·-·· --~- - - .. -- - -

- ~,,,=-0
~'~- : :- -force was a~alyzed, by adding on.e ·more inde.pe.naent var ... _ -~~~~~ ----:,·-,,_ -_-._-

·~-iable __ a_s shear. strength of the material. :-The same ·· · 
I •.• ./ • • • ' ' . • • . - •- -. 

. ~ . . 
'.;. -:-----_ . . . 

. _______ - .·· - te-chnique ·was· used for the----feed force.· - The results . 
. . 
' 

of. the .. analysi_s of variance are shown in .Appendix E. 
' " 

- .. -- -- - --'--- --
- - --- ---- ----· ·--- - -· -- - - - -

: -~; __ ~::.::":~_::-- :-
0Tlie deptf[ Of cut,. Ned rate, rake angle and th~"i.I' - -- .- - c---•• ·~--------~__,,.-.. ------:--·---- ·-

. , .. •.-

interaction terms Were found to be significant at 99.9% _ 
- . - --- - - .... - . . 

'• ' · · confiden·ce level for '"materials ·SAE 1i11· CRS and . ~ 1-- .. . . .. 
;' 

' •. 

.SAE 4145 HRS and for both the forces. But in the ,case .. 
•• •' ;L 

·\ 
- ~;-' -~--~,_ -. 

of SAE 6150 HRS material, except the independent.var ... · 
< • , -

•• • ... - ., ...... ......;=a • :- - -- . - ... 

. 
---_' -~--=-~-----= --- ~-_;,· __ ---- - -

•• -·-·•----·••• •••• ··-• - •·-· -, ••• .r· •. . , 

' 

. -- ------ -- --::...·.· --- - -- --- .- . 

' . 

iable rake ~ngle , all other-:----te-rms-:--were,----fp-und to be 
J. .... , 

significant at '99.9% confidence level, for both the·._ . . .. ; 

,__;____,__,___ __ --'---~ 
____ ,_,_<,---.~-,-Cd-<,.~. -·~~- --- • • --·-------- ---- --------- -·--·· ---~---~-----~ --------- ---------------------~--- ----

. .~ 

forces. 
. . . ' 

---------- - - - -- - - - - --- ··------- f -- - • - : .:. ...... ,. ,. -
t;; - ·- '-

Wh ~ n the combined ___ data of all_ three materials-- -· ---- -----------~----- -. . .. -

.~ ...... -·-·- .. 

·-··------ - ... - "-:--'"··- ··._·. was analyzed, the shear strengtl). of the material,. depth ·• 
- •· ------ .. -

of cut, feed rate, rake angle and-their interaction 

. , .. 
·,v 

• - • -·- .--- ..... ~ ... _-.-.- -.1. .. ~~~----- .J.··;---~~- -

'"·"'""'"'"',v,,~:_• :-·,-~..:..-..~~':"~-~~·-.·-,-- --·terms were found-·to. be significa11t at 99 a 9% confidence 

--- - . - --- -- - -· 

level. This was found true in case of .both fo.rces. --~---------.---· . 
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' 0 • The 
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- -----·--.. ·····.::--~"'···-~· ~-,c.c ·. dent- variables-on t:ne . cutting forces lv~:fe linear aii<l .. 
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-- , _;-. ---,--· ___ .:-:.·: .. -:,· .. ;:.: .:.~::.-....::. __ ·:._-. ___ -----. 
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. . .. -·• .. ·-·· ... 

-~i-·;:,··---~- ···the technique of ·multiple- linear· ;regreEfSic,n·w~s.··use.d ., .. _ . 
. 

. . t . 

.... , . - .. ·-···· -· .. 
. ; 

. -. ~ . . . .·. ~--- ·to -dev~lop. the relation$hip_. - .. - -·· -· - --- .-. -------~- ----· .. •' · ... ----.- --- . ' . . - . . -

. . . ·( ..... · -~-- ' . > .. ·. 
- - .. - .. .-.... . :;;··- ~; -----·- '··-·" ---~· ___ _:: _ _:_ __ ~ __ : __ -. - '~ .-_ ' ····' ,_. ·-- ----· 
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1 . 
I I 

. ' 

. ' . 

deve.loped for. c.utting fo.rce a~d feed. force separately 
- ,I .• , 

i ·for each mat·e·rial. The.n one multiple linear regression 
. ·_. . .... 

