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A Study of the Machinability of Metals 
(Effect of microstructure on cutting mechanism, 

tool life, and surface finish) 

By 

Keiji 0KUSHIMA and Kazuaki I w AT A 

(Received October 26, 1962) 

The effect of microstructure of materials on machinability of carbon steels 
(S15C, S40C and SK4) was investigated from the viewpoint of cutting mechanism, 
tool life, and surface finish. 

The experimental results on cutting mechanism are studied in the first half 
of this paper. • 

It was found that inclination angle of the starting boundary line of the flow 
region was almost constant, and inclination angle of the end boundary line and 
the size of the flow region showed a maximum value at the lamellar portion of 
pearlite of 20-30%. 

The results obtained from the experiments on tool life and surface finish are 
studied in detail in the later half of this paper. 

The effect of spheroidized pearlite structure in high carbon steels on ma­
chinability was compared with the lamellar pearlite structure. 

1. Introduction 

The various problems on the machinability of metals have been studied 
and considerable effort has been made recently to systematize the machinability 
evaluation made by many researchers. 

At the present stage of the field of metal cutting machinability of matals 
is evaluated by means of tool life, surface finish, consumption power (cutting 
force), chip control, and so on. 

It appears that theoretical and experimental analysis about the various 
factors influencing the machinability (i.e., chemical properties, microstructure, 
and heat treatment, etc.) are necessary for this research. 

In this paper, the effect of microstructure on machinability was investigated. 
The materials tested were three grades of carbon steel (S15C, S40C, and SK4) 
containing four different kinds of lamellar pearlite microstructure and one 
grade of high carbon steel consisting of spheroidized pearlite structure. 

2. The properties of materials tested and experimental procedures 

Regarding the four kinds of carbon steel tested, the lamellar portion of 
pearlite was 90-100, 50-60, 20-30, and 0-10 per cent. 

The chemical compositions and Brinell hardness of these materials are 
shown in Table 1 and typical microphotographs are shown in Fig. 1. 
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:::::~[~': n 
C Si Mn 

1 

SK 4 0.99 0.19 0.37 

S40 C 0.41 0.22 0.70 

S 15C 0.17 
I 

0.23 0.36 i 

~ L S 15C S40 C SK4 

p ( %) 

90~100 119 169 229 

50~60 120 179 223 

20~30 130 201 293 

0~10 131 201 293 

(a) lamellar portion of pearlite of 90~100% 

•. .. ' .. 

p 

I 
s Cu Ni Cr 

~ 
0.011 0.19 0.08 0.10 

0.010 0.26 0.11 0.20 4 

I 0.008 I 0.016 I 0.15 0.09 0.07 

Table 1. 
The chemical compositions and 
Brinell hardness of Work Materials 

(b) lamellar portion of pearlite of 50~60% 

! 

l: . § 
C. .'{ 

I
. 

fl';· 
j 

< -~-J .. ....... ..:: · ..... 
(c) lamellar portion of p2arlite of 20~30% (d) lamellar portion of pearlite of 0~10% 

Fig-. 1. Typical microphotograph of work materials (S40C) ( X 500) 
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Brinall hardness decreases with an increase in the lamellar portion of 

pearlite. This tendecy is evident for high carbon content in steel. 

Cutting tests were carried out dry in a high speed lathe (Niigata Iron Works 

Co; swing, 500 mm; power, 15 IP). 

The cutting tool used was of steel cutting grade carbide P-10 (ISO). Tool 

geometry and feed were varied as follows. 

(a) Orthogonal cutting for analysis of cutting mechanism 

Tool geometry ; 

Back rake angle 

Side rake angle 

End relief angle 

Side relief angle 

End cutting edge angle 

Side cutting edge angle 

0 deg. 

5 deg. 

5 deg. 

5 deg. 

5 deg. 

0 deg. 

Nose radius 0.1 mm 

Feed; 0.1, 0.18, 0.28 and 0.40 mm/rev. 

(b) Conventional cutting for tests of tool life and surface finish 

Tool geometry ; 

Back rake angle 

Side rake angle 

End relief angle 

Side relief angle 

End cutting edge angle 

Side cutting edge angle 

Nose radius 

0 deg. 

5 deg. 

5 deg. 

