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ABSTRACT_ 

The study of residual s tresses du e to machining is a very import<1nt 
f(l.cet in induslrlal applications such as j l1 (J irc rilft in dusLry . Thp.y ure known 
to (Jffect the mec hanical properties, s t <1 b!llty and S<) reLy o f t he co mponents. 

End milling t ests were perfo r med on fr cc nl.:J c l\inll\g br il ss plates. 
Compressive residual s t resses were left within t he m.) chillcd surrilces.Asscss me nts 
of the distribution of resisdual stresses undc(ncaLh t he m ac hincd sur face have 
bee n given vl') a post removal technIque. Mlcl'ostr uc tural exa mina tions we re made 
utlliz.ing un op tical rn lcroscope. Hi t d c add of 32 .5 'X. conce nlra tion was used as 
e tchilnt for the sides of the plu tes to re ve <J l the prope r g ril in boundil rics. The 
change in the average grain size Ifith the sub-surface dep t h, Mtcr milling . 
was de ter mined. 
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The milled sides of t he fr ee machinlng brass specimens were subjected, as 
well, to mic ro-hardness examlnatlons vi,J a 100 gram loa d starting from the 
speci men surfClce Ull no cha nge in micro-hardness were noted. l1eJationstUps 
be twee n the I(nool' micro-hiwdncss values and the sub-surface depth we re , 
then, obtain e d. 

fill the test r esults indicat ed Ulat maxima for resldual stresses and 
micro-hardness t oge th er with minim il for average grain size occured near 
the sorface of the plates. Moreover , it Ivas found tiMt star ting o fF such l oca tions 
values of re~dual stresses and micro-h<lrdness decreased while grain size increased 
Inter-relations am ong these three varia bles under suc h c onditions "ere, t hen, 
deduced. 

NOHENCLATURE 

C A constant for the indentor given by manufac turer 

dm Average Gr.lin Size u m 

E Young's modulus of ELas ticity o f workpiece m<1lerial CPa 

h Thickness of test specim e n mm 

K A constant measuriJlg the e)(tellt to whi.ch dislOC<ltions arc piled 

~ Length of test sped m en 

L The major diameter of micro·harUness jnuc ntor 

N Speed of rotation of milUng m<1 c h..\ne spindle 

P Applied load in Micro- Hardness Tester Inden t ors , 
Sm Longitudinal feed rate of t est sp ecimen 

t Depth of cut 

a Thickness of each removed layer whUe e t c h.lng 

1\ Thickness of etched layer 

llf Deflection of test specimen after e tc h.ing 

5 Longitudin(ll residu al stress 

~p Yield stress of t he m ute rial 

0-0 A stress representing a measur e of th~ jntdnsic res.ist{lnce to 
dislocation mo t ion . 

1.lNTRODUCnOti 

mm 

mm 

R.p.m 

" m/, 

mm 

mm 

mm 

mm 

MP. 

HP . 

HP. 

Many recent studies on residual stresses produced due to machining 
processes have been presened by Field (1 ), Barash and s<::hoech (2J, and Lui 
a nd Oarash [J). They em ployed high s trength m<lLedals. as those utilize d in 
,)u-craft industry, being machine d by va r ious processes S\Jch as milling, g rlndlng , 
elec tdcal di.5charge mac hining •... ctc. 

It has been generally observed tha t , for a given workpiece materlal, the 
nature and magnItude of the r esiduaJ stresses In mac hined surfaces de pend 
on the cutting conditions such a s the cu t ting t.pced, feed rate , de pth of cut, 
tool geo me try , clnd \Yhethcr or not cl lubdcant is used (4]. 

It has been found that absolute values of the residual stress near 
thc surface are high and the n decrease co ntinuously with .1 n inc re ase in the 
depth bene a th the machined surface [4,5] . 

It has also been found that the de pth of the stressed layer and Ule 
magnitude of the maximu m residual s ts:e ss tended to increase for higher de pt hs 
o f cu t and greate r fe e d ra t es an d with th e decrease in t he cu tting speed [5]. 
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I l is obvious tha t the residu(ll stresses cause alterations in workpiece 
grain s.i.zes. Machinmg processes resu lt , mostly, in workpiece hardening depending 
on the severity of machining. It is expected,Ulerefore , thaL tile machining 
conditions will control au three tnter -related pheno mena ViL j res1dual s tresses, 
miCl'o-s trucL-ure and micro-hardness. Hilling operations are orten L1se d to even 
riat workpie ces. However, little puhlished data exist about th e ensued residual 
stresses, mic ro-hardness, and grain size varia tions for the milled lVorkpieces. 
These phenomena inter-relationships are not avallable l1l the literature. Such 
variables arc closely related to lVorkl)lecc surface integrities, m echanlcal 
properties and pe rFormance. 

