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The inc lus ions  formed in expe r imen ta l  s t ee l s  by ca lc ium,  a luminum,  and s i l icon addi -  
t ions a re  cha rac t e r i zed .  The morphology, phase identi ty,  e l emen ta l  ana lyses ,  and 
semiquant i ta t ive  wt pct of the inc lus ions  in each s tee l  a re  p resen ted .  A co r r e l a t i on  of 
tool wear  tes t s  conducted on the expe r imen ta l  s tee ls  and the inc lus ion  c h a r a c t e r i s t i c s  
indica tes  that a major  factor  in tool f lank wear  is the high t e m p e r a t u r e  ha rdness  of the 
inc lus ion  phases  or inc lus ion  ab ras ion .  A s tee l  containing g l a s s - l i k e  inc lus ions  produced 
m i n i m a l  tool wear  but when the inc lus ions  were a c rys ta l l ine  s i l ica te ,  tool wear in -  
c r ea sed .  The most  severe  tool wear  occur red  when machining s tee l s  with CaO �9 6A1203, 
A1203, and /o r  AIN as the major  inc lus ion  phases .  By judicious se lec t ion  of the deoxidation 
prac t ice ,  the fo rmat ion  of r e f r a c t o r y  type oxide inc lus ions  may be p reven ted  and inc lu -  
s ions  that enhance machinabi l i ty  may be formed.  

T H E  re la t ionsh ip  between the meta l lu rgy  of i r o n - b a s e  
al loys and machinabi l i ty  is complex.  The inf luence of 
deoxidation pract ice  on tool wear  is gene ra l ly  accepted 
but there  a re  confl ict ing views on the wear  mecha-  
n i s m .  T h e o r i e s  of diffusion and a t t r i t ion  by ab ra s ive  
wear  have been advanced to account  for tool wear .  
Both a re  re la ted  to the quant i ty  and c h a r a c t e r i s t i c s  of 
the inc lus ions  as well as the effect of t e m p e r a t u r e  on 
the i r  ha rdness  and deformabi l i ty .  

In this study, the inc lus ions  formed by ca lc ium,  
a luminum,  and s i l i con  deoxidants  were cha rac t e r i zed .  
The morphology,  phase identi ty,  e l emen ta l  ana lyses ,  
and semiquant i ta t ive  wt pct of the inc lus ions  were 
de t e rmined .  F r o m  a co r re l a t ion  of the tool wear  t e s t s  
conducted on the expe r imen ta l  s t ee l s  and the col lected 
data, it was concluded that tool wear  is  g rea t ly  in -  
f luenced by the ab ras ive  p rope r t i e s  of the inc lus ions  in 
the s tee l .  

MATERIALS DESCRIPTION 

The experimental 1040 grade laboratory steels 
examined in this investigation were made by melting 
Swedish iron with controlled additives. The series of 
steels labeled V was vacuum melted and the ones 
designated L, air melted. Both series were cast into 
preheated cast iron molds 4 in. (10.2 cm) thick, re- 
heated to 1180 to 1200~ held at this temperature for 
four h, and then hot rolled at 1150 to I180~ After 
rolling, the temperature was approximately I I00~ 
From 121 Ib (55 kg) billets, the V series was rolled 
to 1.625 in. (4.1 cm) diam and the L series to 2.75 in. 2 
(7 cm2). 

The s tee l s  were cooled to room t e m p e r a t u r e  in s t i l l  
a i r  following hot ro l l ing .  As was expected, the s t r u c -  
tu re  was in t e rmed ia t e  between n o r m a l i z e d  and 
annealed  1040 grade s teel .  Visua l  examina t ion  showed 
the m i c r o s t r u c t u r e s  of both s e r i e s  of s tee l s  were  s i m -  
i l a r  and cons is ted  of near ly  equal amounts  of p e a r l -  
ite and f e r r i t e  with no f e r r i t e  network around the 
pea r l i t e .  The s t r uc tu r e  was typical  of annealed  s t ee l s .  
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METALLURGICAL TRANSACTIONS A 

Chemica l  ana lyses  of r andomly  se lec ted  samples  of 
each heat showed that the composi t ions  of the two 
s e r i e s  of s tee l s  were within the ranges  l i s ted below. 