5 deg. 

15 deg. 

15 deg. 

0.3mm 

Feed; 0.18, 0.28 and 0.40 mm/rev. for tool life tests 
0.06, 0.18 and 0.28 mm/rev. for surface finish tests 

Tool forces were measured with a three-component tool dynamometer of 

the strain gage type 1
i. A needle type optical roughness meter was used to 

measure the surface finish. 

3. Machinability evaluation from the standpoint of cutting mechanism 

3. 1. Theoretical analysis of orthogonal cutting based upon the ffow region 

concept 

The cutting mechanism of lamellar pearlite microstructure of carbon steels 

was analysed based upon the flow region concept. 

In this concept, theoretical equations for the cutting mechanism was de­

d\lced as follows2 i, 3 i ; 
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1 ¢, = 2 (K,-/3+a) 

1 ¢2 = 2 (K2-/3+2a) 

K, = sin-1 {;,sin /3 + sin (/3-a)} 

K2 = cos-1 { ;
2 
sin /3-cos !3} 

l l 
k, = T,, k2 = "T; 

1 
(J) = ¢2-¢1 = 2 (a-K,+K2) 

_ (FHcos ¢, -Fvsin ¢,)sin¢, r, -
bt, 

_ (FHCOS ¢2-Fvsin ¢2) cos (¢2-a) 
' 2 - - .. ---··- --· bt2 ·-~---- ---

r2 = cot ¢2+tan (¢2-a) 

/3 = tan-' {Fv+ FHtan a} 
FH-Fvtana 

15 

............ ( 1) 

............ ( 2) 

............ ( 3) 

............ ( 4) 

············( 5) 

············( 6) 

············( 7) 

············ ( 8) 

············ ( 9) 

············(10) 

where ¢, is inclination angle of the starting boundary line of the flow region, 
¢2 is inclination angle of the end boundary line of the flow region, 
(/) is sector angle of the flow region, 
a is rake angle, 
fi is mean friction angle, 
/ is chip contact length, 
t, is depth of cut, 
t2 is thickness of chip, 
r2 is shear strain, 

r,, r2 is shear stresses of the starting and end boundary lines of the 
flow region, 

FH, Fv is principal and thrust cutting forces, 
b is width of cut. 

3. 2. Experimental results and discussion 

The cutting force (principal and thrust cutting components), thickness of 

chip, and tool chip contact length were measured for various feed and rake 

angle when cutting lamellar pearlite materials. Using these experimental data, 

various important angle and stresses for analysis of cutting process were cal­

culated from the above equations and are shown in Fig. 2 (a), (b), (c) and 

Fig. 3 (a), (b), (c) in relation to feed and rake angle. 

3. 2. 1. The effect of feed 

The variations of ¢1> ¢2, (J), ¢ 0 , /3, are shown in Fig. 2 when the feed was 
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0.1 0.3 0.4 Q5 0.2 
FEED t1 (mm/rev) 

Work material; S15C 
Cutting condtltons; cutting speed 150111/111111., 

depth of cut 2mm; tool. Carbide 
grade P-JO; tool geometry, 0.5, 5,5,5, 0,0.1; 

Fig. 2(a). Calculation value of low carbon steel (S15C) 
with feed. 

!1 (mm/rev) 

Work mater la!; S40 C 
All other conditions were the same as 

tn F,g.2 fa) 

Fig. 2(b). Calculation value of medium carbon steel (S40C) 
witti fee<l, · 
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0.1 
FEED 

0.2 

Work material; SK 4 

0.3 0.4 
1, .'mm/rev) 

0.5 

All other conditions were the same as in Fig, 2(a) 

Fig. 2(c). Calculation value of high carbon steel (SK4) 
with feed. 

17 

varied as 0.10, 0.18, 0.28 and 0.40 mm/rev. for the cutting speed of 150 m/min, 

and the depth of cut of 2 mm constant. 

It was found that with an increase in feed ¢ 2 , <lJ, </Jo increases and /3 de· 

creases for all grades of carbon steel. 

This inclination was obvious when the feed was small. Finally, these values 

approached some constant values with an increase in feed. 

This tendency was the same as in the case of alloy steel as we have already 

reported'). Therefore, it is considered that this tendency is a common property 

for all kinds of steel. 