The objective of the present research is to assess th e role of the 
chang e in ve'rtical en d-milling conditions upon the arore- menUoned variables. 
Possible inter-relationships among the m will be ForITa rded. 

2. EXPEt1!H[N TAL PROCEDURE J\NO ANALYSIS 

l-l PIlEPAIlA n ot! or TES T SPECIMEN S 

An experim ent al program has been designed to assess the residual 
stresses ensue d in free mach.lning brass plates due Lo ve r tical milling operations. 
The available b rass was selected as a test mated al since it is f ree machin.i.ng 
non-ferrous alloy which introduces little tool wear. Wear .is know n to cause 
additional superimposed residual stresses. 

Workpieces mad e of free-ma ch.ining bra~s plates ha ving dim ensions 
of 100x18x16 m m and of a chemictll com position or 62 .5% Cu, 33.9 \ Zn/ 
3. 1% Pb, and 0.5% Sn were employed in t11e as-recieved condition. The specim ens 
were ground from the as-recieved condition to take off an)' .IrreguladtIes 
jo specimen surfaces. The gdnding operations were pel'formed employing oil 

surface grinding machine at a speed of 40m/s, depth of 0.01 III m and Jongitu dinal 
feed of 0.05m/s. Ample cooling Iyere ensured to <JvoitJ superi mposjng additional 
residu.:ll stresses. 

Table (1) The ernp.loy e<J Hilling Condl tions 

Spindle Speed, Oep th_ff Cut, Feed t~,tes , S m, 
H,Il.P.m. t ,xl0 m >(1 0 m/s 

80, 160 0.1 0.4,0.5,0.75, 
1.08, 1.58 

400,800 0.1 O.4,0.i 5,1. 58 

160;400,800 0.4,0.8,1. 2 0.75 

The speci mens were , th en , ra.ce-milled using a 12-teeth 11 .5.5 hellcal cutter 
of SO mm dia meter and a helix angle of 15" . The plaLes \~ere machined under 
t he unlubricated face-m illin9 conditions according to the details given j J1 Table 
(1). Fig. (1 ) gives thc ver tical end-m i.ll.iJlg employed set-up. 

2-2. OEF LE CTlON MEASUR E MEtlTS 

f\ fler m.illing utilizing the predetermined conditions as given in T <1 ble 
(1), the specimens were removed from the c iam piJ19 device and then e tched 
vIa the following procedure; 
(1) Specim en sides were masked utilizing sultilble wax to protect th e s peCim en 

rrom add <Jt ta cks. Thls keeps the \TJ.dth of the specImen unchilllUed during 
t he e tching process. 
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(2) The l nitial welght of the speci me n was recorded utilizing an electri.c 
balance of ~D.DODl Grams sensitivi.ty . 

(3) The etching process was perfo rm ed using ni tric add (HNO))of 15 ' concentr
ation. The etching time req uired t o r e move a depth of 50 u m from the 
sp ecim e n sur face was esti ma ted by calculating the volume of th e material 
to be remo ved, v, via the fol,lowin9 relationship: 

v '" A x (l .•. \'1) 

where A is the surface area of the specimen, a is t he U\lckness of the 
material to be removed. The surface arfiliil of the specim en was ta ken t o be 
0.0018 ml anrl the t hick ness of t he laye r to be re moved Ivas considered to 
be 0.05 x 10- J m. In order to calcula t e the correspon ding weig ht , t he density 
of brass was taken to be 8.3 gr.fcm'. 