Melt  
Ser ies  

V 
L 

Pet  C Pct Mn Pct  P Pet  Si 

0.38-0.42 0.71-0.79 0.015-0.017 0.24-0.31 
0.37-0.40 0.70-0.74 0.012-0.014 0.20-0.31 

The ca lc ium,  sul fur ,  and a l u m i n u m  ana lyses  and 
deoxidant  added to each heat a re  l i s ted in Table  I. 
When the a l u m i n u m  and su l fur  contents  were less  than 
10 ppm, they could not be m e a s u r e d  accura t e ly  by 
optical  spec t rographic  methods.  However,  the ca lc ium 
de t e rmina t ions  have a p r ec i s ion  of about +2 ppm. These  
ana lyses  were made by an a tomic a b s o r p t i o n - s p e c t r o -  
photometr ic  method designed for the de t e r mi na t i on  of 
ca lc ium in s tee l .  1 

INCLUSION CHARACTERIZATION 

Polished specimens of each of the steels were 
examined optically. Next, they were etched electrolyt- 
ically* and examined on a scanning electron micro- 

*Perchloric acid (60 pct conc.-8 vol pct), water (12 vol pct), glycerol (10 vol 
pct), and ethanol (95 pct conc.-70 vol pct). 

scope (SEM). Although this  etching p rocedure  a t tacks 
sulf ides ,  it was not a de t e r r e n t  in this inves t iga t ion  
because  the ma jo r  object ive was oxide inc lus ion  
cha rac t e r i za t ion .  The SEM images  in F igs .  1 to 3, 
4(a) and (b) a re  typica l  of the inc lus ions  in the pol -  
i shed-e tched  spec imens ;  and in Fig .  4(c), optical  
images  of a polished spec imen .  Since the SEM was 
equipped for e l emen ta l  ana lyses ,  the inc lus ions  were 
a lso  ana lyzed .  The r e su l t s  a re  d i scussed  below. 

With the exception of V1629, only a luminum was 
detected in the oxide inc lus ions  in the vacuum mel ted 
s t ee l s .  As shown in Fig .  1, some were angula r  and 
others  nea r ly  spher ica l .  In addit ion to a lumina ,  V1629 
contained a sma l l  to t race  amount  of ea lc inm a lu -  
mina te .  The oxides in this s e r i e s  were encapsula ted  
in manganese  sulf ide.  

In con t ras t  to the vacuum mel ted s tee l s ,  the inc lu -  
s ions  in each of the a i r  mel ted s teels  were of d i f ferent  
compos i t ions .  In L64, the inc lus ions  were s i l icon  plus 
sma l l  to t r ace  amounts  of a luminum and manganese ;  
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Table I. Chemical Analyses 

Melting Wt Pct 
Practice Sample No. S A1 Ca Deoxidant 

Vacuum V1632 0.02 0.054 0.001 Ca-Si 
V1624 0.021 0.045 0.002 Ca-Si 
V1631 0.015 0.082 0.001 Ca-Ba-AI-Si 
V1629 0.03 0.02 0.001 Ca-Si 

Air L64 <0.001 <0.00! 0.001 Ca-Si 
L65 0.017 0.047 0.001 Ca-Ba-A1.Si 
L66 0.025 0.004 0.001 Ca-Si 

and the i r  shape,  e longated  and somewhat  e l l ip t i ca l ,  
F ig .  2. Smal l  g lobular  sul f ides  were  f requent ly  a t -  
tached to the su r f ace  or  o c c u r r e d  as an in t eg ra l  par t  
of the oxide.  The high magni f ica t ion  image ,  F ig .  2(b), 
e m p h a s i z e s  the complex  morphology of these  inc lu -  
s ions .  The oxides in L65, F ig .  3, a r e  typ ica l  of 
c a l c i u m - a l u m i n u m  deoxid ized  s t ee l s  containing 20 ppm 
ca l c ium and 0,05 pct a luminum,  i .e . ,  hexagonal  s y m -  
m e t r y  and a luminum r i c h  with a s m a l l  amount  of c a l -  
c ium (CaO.  6A1203). In L66, F ig .  4, the oxides  were  an 
a luminum s i l i ca te  phase containing a s m a l l  amount  of 
manganese .  Since the i r  locat ion around the e x t e r i o r  
of the manganese  sulf ides  was unusual,  the opt ical  
images ,  F ig .  4(c), a r e  included.  The top one was taken 
with r e f l e c t e d  o rd ina ry  light,  and the lower  one with 
r e f l e c t e d  p o l a r i z e d  l ight and c r o s s e d  Nicols ,  both of 
the s a m e  a r e a .  The  po la r i zed  light image  shows that 
the an i so t rop ic  s i l i ca t e  phase (nearly white) is located 
around the i so t rop ic  (dark) c en t r a l  zone of manganese  
sulf ide.  

SEMIQUANTITATIVE WEIGHT PERCENTAGES 
AND PHASE IDENTIFICATION 

The quantity of inclusions in a steel is important in 
the overall influence of inclusions on machinability. 
The phase identification is also required to correlate 
tool wear and inclusion properties. In order to obtain 

(a) (b) 
Fig. 2-Heat no. L64, Air melted steel (etched): (a) magnification 
3,480 times, (b) magnification 17,400 times. 