¢ 1 was nearly constant in spite of variation in feed except for the S15C in 

which ¢ 1 increased ·gradually. 

3. 2. 2. The effect of side rake angle 

Similar calculated values when varying side rake angle as -20, -10, 0, 10, 

20 deg. are shown in Fig. 3. 

It is evident that ¢ 1 , ¢2 , <lJ, </Jo, and /3 increase with a decrease in side rake 

angle. Especially, the friction angle on tool face increases rapidly. 

3. 2. 3. The effect of the lamellar portion of pearlite 

(a) Cutting force (Principal and thrust components) 

The relationship b~tw~en mic;:rostrw;:t11re ~ml cutting force for the cuttin~ 
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j iE 
:.:::/i:----'r---

- :--- -- . .., - )¢. 

' 

. -. -- .• __ - -- . -)<t>, 
I 

-20 -10 0 10 20 
SIDE RAKE ANGLE a (deg) 

Work materia!;S15C 
Cutting conditions; cutting speed 150 m/min., 
depth of cut 2mm, feed 0.18 mm/rev., 

tool, carbide grade P-10; too I geometry, 
0, vat:,5,5,5,/]_,0.l; 

Fig. 3(a). Calculation value of low carbon steel (S15C) with 
side rake angle. 

SIDE RAKE ANGLE a: /deg.) 

Work material.: 540G 
All other conditions were the same as in Fif!.3(a) 

Fig. 3(b ). Calculation value of medium carbon steel (S40C) 
with side rake angle. 
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" !!o 
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Work material ; SK 4 
All oilier conditions were the same as in FigJ(a) 

Fig. 3(c). Calculation value of high carbon steel (SK4) with 
side rake angle. 

----~ 
~ 
~ 150 
~ 

;lJ 
Ci? ~ C) ,_,__ 

~ 100 

~ (__:, 

1--. ~ 
ij I::: 

::::, 
-..J {___) 

CJ'.: h. 
i:3½ <::::, 
- Cl::: ~i:: 

50 

00 20 40 60 80 100 
LAMELLAR PORTION OF PEARL/TE (%) 

cutting conditions; cutting spe1:d 150 m/min., 

depth of cut 2mm, feed 0.18 mm/re~; 

Fig. 4. Effect of microstructure (lamellar portion of pearlite) on cutting 
~~ . . . 

19 
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speed of 150 m/min. and the depth of cut of 2 mm constant is shown in Fig. 4. 

It was found that in the case of low carbon steel (S15C), the principal force 

increases with an increase of lamellar portion of pearlite. In the case of medium 

carbon steel (S40C), the principal force was maximum for the lameller portion 

of 50-60%. This force value was about 6% larger than that for the lamellar 

portion of pearlite of 0-10%. However, the thrust force was almost constant. 

In the case of high carbon steel (SK4), the principal force reached the maximum 

value for the lamellar portion of about 20-30% and this value was about 14% 

smaller than that for the lamellar portion of pearlite of 50-60%. The thrust 

force was maximum for the lamellar portion of pearlite of 50-60%. This value 

was about 12% larger than the minimum value. 
As mentioned above, the effect of microstructure differed for different 

carbon content when the lamellar portion of pearlite was varied. This is con­

sidered as follows: high carbon steel contains much carbide in its microstructure 

so that the Brinell hardness of the structure increases. Therefore, the decrease 

of the hardness by the lamination of the pearlitic structure results on of the 

decrease of cutting force. 

The result of the hardness variation by varying pearlitic structure is shown 

in Table 2. The hardness of the portion of pearlite decreased with an increase 

in lamellar portion of pearlite. 

Lamellar portion 
of pear lite ( % ) 

Hardness 

Table 2. 

0~10 20~30 

327 317 

50~60 
I 

90~100 

239 
I 

248 

Low carbon steel contains much ferrite components and little carbide in its 

microstructure. The ferrite is generally sticky and difficult to machine. 

Therefore, softening the carbide of small amount in low carbon steel by 

lamination increases the above mentioned tendency and results in an increase 

in cutting force. 
Judging from the above mentioned phenomena, an increase in the lamellar 

portion of pearlite is effective in decreasing the cutting force for high carbon 

steel and not for low carbon steel. Besides, it appears that in the case of me­

dium carbon steel the lamination of pearlite has little affect on cutting force, 

and so the machinability of medium carbon steel should be evaluated from the 

standpoint of tool life and surface finish. 