The necessary etching time was determined by tJ.:ial and error process by e m mer
sing the specimen in the etchant for_,di fferent tim es. The tim e whic h ga ve 
a re moved weJgh t equal to 0.747 x 10 I(~ was t a ken as t he ti me required to 
r e move a 0,05 x 10-'m depth. This timG was consi dered consta nt th rougJlout 
the experimental work. , 
(4) After th e removal of the specifled layer (0.05 x 10- m) , t he specimen 

was cleaned using running wa te r in the specially designed set up. The 
deflection of the plates ",as meqsured via a sensitive dial ga ug e ( ~ l u m) 
plac ed at t he plate central positiof'1. Do wnw ard deflection means that 
the surface after mach.ining is left with residual com pressive stresses. 
After t he removal of the specifled }<3yc r , and measuring the deflectio n, 
the dial in dicator lTas r eadjust ed in order to be of th e sa me initial position 
for the heigh t. New deflection measure me nts were t hen recorded. 
Th e procedure was repea t ed until no further de flection was noted which 
signified the end of the stre~ed layer. 

The longi tudinal (il xi aJ.) res idual stresses lVere deter mine d vi a Oavide
nkov's approxi ma te form ulil [6] which states th at: 

5", (4 E (h - a)2/3 ,L2]. (6. f /6. a) ... (2) 

It has been found [7] th at all r e;;idual s tresses ensue d due to vertical 
m.illir>g were of co mpressive na tu re with maxi ma so me dis t a nce be lo w t he 
mach.ined surface in all cases. The dlsta nce was fo und to be about 0.05x l0-:" 
l>ioreover, the resi.dual stl'ess distri hu tions were found to be of sim ila r ex ponential 
trends (see Figs. 2,3 ). 

2-3.M ICIl0-STRU CT URA I. AN AL YSIS 

The importance of grain s ize i n go vern.ing the s treng t Il and fra cture 
toughness of pLa tes f ocuses a special atte ntion on the role of processing in 
c rea ting fine grains [B). In order to det~rmille the a verage 91',l in size of speci mens 
micro-structural exa minil tion3 were performe d. A mechanical saw W,JS employed 
to shear tile speci mens t ransve rsely . The specim e ns were prepared for microscopic 
ex am ination by wet pre polishing u tilizing nyl on polishing po wder ( 1 u rn to 7 u m). 
The me tallog ra ph,i e struct ure was re vea,led by e tching Ule polished specimens using 
a solution of HN 0, of 32.5% conce ntration . The etc hing tim e ra nged between 5 
to 30 seconds. 

Grain size measurem~nt.!j were til ke n out of enlarged ph otos for work pieces 
via t he camera of a speclal mewlluT'9icaJ mic roscope . D.ifferent photos were 
tiJken in t wo perpe ndicular 9ire ctlons in order to a rrlve at the average grain 
si:>::e J.n the feed direction f9 r a;ny g!.ven depth under-nea th workpiece surrace. 
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In order to de termine the average gr<:lln sizel strajg llt lin es ITere draIT n 
on the photogr<lphic pictures parallel to the specimen surface. TlH~ dista nce between 
the lines were taken i.IS 5 mill \"Ihich is equivalent to <:In actual djsta nce of 100}J1ll 
in practice). 

2-4. MICRO-HARDNESS Tg SU NG .. 
The knoop hardness n\jmber (KI~N) is defined as follows 

... ( ) ) 

The 10':)(.1 P appll,ed during lI)!cfo -h<lrdness testing must be small and, hence, 
requires cxcercisingClextreme cafe in a.l,l. stages of testing (8]. The projection of the 
knoop lIldcntatlon in this stu~y is a flf!.l: rhomb, f.:nowlng that the applied load 
Pa = 50 grams ( 0.5 N) acted upon for a. period of 12 seconds. 

All readings ~ere u,ken on the machined surface in the direc tion of the 
measured residual s tress. The recorded v(l lucs of knoop mlcro-hardnesswerethe mean 
of t hree readings on the s urf\'lce, Such 'readings were ta ken 50)J 1fI apilrt beneath the 
specimen surface, 

3. TEST RESULTS AND DIS CUSSION 

3-1. RELATIONSHIP S OETWEe:N n.ESIOUAl STR ESSES AND mCRO-STRUCTURE 

It has been emperi.caily established by Hall [9) and Petch [10) thot the 
material's yield stress is rci<lted to the grain sile by the relationship: 

try, :" (f + kd - 0.5 o . m ... (4) 

The Hall-Petch equation, Equation (4), has been found to express the grain size role 
1" governing the flow, fracture and f.)tiguc strength at any plastic strain up to 
fra cture [2], 

FIg. (I.! .) gives relatipnships among the longitudinal residual stresses, S', a~~ 

the avera ge grain s.iz.e, d , at variOUS dept hs of cut vll; 0.4, 0.8 and 1,2 )( 10 
m at i1 cutter spc>! d of 1lti R.p.m. It C i.1I1 be seen t ha t o:I.S t he compressive resldu~l 
stress,S. decreases, the average grain ;i7:e, dm, if1c('eas'!s. For th e sam'~ residual 
stress, t he average gra11l size 1n ~re<lses as the depth of cut decrea , ':!s, For the sa me 
grain size, the residual st ress !-ncreases ~s the depth of cut dc;;: r cases. 