-'-·. · ...... ' . . 

·. - _ \ 
•· --.· ' -

-
·. 

~-- .· .. _ (Jeve.·1·oped- auring cutting of any material._ The same~----· ... · · -· . - . - -.· -~- · ····· 
----· -- ------·-'---·-- .. - - - - .. - -·- .. .- .. - -- \' 

- . --- t~ equation is also developed for the feed force. 
-- . ·- ---~-- ... ..-. -- _1·-. • 

·These equ~tions contain all the fifteen significant .· 

- ' -.. -.. factors. But for ·practical use· this will be a compli• · · ·---_ -~---- ·· =-------=-- .· 

.. 
cated equation. By the close examination of analysis. _ 

--~. ~ 

' ' - - - . ·-- ------- - -

. ' 

of. variance for· c u_tting force and feed force, it is-
. ·-·· ----.....-.-------'-------··· .. -. -------·------------~---- .------------- - -- ---.,-· -- - -----------· -·- --- . ··-··. -- ·- ·-· . ---- --- ·-····· ····--··----·--·--·--·---·--------------·-----·---·--·--------·· --- ···-- ····- - ·- - -- --- - ----·- -- ·---·-·-----····· ..... ····-----·--·-···· ----. ---------- clear. that the sums of squares contributed by the rake 

,: 

,, 
•"_'---:"'\-:-:~-~-~:...,:,,;:--""=~---:-::~~ -;·,_:-

" angle and the terms of __ interac.tions of rake angle with 

other variables are ver_y srn~l.l_. ____ _Tp._:i.$· is- due to the ....... ____ _ 

smaller range.of rake angle. Therefore, we can eliminate 

those factors for the regression considered. By.this 

way, another multiple linear regression equation was 
... 

---- - - - - -- . - ·- - . -- ., -· developed for cutting force and feed force containing ___ ·_- .. .,·-=-=:-· .. ···--,···~.·-· 
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.. .. . .. _ ... seven var1ab1e.s~ · The~resurts of the:multiple linear . ·····-·-······ ..................... . 
- - ·' - - - __ -----·------ ---- ~- - - - ------------ - ----- -------- -- -·----- --- -- ·_ ----- ---------- ------~_:___ - -----------~-~~-----~---:__:_: ___ ~---~--~----:_; _____ c__:.:..-_-'-:c"----'--:-:~,--,--·-.. ~---.. _---':-_:_ _____ c_w. 

--- ------------ ------- ------- -=-- reg!'ession are shoWil-±n·-A1>pendiX'~. · ·.· .... . -· . u 
-------·-- .... -- ·---- '----· - ;:: --·----------··---·----······ - ' ' ., :-;-,·-·---·-----------·-.. ---------~ 

.. Wheli. using the 'developed equations, .. the acfl.lal ~=········ ·. t 
. . . . . . . . . 

- ...... ··:· ------- -------------------------- ··---- -- -- -

- ---------

- - - - - --- - - -

· -· - _ -fvalue of the back r·ake · angle --must -be .. use.a,, not ·the 
- ----------------- ----- -··- -.-- ----------·-----· ----.----,-------· - ·----.---·- .. ______________ .. ________ ·---·----

·------------ --'~-------'--
. ·- - .. ·-·····-· .. 

-Dack -rake angle ·and ·side rake ang·le. 
- - ·-- -- ---------- +. :. ---· •• 

' . . . ' - _.-.,.. ··;---- -. ··- .. -- - ------=-·· •· · · ·· · ........ ········- ···· The results of the multiple linel:l,r re.g:ress:foD. .. . .. ·- .... -_----~-'---·----~---;'-----
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--- .. _- . -~:--~.- ... _- . -· __ --_ - .. . ,· -· - ... 