(b) Conventional shear angle ¢ 0 and mean friction angle on tool face /3 
Fig. 5 shows conventional shear angle ¢0 and mean frktion angle on tool 
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I 
I 

J..----J~f--+---,f-------tf-f-1-+----r7'.l.00 
I 

- ---,7- •/•\ 
// :<., ~ 

JL+'--l---,iL--t----r-----t--~,,,.__,,-,0.40 ,t;:,S\.'­
GG 

,l'-...,>'---+-------,"--------J"--7,0.J 5 'orf 
20 40 60 BO JOO C,~~ 

LAMELLAR- PORTION OF PEARL/TE (%} 

Al I cut! ing conditions were the same as in Fig. 4 

Fig. 5. Effect of microstructure (lamellar portion of pearlite) on conven­
tional shear angle and friction angle on tool-chip interface. 

face /3 in relation to the variation of the microstructure. 
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It was found that the conventional shear angle ¢ 0 increased with an increase 

in carbon content but the effect of variation of the lamellar portion in pearlite 

is little for low and medium carbon steels and much for high carbon steel. 

On the other hand, the mean friction angle on tool face f3 shows a tendency 

to decrease with a decrease in the lamellar portion of pearlite. The higher 

the carbon content, the more considerable the effect of variation in pearlite 

microstructure. 

3. 2. 4. The effect of pearlite microstructure on shear stress and shear strain 

The calculated values for shear stress on the flow region -r1 , and conven­

tional shear stress To are shown in Fig. 6. 

Regarding the effect of the microstructure, it was observed that the shear 

stress decreases with an increase in the lamellar portion of pearlite. 

In other words, the larger the lamellar portion of pearlite, the better the 

tool life. 

Fig. 7 shows the shear stress on the flow region in relation to carbon 

content. The shear stress increased with an increase in carbon content in this 

experiment, The smaller the feed, the larger the shear stress, It appears that 
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-
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o 90-100% 
-- • 50~60% 

() 

() 

-
~ 

- - --i------

0.3 

t.• 

20~30% 
0~10¾ 

0.4 

mm/rev. 

'to 

-

-r, 

0.5 

Fig. 6. Calculation value of medium carbon steel 
(S40C) with feed. 

' ' 
/ 

All other conditions were the same as in Fig. 
2(a). 

~\ 
20 · 

/ 
0.4o'Z'<;; 

e,Ci 

0 
0.15 \)~ 

00 i<o 
Qi 0.2 0.3 a4 0.5 -:Y 

FEED I. (mm/rev) 

1'\ 
\ore 

Fig. 7. Variation of shear stress with carbon content in steels and feed. 

All other conditions were the same as in Fig. 2(a), 
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the shear stress decreased with an 

increase in feed, because it is con­

sidered that the cutting tempera­

ture generally increases with an 

increase in feed so that the shear 

flow stress of the work material de­

creases. It is also mentioned with 

the same explanation that the shear 

flow stress decreases with a de­

crease in rake angle and with an 

increase in cutting speed. 

The shear strains based upon 

both flow region and conventional 

single shear plane theories were 

calculated for the S40C from the 

equation (9), and is shown in Fig. 

5 . 
Lame/far port,on f pear/ite..,._. 9J~ JlJO % 

-o- 50~60 
--0-- 20~30 

------ ---(}_- -0.=-10-

0 o!:;----::acc-1-~a!2':c----=11L-.0 _--=0L..__ _ _j = .4 05 
FEED (mm/rev) 

_Work matenal; 540 C 
All cond1t1ons were the same as in Fig.:? (a) 

Fig. 8. Strain in chip and conventional shear 
strain of medium carbon steel in terms of feed. 

8 in relation to microstructure. It is obvious that the lamellar portion of pearlite 

has little affect on T2 • Comparing T2 with To, the value of To decreases with 
T2 

an increase in carbon content and converges to 1. 