Fig- (5) iUustr,)tes a simila r situa tion for a spindle spe ed of 400 R.p,m. 
Fig. (6) iUvstrates t he case of spill dIe sp~ed of BOO fLp. m, It can be secn that the 
material becomes less stress~d for higher spindle speeds. 

3-2. REL ATIO NSHIPS BE TW EEN HIE IH CRO-HA RD NESS A ND /HCRO -STRUCTUR E: 

Figs ,(7 - a &. b) gIve values_~f t he k.noop hardness number , KHU, for specimens 
at depth of cut of 0.8 a nd 1.2 x 10 m at cutting speeds of 160, 400 and 600 Ft .p,m. 
It can be deduced rrom this figure that as the splndle s peed increascs, the surface 
and sub-surface micro-hardness decreases, How eyer, the dept h of the ~tressed layer 
<lppeiJfS to be un-affected by the change .in speed. 

Fig. (8) 1llu~trate$ some relationstUps t)etween the a~erage grain size and 
tile mlcro-hOlrdness for qept~ of cut, t, of c.a and 1.2 x 10- m at sp11ldle spceu$ 
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of 160, 400, and 800 R.p. m. For the sa m c depth of cut and spin ule specd; the grain 
size is seen to .inC t'eilse as the micro-hardness num bel' decreases. It ca n, also, be show n 
tha t the micro-ha rdness for the Sil m e grain size increases for higher cutling speeds. 
Whereas , the mean grain size inc reases due to ~gher cutting s peeds for the same 
m lcro-hardness nu mber. 

3-3. Il.E LATIONSIIIPS BETWEEN MICR O-HARDNESS, MICRO-STRUC TURE, AND 

RESID UAL STRESSES: 

Fig. '(9) shows some plots for the relationships a mong the allial co mpressive 
residual stresses, average grain size, and knoop micro-hardness nu mber t hroughout 
the sub-surface depth of the vertically milled free machinin g brass specimens. It 
can be seen from Fig. (9) that both the micro-hardness and the compressive residual 
stresses decrease at greater sub-surface depths and for shallo\~cr depUls of cut. 
On the other hand, the medn grain size was found to increase for lower mIcro-hardness 
<:Inti smaller axial co mp reSsive residual stress und er the e mployed test conditions. 

4. CONCLUSIOIlS 

From the above-mentioned experimental sL'Udy of the residual stresses, 
micro-sb'Ucture, and m.icro~hard ... ess of vertically miUeu free machining brass plates, 
it is concluded th at: 

(1) Th e level of the ensued axial cOl'llrressive stresses rues for greater depths of 
cut and for slower spindle speeds. 

(2) Similar axial compres.s1ve res.i.dual s tress patterns as ensued .in workpieces due to 
vertical end milling were obtained with maxim a at an Jdentical sub-surface depth 
regardless of varIations .in cutting conditions. 

(3) a efinite negative co rrelations exist <1 m ong th e values of m can grain size and both 
of axial residual stresses and llicro·lwrdn ess for vertically end- milled workpleces, 

(I~) Approximate linear relationships exist between th e ensued axial residual stresses 
and the reciprocal of the square root of the m ,~al1 grain size of free machining 
brass pla tes depe nding upon the depth of cut and lJIe spindle speed for a fi xed 
feed rate. 

(5) The slopes of such rela tionships increase for sm all cr def,lths of cut and for higher 
splndle spee ds. 

(6) Hyperbolic form re1:ttlonshlps hold be t ween the mean \]raln s17.e and t he micro
hardness of the work pIece, The Ievcl or mlcro·ha rdness is found to rise for greater 
depths of cut and for hIgher spindle speeds. Such values leveJ-off upon approaching 
the level of workpicces original mean grain s.iz.e befocc ma chining at sub-surface 
depths greater than 250 u m. 
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