~ - ·-· .:_:_:_ .::..: ····· · ··· · ==" ..:.- ~i:.Otl-4.or-~ .C:.u tti ng ··· f bl:' Ce Show_·· 'the exce.11en t agr e.ement_ . · ~~-=.= -· -· ··• ··. ~.·. ·· 
... . .... - ' 

· · bet-ween the · _predicted vall.le ~ncf the mea·s ured · value·. -.- · .. . . 
-) 

But in the case of feed for.ce, poor agreement .is ob~ : - -:. -
·-----·--·--- .--------.- - . ~- - ... 
. . ,. . -~--· -

I 

-- ---·-----~~...,--------'-'-------------------------------- , I -

tained between .the predicted force; ·calClllate.d from'· .. · . 
:-.- -.-_ .• -,--- ---.2....···- ·-

-. - -- ··- - -- ... 
. · . -- - ·-·- •---

----'------'----=-~---'-- ,_ ------ - - .. - . --- -

··--·-"-------------__ -_- -: ---. -fhedevelOped · 111ultiple ··· linear ·.:t'e.gres.§liQnc,equation, . .:.and· · .. _ . . .. ... . 
. - -

the meas.ured- force~ This is due ·to some other factors _- -- . : - . ' ' -. -

I - • - -
- - . ":.·· :· .: . -

- -:----- ---~ffecting the res ul,ts and the -effect o·f those facto.rs· . ';..., ...... -· 

-- ---:--- ·- -~- - -- -. ---· -~ -·-

··--;·- -- - . - ---• . . . . . _ - has not been determined 1.n this study. : -
- . 

·_ To ,estimate· the horsepower requirement, the, unit-
--· •- ·---- ---------·----- -· . 

- -- - ---·- -· -~ 

-
horsepower ratios are given .for different mat.erials a.t 

J• ' -

- - -· - ----· ----- --------· ~- --~-- - . - ·-· ----- - ----- ---·-- ---------
' • - - •• . . ------ ·--··~····----··-~---------------·--·-·----~-... - ·- ------·--·-·· --·--·-·- -· ·- ··-- -:t - . - . . . . 

different feed rates. 17 The results of_ the unit power· 
·---·------------- ---·----

__________ calculations are _presented __ in Appendix G. Those"are 

-· . - . - - - - .-:::-:--~------ --.- - .. _ ........ 

shown for different materials and at different cutting 

··. ·conditions e The results are obtained by using both the 

measured and ~stimated cutting forces and.those results 
fl "I' • 

--- . --------·---·- -- -c 
17 Vidosic, JO PO, ''Metal Machining and Forming 

Teclmology, 11 Table 17-2, p. 365, Ronald Press, New 

' 

Yor·k, 1964. 
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that the cutting force can be predicted by an empirical 
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+ 0.828AB + 2.566AC + ·1a.476BC + 0.261AD 

... 0~430BC + 4.006CD + 0.634ABC + o·.020ABll 
. " . ..l 

-··- ------ --~- -----•--;---..!.-~___:X_..·:C:.····il>- ··--- -------,- ·- -----

' . .. .•.. ..... ~~-- ... ·-····· 

.. - ... : 'l,, - - ~ O. 414.ACD - O ."940BCD +' O. 07 6ABCD 

Where: 
.. ···- -·-- •: 

A = Shear Strength in psi/10,000 · 

·B = Depth of Cut in inch x 100 . 
·. ------. ------------,-- -- .. --- -- ----- _,( . -- .. 

c = Feed Rate in .. inch/re.v. x~---100 

D = Rake Angle in Degrees 

.-·-- - ' - - - . -- -- . 

Analysis of Variance 

Effect 

-~egression 

Resid_ual. 