3. 2. 5. Comparison of lamellar pearlite and spheroidized pearlite 

Fig. 9 shows the result of cutting force and conventional shear angle in 
relation to feed and cutting speed. It was found that these values for spheroidiz­
ed pearlite decreased in comparison with those for lamellar pearlite. 

In this figure, ¢' shows the result of conventional shear angle for lamellar 
pearlite. 

c.,i 

,!_ 400 I 40 

-____ Ft: 
1, 500 

" ti ~ 400 
1j- ~ 300 ---~----->< cj.> J 300 JO 

~ 200 20 
~ 
t.;:: 

(___)(.!) 
100 10 ~ < 

~ i:: 
~ I--_ Fvo 
0..::::, 
V) (___) 

Ct:: 
lii (tr ~ 

FHo 
~'-'-J ~ S200 

;--.J S; c,: ~~ 
<: ".: '-.) '-<.J 

~ '::'~JOO 
< y~ E: Fvo 
\;! 

~ <: 

50 
40 
30 

20 

10 

500 02 Q5 B v-, 500 50 JOO 150 200 250 
FEED f 111111 / rev 

(J) cutting condi!iOl!S were /he Sdnle .75 

in Fig, ( a) 

CUTTING SPEED V m/min 
(IJ} cutting conditwns;teed 0,.!8 1111/1/rev, 

oepth of cut 2111111 

Fig. 9. Experimental results for spheroidized pearlite structure in terms of feed 
and cutting speed. 
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4. Machinability evaluation from the standpoint of tool life 

4.1. Effect of microstructure 

In this experiment, 

feed and depth of cut 

were kept constant, i.e., 

0.28 mm/rev. and 1 mm, 

respectively, and the 

cutting speed was vari­

ed. 

Tool life data are 

shown in Fig. 10 (a)-(c). 

In this figure, (a), (b) and 

(c) show tool life data in 

dry cutting for high, me­

dium, and low carbon 

steels, respectively. The 

criterion of tool life in 

this case is a flank wear 

of 0.3 mm or a crater 

wear of 0.05 mm. 

The Taylor tool life 

equation which shows 

the relationship between 

cutting speed V in m/ 

min. and tool life T in 

min. is given by the 

following equation : 

VTn = C, 

where C and n constants. 

The Taylor tool life 

equations and cutting 

speed of 60 min. tool life 

for the materials tested 

above are given in Table 

3. 

<::: 

J 
::,.. 

c:::i 30{) 1--'CV--d-------t --;--r-+-+-rt-r 

~ 
I?; 200 ,_., 
<: 
i:::: 

SK4 
· FLANK WEAR 

!TERtON 
'=O.Jmm) 

; JOO 
1 

~ B~'---2"--3"-4-"--'5-6 ....... ~--""":';:-----,',;----:..,,......""":';:-~~ 

·"' ~ CUTTtNG TIME T min. 

:,,. 4QQ,---,-,-.-,--,,-,-rr---r----,----,5;-:,K;-;4--, 
-,---,---,--,--,-.,.-t-1--,..------,------,CRATER WEA Ri 

CRITERION (1,~rrrr 
2 3 4 5 6 8 JO 20 30 40 60 BO JOO 

CUTTING TIME T min. 
Cl!tting condition$; feed 0.28 mm/rev., depth of Cl!! 1mm; 
tool, carbide P-JO; tool geometrY, 0, 5, 5, 5, 15, 15, 0.3 

Fig. lO(a). Tool life plots for high carbon steel (SK4) of 
different microstructure. 

Signiture : O lamellar portion of pearlite 

~ 
li.J 300 -
~ 
c.::, 200 -
~ 
I::: 

0 
() 

• 
90~100% 
50~ 60 
20~ 30 
0~ 10 

~ 1001'---'c--L-.L.-!,--',--'--'-.U..,--~'=--~-'-;:----;:';;-::';s-: 
2 3 4 5 

,~ curnNG 
~' 6Q(),---,-,-,-,--,,-,--,r----r--,--------;---, 

o.. 500 ~ -+-+-+-++-I 540C 

i ~~~ -~ _ _ _ r~~1R1lt_ 
';@ 200 1 
i:::: 

·I--.. 

G 1001'---2L--3"--'c--:~-'--7-'c'-c----:c':c--::';;---:-";;----;:-;;--:::-;;-; 

CUTTING TIME T min. 

Fig. lO(b ). Tool life plots for medium carbon steel (S40C) 
of different microstructure. 
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'::: 600.---~-.--~~~~---.-----,-:;;-~;-----, t 500 f---+---+--+----++-+++-t----t--1 
::,. 400 f-------?"'Ollo--..::~:-t-ti-H---i---, 

f2 JOOl----+---+~~ia,::W,-------+--+~nTr.1 
~ 2001----+-l--~f-+++++-~~~ . .:?t=l~::+---tttii 

~ 
K: f3 1 00 1L__ _ _J2~--13---14c--1--1:6µ8_Ll~O----;;-',;--::;;;---f:::-~~;;'-! 

CUTTING TIME T min 

Fig. lO(c). Tool life plots for low carbon steel (S15C) of 
different microstructure. 

Table 3. The Taylor tool life equations and cutting speed of 60 min. tool life for the 
material tested 

Lamellar Tod life equation V60 m/min Work portion of 
material pearlite 

F I C F I C (%) 
90~100 vro.21=275 vro.16=245 119 130 

50~60 VP•24 =315 vro.20=300 122 134 
SK 4 

20~30 vro.15=175 VP-16 =165 95 90 

0~10 vro.1a=l6O VT 0•14 =16O 97 92 

90~100 vro.a1=48O vro.26=46O 145 145 

50~60 VT 0•29 =440 VTo,26=42O 135 137 
S4OC 

20~30 VP-31 =43O VP-28 =4OO 130 135 

0~10 vro.31=425 vro.ao=39O 130 130 

90~100 VT 0-29 =53O - 170 -

50~60 vro.29=53O - 170 -
S15C 

20~30 VTo,21=520 - 160 -

0~10 VT 0-30 =52O - 142 -

F; flank wear criterion (VB'=O.3mm) 
C ; crater wear criterion (KT=O.O5 mm) 

(a) In the case of high carbon steel 

25 

It is evident that tool life for high carbon steel varies considerably with 

different pearlitic microstructure. This depends upon whether the lamellar 

portion of pearlite is above or below 50%. The maximum value of tool life 

was obtained when the lamellar portion of pearlite was about 50-60%. 

The value of n in the tool life equation differs considerably in high speeds. 

Because hardness of the carbide in carbon steels (this carbide is considered 

to promote the tool wear) decreases and shear flow stress of the work ma-
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terial decreases with an increase of lamination of the portion of pearlite in 

steels. 

Brinell hardness of the portion of pearlite varied with the lamellar portion 

and showed a minimum value at the 50-60% lamination of pearlitic structure 

as shown in Table 2. 

Shear stress on the shear plane in cutting calculated from experimental 

data as follows: 83 kg/mm2 for 0-1096 lamellar portion, 86 kg/mm2 for 20-30% 

lammellar potion, 75 kg/mm2 for lamellar portion 50-60%, and 78 kg/mm2 for 

lamellar portion of 90-100%. It is evident from this result that shear stress 

on the shear plane shows the lowest value for lamellar portion of pearlite of 

50-60%. This value relates with a maximum value of tool life. 

Generally, it is difficult to machine the lamellar pearlitic materials compar· 

ed with spheroidized pearlite materials. As discussed later, this fact is true. 

For the lamellar pearlitic materials, tool life can be improved considerably con· 

trolling the lamellar pearlite. 

(b) In the case of medium carbon steel 

Tool life for medium carbon steel is in the order of lamellar pearlite of 

90-100% (best), 50-60%, 20-30% and 0-10%. 

This is explained similarly in the case of SK4 as mentioned previously. 

Table 4 shows the measured values of Brinell hardness for the parts of 

Table 4. Measured values of Brinell hardness for the parts of pearlite 
and ferrite and calculated values of shear stress (S 40 C) 

---
Lamellar portion of 

I I I I pear lite ( % ) 0~10 20~30 50~60 90~100 

Hardness of ferrite 

~~*I 
147 

Hardness of pearlite 274 267 255 

Shear stress (kg/mm2) 70 68 65.5 

pearlite and ferrite and shear stress on the shear plane. 