Deg_rees _o~ 
Freedom 

15 

140 

- ------- -- ... - . - -.. - -- -- - ~----·---., 

Mean Square 
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--· -__ ·------------------_--_---_--_--·-_--Mu.ltiple ___ correlation~~~-Coef~ficient-- _:;_ ___ o. 996 . - -----:- --~-~:_: ___ --~.:.. _____ -::---=- ~--- :~~---·..:_-__ -_-.:.=------·-_:...:..--== -

Standard Deviation of Residua·l = ±7.65 lbs. 
-----------~-~-~----·· -

( ... - .· " 
---- --· ---------------------- ______ ... -- -- --------.-----. ---· - - ---- -·-

- --·''F''- Ratio Significance · ... · .. --=· 99.9% -. ----- ••• -·-·-•·"• -~·····-·~ . __ , ___ ---·-·-··- .. ~---- .... ~U·---··-•T·•~Oh• ' .. ~ ... ,,, - .. ' .... ,.· .- -~--,- ,._.,. ... ,· 

............ - . . __ , . ... . -. -- -- ··- --·· . .. . .. , ,., """~-···-····~·-·· .... -- .. - . . 
' ./ ~ . .. . ., --- ,... . .. 

" 
. ··- .1 . . 

. 

. !\ 

' •' r 
; - .-

. '.>. ·, ' 
.... - .. 

' 'I; 

r • ', • 

,.·, • 1 

. . ' : ~ ~ 

: ____ " w-·_- .. ·,;., 
' . ' 

·: ~ - . - ' 

_,. 
j. 

' :,. .. . 
. '· 

. . : ' .. 
' 

" : , O H ,, •II' 

' 
·• \ = r 

·1a 
• I 

~ ~ .,. 

.•. ~,-. 'I 

. . . 
,,, ' .:: ,... 
l'i,·" 

. ·~ . ···;}· . . . . - ~· 

. : . /.. . . . .. .. 

.... i' ,, 

.. 
,/ . ~· ··:,' 

: . 
• '· • ·1 .. 

. ' ,. 
' 

. ' 



.. 
·--------------

. -,Ji 

-· - . _____ ,-_ --·-- _,_ ---- -·- -- - ----- .- ------- -- -- ------- ---- -- .. --- . ------····· --······--···------·. -------. ---- -- -- -- - -- . - -~ 

. ' 

:----:-- . -

~-· 

" - . 
_' • '••v•--•-••: ,• • 

. - . . 
. ··-·------ .--- --- ---···--·· ----·-~: ______ ~·--· -- ···--·' ~-----·,--

.· .. . ' . . . . . . . ~ 

VERT1.CAL FORCE Fe· ~-'-· -- ' ·- · .. ·- -

. . . . .. -· ' . ., : . - .. _ .• 
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. ·-·· 
- - ------- ·--c-----'--~----'---~-~ 

, __ - ~------·~-------,--'-------~---· 

___ -c~. ------'---F G- = _:lf3 ~??_8--' - J-.40_3~ . .:. . ~---~?SB_ - . 26.81_~(! +_0_!_8~8A!_· --=4'--_ ~-__ • _____ -

+· 2~566AC + 18.47.6BC + 0.634ABC 
e· 

~ ' 

Where: 
--...:.--~~--- - ." .. - - --- ----~...,--~~~-- ---- ~--··- --- -- -

= . Shear.· Strength ill.--Psi/10 , oOO --

- . -----...---- . ----·-,: - - - -- -·· 

I 

' 

\ 
' \ 

' 
\\ 

.. -
. -----..------~------

---·' .. 
' . 

A 

B Depth of Cut • inch 100 - in X -
. I 
~ 

C Feed Rate • inch/rev . .100 - in X -
-,~ 

,,,,,, 

,Analysis of vaJiance 

- - --- - -

Effect 
Degrees of 

·Fr-eedom -- - ,,p,,- Ratio----~ 

Regress-ion 

Residual 

7 

148 
.. 

.145,217.014 

91.796 

~u.lt·iple Correlation Coefficient = 0.9·934 

Standard Dev,iation of Residual = +9.54 lbs • .. 
., 

11 F1' Ratio Significance = 99 .9% 
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·:: ....... . 
-VERTICAL FORCE Fe 

. __ . --- ••. 'll 

____________________ -----~~~ .. _ 11A.'l'~LAL SAE . lll7 CRS-- -- -~-- - .-.. ,--_·_~---·---~ -·---""--------... ·---------:------·--------------, 
' ' 

. .. 