-

It is evident from this that hardness of carbide and shear stress on the 

shear plane decrease with an increase in the lamellar portion of pearlite. 

(c) In the case of low carbon steel 

An adequate criterion of tool life when cutting low carbon steels is flank 

wear because of the small amount of crater wear. A tool life diagram de­

termined from the standpoint of crater wear could not be obtained in this 

experiment. 

Tool life showed a little difference with the variation of the lamellar por­

tion of pearlite. 
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Observed and calculated results on Brinell hardness of pearlite and ferrite 

and shear stress on the shear plane in cutting are shown in Table 5. 

I 

Table 5. Measured values of Brinell hardness for the parts of pearlite 
and ferrite and calculated values of shear stress (S 15 C) 

Lamellar portion of 
I 0~10 I 20~30 I 50~60 I 90~100 pear lite ( % ) 

Hardness of ferrite 112 1=¥=~1~ Hardness of pearlite 223 244 209 

Shear stress (kg/mm2) 51.5 51 50.5 

It is evident from this table that there is little difference on tool life 

for materials varying in lamellar portion of pearlite from 90-100% to 0-10% in 

spite of difference in Brinell hardness. 

4. 2. Effects of grain size and nonmetallic constituents 

Effects of grain size and nonmetallic constituents in steels on machinability 

has been stated in several papers 5
). In this section, the authors will discuss 

the effects of grain size and nonmetallic constituents in carbon steel. 

Table 6 shows the measured values of grain size accompanied with the 

Table 6. Grain size for the materials tested 

Lamellar portion I Measuremental 
I 0~10 I 20~30 I 50~60 I 90~100 of pearlite method 

SK 4 Gf 

~ 
6.0 4.2 4.7 

S40C FGc-P 7.7 7.5 7.2 

S 15C 

5 
I 

FGc-P 2 7.0 6.8 7.0 I 
I 

variation of microstructure of SK4, S40C and S15C. 

Grain size in high carbon steels depend upon the lamellar portion of pearlite, 

especially, a considerable difference shows for lamellar portion of 50-60% com­

pared with that for lamellar portion below 20-30%. It appears from this result 

that materials with coarse grain size can be machined more easily than ma­

terials with fine grain size. 

In other words, grain size in high carbon steels appears effective as a secon­

dary factor. 

On the other hand, it has less affect on the S40C and the S15C materials. 

Regarding the nonmetallic constituents tested, it was found that nonmetallic 

constituents of A and C classes indicated by the JIS method are included in 

the steels tested. A class nonmetalic constituents have the following property : 

Stickness deformation is easily done at high temperature and the inclusion 
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particle is lengthened towards the cutting direction. For C class, nonmetallic 

constituent FeO, MnO, etc. are included in the form of pieces. 

It appears from the experimental results that nonmetallic inclusions in 

these materials have no effect on tool life. 

4. 3. Effect of feed 

The effect of feed on tool life is shown in Fig. 11. Materials of 6 kinds, 

s.· 
~300-------~~~ 

E: 

4.J 
~2001----, 

l,__--.J 
C)--.J 

c:iC) 

t:::~ 
~ ~i 00 1---------+--J__--'----"..___, 

C!)~ 
<:'-6 

S40C 
·-+----+-I---< i:::: 7 0 

~ 
50~----'----'---'---'--''.) 50L------'----'-----'-L...JL...J 
Qi Q2 o.J Q4 a6 Qi 

FEED t mm/rev 
(b) 

Cutting conditions were the same as Fig. 10 

Fig. 11. Effect of feed on tool life. 

02 
FEED 

QJ 0.4 
t mm/rev 
(c}, 

that is, high, medium, and low carbon steels with lamellar portion of pearlite 

of 90-100% and 0-10% were tested. 

It was found that for these materials the tool life is determined by flank 

wear below 0.40 mm/rev. and by crater wear for feed above 0.40 mm/rev. 

4. 4. Comparison of tool life for materials with lamellar pearlite and with 

spheroidized pearlite 

High carbon materials including carbon above 0.55% shows the shortest 

tool life due to high hardness of carbide. 

For economical cutting, it is necessary to increase the stiffness of materials 

by lowering the hardness of the carbide. 