.. 
--· -- - ·-- - --- . ------ ---- .:_____:::__:=-=:=~:____=------~----=---::____::_:_::~-~-----

- --- .. -- - _'.'./'·-~- --

. "' ,,. 
~;.~ 

....... ,- . 

. -- ------- - x· 

+ 0.94BC - 0.37ABC_ .. 
' "' . 

y' 

-- --:: __ -___ -----:-::-------;- -~ ,----- -- ·-----1':L.-e·-=-r--·e· -- · ·-· -- ---- - -----------·. -. ·, ------: 1111 .. . : . 

-
--------_,., 

. -

- - --· - - --

' . . 

A = ·nepth of Cut· in inch x ·100 .. 

B; ,: · Feed Rate in inch/rev. x 100 

_. C = Rake Angle_ in degrees 

Analysis -of Variance 

Effect 

Regression 

Residual --

... 

Degrees of 
Freedom 

7 

46 

\_ 

- --- - -· - - ·-·· ----- ·-- ·--·~ --- ------·· -. ~- - ... - ----· -,- ---

Mean Square 

45,029.979 

55.673 

Multiple Correlation Coefficient= 0.9960 
,. 

- . . .--·--- -~· .----· 

0.33AC 
' 

,• _;:. . 
·. :-, . - • -r~. • . . ;: - . 

• 

'':F'' Ratio 

. 808.823 

\ ,· 

- --- -~ .... -, - - ·- -· --

- --- - - -. - - -- -- -
--- -- ------ -. --- -- - ·-----

,., 

- . . - . 

- -~ - ~~ - -· - - ~ :--

, 

• 

-Standard Deviation of Residual = +7.45 lbs. -
''F'' Ratio Significance = 99.9% 
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VERTICAL FORCE Fe 

MATERIAL SAE- 4145 HRS 
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. Fe-= s.69 + 6.33A + l.SiB + 0.42C + 25.0lAB -

· -------------~~ --O~-l 7B_C - O • 27 5ABC J 

-.0.036AC 
. \. 

· .. : .. 

.... _ .... 

~---·-·--,------ ·---- ~-------------- . - . -~-~- _: .. ·-· . _, ···- . --··----·- ·-- .- -•- .... -- -- ... .. ·---" - ---- ,--.- -----·--.--·-----,--· -. - ,._->-··- .. --- ···--, ~--·--·---·~ -·--· -----······-- --.-- . - ...... -·; .·· . 

-• 

. Where:. 

A = Depth ·of. Cut in inch x 100 
. . . 

- -------- - --- - ·-·-·----

) 
'n 

B-= Feed.Rate in.inch/rev. x 100 

.---~- :-__ -~-=-Rake Angle ia Degre._es • - "r • - ~ ---- • -- I' ---i,--·- - - ' ----------• --- --- :_ ·- - • ··- --

_______________ A:n~lysis of Variance 

- .. 
Effect· 

Degrees, of_ 
Freedom Mean Sq.uare 

Regress-ion - - ·--

Residual 

7 --
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-- ------ ~-- -6-3,7 53. 525 

33.016 

''F'' Ratio 

·-19:30 .-968 
., . 

~ . 

Multiple Corre·lation Coefficient = 0.998~ · 
-- . 

• 0 

- -- -- •--··r------• 

Standard Deviation of Residual = ±5. 75 lbs. 
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VERTICAL FORCE F0 

MAT-ERIAL SAE~ 6150 HRS 

' 
' 

, .. 
----'---·--

' . 

. ·-
. ... ._.., 

Fe = 17 •. _467 + 1.807A - 15.184B' + 33.BOSAB + 0.15:J_AC 

- o.-347BC - 0.117.ABC .. 

-· :· ,·: ·-·-.- .. 

.. - - - ·'·' -•-·-,--.-c., -· - ,_,_ ----

--· -- - - -· 

' ' ' 

' . 

. 
- - - -_ - -- ·-·-----:- __ '_ -------- "': ·-· ,:;· L.. . - .-. --- - ·-·-

.. ----·- - -- ~ - _______ _.........:.~---- ---...--- - ----. --
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----·· -··--- ----- . 
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- - -- - - ---- - -- --- - ------ --

Where: 

. A = -De-pth_ of· Cut in inclrx 100,_, 
. ... . . ---- ---------- ---

B = Feed Rate in inch/rev.·x 100 
"'' c- = Rake Angle in Degrees 

.. _ . ,._ ' 

' ' 

_Analysis of Variance 

Degrees of 
Freedom ,_ 

I,'• 

: ' . - .. ~ .. -

-· ------,-'------------------ ----.~--------. --- ~-~-------~--

.. 

-- 1~-F1--'- -Ratio r
-· 

-_ ·. . 

- - --- ----- -- -

Effect· 

Regression 

-Residual 

•--- __ Mean S_q_uar_e 

38,958.577 

j 

. ,, 

_:_. ____ . 

,,. .. 

' - -_ ', -;_'.,-·,.:... .. • - - - ~ -

609. 706 
, 

a, 41 63.897 

Multiple Correlation Coefficient= 0.9944 

·Standard Deviation of Residual 

''F'' Ratio Significance 

. --------~- ' 

= '!;.7.98 lbs. 

= 99.9% -
--- ----------
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"' ···- -·!, 

--- .. - -·-;-··""--·-------------.-:~----·-.---. -.. _--_-.-- .,- ·.;·--:_-- _., __ -- -·--··--

; 
. 1 

Ft-=~rz3~-~16--~-l2~T40A-.;. 20.08013-- 1.37 -~~f6d·+ t.-~2.541)_~ 

+ 2. 787AB + 12.848AC + 33.694BC - 0~'320AD 
,. - . - ' .. ' ... ,-:,, ,· ,;;.., ,,::.:.._:' ·" '. '' ....... , ~· 

"· .. 

... . . 

• 2.833BD - 2.541CD - 2.546ABC + 0.265ABD 

+ 0.287ACD + l.187BCD - O.l63ABCD 
-----·- -- -·-···· --···-··--·-·-· ---·------·---.-·-,·· -:---~ .. __ ,. _________ .. ,..----------.-----------· 

Where: 

A= Shear Strength in psi/10,000 . 

. B _= Depth ·of Cut in inch x 10·0-

q = Feed Rate in -inch/rev·. x 100 

D·= Rake Angle ·in Degrees 

. ! 

I-;;_,,_-, ••. . 

--::---·· 

- . -·- ···-· -. -- - ·- .... ..: - .. - ~~ -- . -- ·-·- ··-·- -- -- --·· - -·. ---- -----~-----·--· 
, . 

.. 

______ --~- _An_alysis of Var.iari.ce-. -
·-·-·-- -------------.-- ----- -·--·· ··--- -· 

ll.J"-"'"'""""''""'""''''"·""''""'"'"" 

,. 

Degrees of 
· Effect Freedom Mean Square 1*.F'' . Ratio 

r, 

Regression 15 12,721.078 44. 758 
·- -

Residual 140 · 284.21-9 

------

-
- •- -- ------~-·-- -·-

,• . :: I -- - ' ?--·.-..·-' ---·--- .. ~-~-
~ ·- -· -

Standard Deviation of· Residual· = -.. ~· .. , . '" ..... ·- -~---·--··-·----·--· .... --... ·--- ----,---- •.. - ' . 

+16 .a lbs. · - . 

-- ,\ ---------~.----------

''F'' Ratio Significance = .99.9% 
- .. - .. 
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-------~----·,,, ..... "--'-'-'-- --~--~- • "' •• -- -- ' e •'t = 123~416 - 12.410A----- 20.0BOB - 137 .496C + 2. 787~ 

+ 12.848AC + 33.694BC - 2.546ABC 

' •,_._. _____________ . ·-.-----·--- ____ ···------·. - -- ---- . --· -- ....... ;--.'--·- -· 

•. 