In the section, the authors investigated machinability of carbon steel con­

taining spheroidized pearlite and compared it with machinability of carbon 

steel containing lamellar pealite. The effect of feed on tool life is shown in 

Fig. 12. 

It was found that for materials with spheroidized pearlite the tool life is 

determined by flank wear for feed above 0.25 mm/rev. and by crater wear for 

feed below 0.25 mm/rev. 

Q6 
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Fig. 12. Tool life plots of spheroidized pearlite material for feed. 
Cutting conditions; depth of cut 1 mm, tool geometry, 0, 5, 5, 5, 15, 15, 0.3 mm ; 
fluid none: The criterion of tool life VB'=0.3 mm Kp=0.05 mm 

The American Air Force Machinability Report6
) state that allowable cutting 

speed for materials containing spheroidized pearlite increases by about 70-80% 

for the same cutting volume (200 in3
) compared with materials containing 

lamellar pearlite. 

In this experiment, spheroidized pearlite was found to increase tool life 

more than lamellar pearlite, though lamellar pearlite contains carbon of 0.99% 

and spheroidized pearlite contains carbon of 1.32%. 

Because of this reason spheroidzed pealite is softer than lamellar pearlite 

and so the cutting process is smoother. 

5. Machinability evaluation from the standpoint of surface finish 

5. 1. Effect of microstructure on surface finish 

The effect of microstructure was investigated with a carbide tool P-10 (ISO) 
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from the standpoint of surface finish. 

In this experiment, depth of cut was kept constant, i.e., 0.5 mm, and cutting 

speed and feed were varied : 10-220 m/min. for cutting speed and 0.06, 0.18, 
and 0.28 mm/rev. for feed. 

Fig. 13 shows the experimental results on surface roughness. It is well 

ts 
i:;: 

SK4 
LAMELLA!? 

PORTION 
--i---~ OF PEARL/TE 

1 x 90 ~JOO% 
• 50--v60 
0 20~ 30 

50 f--O'"><l------f----i- .. ---- _ --- __ -c---__ 0_~.---1_0_------1 

~ 20,--~--\X 

I 
f=0.18 

CUTTING SPEED V m/min 

(a} 

Fig. 13. Variation of maximum surface roughness for work materials 
with various lamellar portion of pearlite. 
Cutting conditions ; depth of cut 0.5 mm ; fluid, none ; 

tool geometry, 0, 5, 5, 5, 15, 15, 0.3 mm. 

known that surface roughness increases when a buit-up edge occurs on the 

cutting edge at low and medium speeds. On the other hand, the degree of 

surface roughness is also affected considerably by the microstructure of the 

material. 

In the case of high carbon steels, surface finish was in the order of 20-
30%, 0-10%, 90-100% and 50-6096 for lamellar pearlite. It was found that a con­

siderable difference for surface finish was observed for lamellar portion of 
pearlite of above and below 50-60%. 
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In the case of medium carbon steels, 

surface finish was best for lamellar pearlite 

of 0-10% and was worst for lamellar plarlite 

of 90-100%. 

In the case of low carbon steels, surface 

finish was worst for lamellar pearlite 90-

100% but other materials showed no dif­

ference. 

5. 2. Effect of feed 

Relationship between surface finish and 

feed is shown in Fig.14. Surface roughness 

increased with an increse in feed a con­

siderable effect was shown by microstruc­

ture on surface finish. 

6. Conclusions 
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Fig. 14. Effect of feed on maximum 
surface roughness 
cutting speed, 150 m/min. 

All other conditions were the same 
as Fig. 13. 

The above experiments and discusssion lead to the following conclusions. 

1. The cutting mechanism for carbon steels contaning lamellar and spheroidiz­

ed pearlite was analysed based upon the flow region concept. 

The effects of feed, side rake angle, and microstructure on the cutting 

process were discussed. 

It was found that the cutting mechanism for high, medium, and low carbon 

steels depends on microstructure. 

2. Effect of lamellar portion of pearlite on tool life was investigated in detail 

and compared with effect of spheroidized pearlite. 

Grain size and nonmetallic constituents also discussed on tool life. Grain 

size was found to effect on tool life. 

3. Microstructure of lamellar pearlite affects the surface finish. Surface rough­

ness was small for lamellar pearlite of 20-30% in high carbon steels. 
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