; 

··:' -· 

. ,; 

' •, . . 

Whe·re: 

A.= Shear Strength in psi/10,000 

B = Depth of .. ·cut. in inch x 100 
'1* 

c~~ Feed Rate .in inch/rev. x 100 

, D = ~ake Angl·e in Degrees 
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Analysis of·- Variance 

-Effect 

Regression 

Residual 

Degrees of. 
Freedom 

7 

148. 

{ 

•··: 

Me.an Square 

25,620.024 

346.396 

Multiple Correlation Coefficient= 0.8819 

. ' 

· 11F'1 Ratio 

73.96'2 

Standard Deviation of Residual = tia.6 lbs. 

.. .. . - -, 

·------·------·. . -- . ·- ------- -------,---------... - -

l. ''F'' Ratio Significance = 99. 9% p 
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HORIZONTAL· FORCE ·Ft _ 

.. 
•.. .. ·~-.• , . ., 

. ' . . 
_-i:::. ,. ·--· ---·-..--·-:-- •, •.. --·--·-· .. ·- ----

. ,..,_ - ----"" -- ·--------·----·--- , '. .... MATERIAL ___ Sl~--1117-_ CR~- ______________ .... --.. - --·-·- .: .. -·---~----· --·· - ·-·--·-·· --- - - ... __ - - ----------- --- ···-··-··-··--·-c. __________ _ 

_ . __ , ·--- . .--- --

··.4 

. ~-... > 

. Ft = -6.619 .+ 8.701A - 8.577B + l.937C + 8.lO'SAB 
v 

i 

. - l.007AC - 0.406!BC.·+.0 •. 059ABC ···------·-------- --------·- ----- -. -. - .••• - ---· --- ------·----··---··--···-- ! •. 

Where: 

A = Depth of C_ut in inch x 100 

B = Feed Rate in.inch/rev. x 100 

C = R~ke Angle in Degrees 

. ,, 

t?. -~· 

.. 
___ ,_: -----·-·-· ....... ___ ;._ --·-------····-- ---·-----------=· - ----· -. ----------·----------.-~.---

Analysis of Variance 

.Effect 

Regression· 

Residual· 

•. 

Deg·rees of 
:Freedom 

7 

46 

Mean Square 

10,173.073 

68.260 

----·-------- ----------------------·-- .. ~---- ------ .. - ---

~ultiple Correlation Cciefficient = 0.9787 

''F'' Ratio 

149.034 

.;..· . 

., 

if'~ 
. :: 

·- - - - -- - - -·--· ----- ---. ; 

I 

~~--·~-----Standard Deviation of Residual -= ±8. 26 lbs·. -·------ ----·-- _______________________ .... 
- . ·- -~ -,- " . 

' ' - . .. - ' . -

- '-;-- ------ o,•----- -.... ., .•• -~.- -- -~ - ..... 

'''F'' Ratio Significance_ 
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• as 
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= 99.9% 
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. J. 

HORIZONTAL FORCE -Ft 
F- .... 

. " 
• 'f' 

---------·-·-·-·· ----- .. ·- .. -- ----- .. 
~.·.· 

. . •· . - u • 
. - . - . ---------------------·---·-·---·-----·---

-,i -

~ -------~-----·- ·-. -· ------··-·-··--- ---------

' __ . __ .. __ . ·------·--·-·-·----· ' - ' . ' . ' ~.; .. - -_ ..... -~-----~,.... - --~---·· ~~- ·-,~·--.--·--- . ..-·--··---- ·---.- -, 

--- - --~ ·- _;: __ ~-- ·....._·· -- . - , ________ ,.. _____ .. ____ -·. 

' 
_.Ft_·=. 3.955 + 9.234A: - 12.4B + 1.024c· + 6.591AB + o.222AC 

. . . 
- --~-- --- - . - ----·-·· 

- - - - - - -- - ··;:;.·· 

' . ' . ' - . . 

- ' 

+ 0.092BC - ·0.661ABC 

......... ... 

A·= Depth of Cut in inch x 100 

B = Feed Ra;e_;i.n inch/rev. x 100 

C = Rake_A.ngle_ in· Degrecis 

• t... ..... .. 

·Analysis of Variance 

.• . 

. . 
- ·------ - ... ------:----··- -•• -• 

~ 

'· ·r , 
.• 

/ 

. . 
-----· ---· ------ -

" 

-·----------- . ,· . . - -··- - ~-----·.-----··---.----·-·-·-··-·~-;----· --- -·-· --- _..._ __ ~ -- . - __ ...._.. . --- - ··-- ·-· - -

' Effect 
--------- - . -· 

Degrees of 
Freedom 

--- --------'-~~-_ - -- --Reg.re~-s!-en---- - ---- --- --7- - --- --- ------------

Mean Square 

7,603.631 

'31.913--Residual 46 

'' 
•J 

. ~~-

Multip.le .Correlation Coefficient - 0.9865 -

• 
'--... -- . 

_ ~F" Ratio ' 
'\ -

··~ 
·238.260 -- --- . - __ ... _ - ---- -- -- -

Standard Deviation of Residual - tS.65 lbs. --
' " --~---·1rpr1 Ratio Significance - .99.9% -
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- - -- ... ~---- ------ ------------- ,· --·-· 
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MATERIAL ·SAE 6150 HRS -~ _ 
-·--·-----····-~---~----- ... -------~-- ------ ·- -- ·, ~~ ·--.---·--~~ 

.. 
- :- '. - .~-.. . ··--- ' ... .. . --- .. ' -~ . ' - --

' . -

: r - --- - ---· ---- ----- --- --- ----- - - --- -- ti~---·-·· .· \ 

-· - .F -' -· -- - -_____ · . - _· . ·-t. - 40.240·- 8.945A - 52.46·3B + 30.864AB + 0.283AC ., 

. ,. -+ l.009BC .... 0.573ABC 
-~ 

• ·- - ----· ~~---- ... ~~ ~---- . ~- - . ::==-. - ·-·- . -- -- . _. __ . - '' -
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-~ 

. :: :•• .. - .. _ _:::;: ~ ... 

·------~-- / = De:pth of Cut -in inch- x -fb6 
~ 'l 

B = Feed Rate in inch/rev. x 100 
• 

-- --- ···- ~ .. · - --- -- - ·-·-----, - ·-· - . ' . ---- -~------·----· --· ___ .,, _________ ·---

c ·=·Rake .Angle·in-oegrees 
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Analysis of- Varianca 
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Regression· 

Residual 
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RESULTS OF UNIT POWER CALCULATIONS· 
-

' 

Cutting Speed 450 SFPM 
""', 

Cutting H.P. Force (lbs) ~ 

' • l Esti-·oepth Feed Meas- Meas-Mater- Hard ... Esti~ 
ial ness. of Cut Rate ured. ·· mated ured mated 

I 

i 
; 

,. i 

SAE 0.060 0.0051 82.0 92.38 1.120 1.260 
I 

137 I 
' 

" ' 

1117 0.020 0.0102 53.0 52. 7Q 0.724 0.,120 
- I 

'BHN i ·, 
I 

CRS 0.040 0.0203 187.0 1aa.1a 2.560 2.575 
' 

_i_) 

.. ·· -- . 

SAE 0 .. 020 0.0051 44.0 43. l6i 0.600 0.588 
320 

4145 o.·040 0.010·2 136 .. 0 135~10 1.860 1.845 
BHN, ·. 

HRS 0.060 0.0203 373.0 356. 73: 5.080 4-. 870 
'• : 

SAE~ 00040 0.0051 as.s·· 87.64 1.16_8 : . 1.198 
330 . 

I . 

6150 0.060 0.0102 203.5 212.53 2.775 2.900 
BHN 

HRS 0.020 0.0203 135. 0. 133.57 l 842 · 1.825 • • ., 
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Metal 
Removal 

• l 
in 

.cu~in/min. 
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1.100 
•o I 

i . 

4 1.-200 
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