(a) (b) 
Fig. 3 Heat no. L65, Air melted steel (etched): (a) magnification 
4,350 times, (b) magnification 4,350 times. 

(a) (b) (c) 
Fig. 1-Vacuum melted steels (etched): (a) Heat no. V1624 magnification, 10,000 times, (b) Heat no. V1629 magnification, 2,000 times, and (c) 
Heat no. V1632 magnification, 10,000 times. 
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Fig. 4-Heat no. L66, Air melted 
steel: (a) and (b) SEM images of 
etched specimen, and (c) optical 
images of polished specimen. Up- 
per one taken with ordinary light 
and lower one with polarized 
light and cross Nicols: (a) magni- 
fication 2000 times, (b) magnifi- 
cation 5000 times, and (c) magni- 
fication 1500 times. 

(a) (b) (c) 

these  data, the inc lus ions  were  ex t r ac t ed  and examined  
on the scanning e l e c t r o n  m i c r o s c o p e  and by X - r a y  
d i f f rac t ion .  Some of the inc lus ions  were  a l so  analyzed  
by opt ical  spec t ro scopy  and with an e l e c t r o n  m i c r o -  
probe to identify t r ace  e l e m e n t s .  

Weighed amounts  of each of the s t ee l s  were  d i s -  
so lved in va r i ous  so lvents  and the wt pct of the inso lu-  
ble r e s i d u e s  d e t e r m i n e d .  P r i m a r i l y ,  aqueous n i t r i c  
acid  or  b r o m i n e - m e t h a n o l  solut ions  were  used as 
so lven t s .  Some of the ex t r ac t ed  r e s i d u e s  f r o m  the 
n i t r i c  acid  t r e a t m e n t  were  fol lowed by leaching with a 
v e r y  dilute bas ic  solution.  Samples  were  a l so  d i s -  
so lved  in b r o m i n e - m e t h y l  ace ta te  or  e l e c t r o l y t i c a l l y  
in a p e r c h l o r i c - a c e t i c  acid solut ion.  The inc lus ion 
bear ing  solut ion was f i l t e r ed  on a p reweighed  0.45 
pore  s ize  ce l lu lose  e s t e r  or  F l u o r p o r e *  f i l t e r  with 

*Product of Millipore Corporation. 

the ex t r ac t ion  med ia  de t e rmin ing  the f i l t e r  m a t e r i a l  
s e l ec t ed .  The t e m p e r a t u r e  and humidi ty of the f i l t e r s  
were  con t ro l l ed  for  the in i t ia l  and f inal  (after  f i l t e r ing)  
weighing.  E a c h  ex t r ac t ion  was r epea ted  s e v e r a l  t i m e s  
but the re  was suff ic ient  va r i a t i ons  that the data  must  
be cons ide red  as semiquan t i t a t ive .  The numerous  
d i f f icu l t ies  encounte red  in quant i ta t ive  inc lus ion ana l -  
y s e s  have been d i s c u s s e d  by Bandi.  2 The r e s u l t s  a r e  
s u m m a r i z e d  in Table  II. 

The  phases  in the ex t r ac t ed  r e s i d u e s  w e r e  analyzed 

by X - r a y  d i f f rac t ion  and sec t ions  of the f i l t e r s  e x a m -  
ined on the scanning e l e c t r o n  m i c r o s c o p e .  In Table  III, 
the phases  ident i f ied in each sample  a r e  l i s ted  in o r d e r  
of d e c r e a s i n g  amounts .  SEM images  typica l  of the 
va r i ous  phases  a r e  shown in F ig s .  5 and 6. 

The p r e s e n c e  of •, ~7, and A a luminas  in the vacuum 
mel t ed  e x p e r i m e n t a l  s t ee l s ,  Tab le  III, shows rapid  
cool ing.  T h e s e  phases  o c c u r r e d  as v e r y  smal l ,  nea r ly  
equ id imens iona l  p a r t i c l e s  (Fig.  5). INV1629, the re  were  
a few CaO �9 6AlzO3 inc lus ions .  F o r  example ,  see  a r r o w  
in F ig .  5(b). The A1N phase irt V1631 (0.08 pct A1) was 
de tec ted  in the n i t r i c  acid ex t r ac t ed  r e s i d u e s .  Although 
this  is unusual,  the o c c u r r e n c e  of acid  insoluble  A1N 
in high a luminum s t ee l s  has been p r e v i o u s l y  r e p o r t e d  
by P ipe r  et  al .3 

The d i f f rac t ion  pa t t e rns  obtained f r o m  the c o l o r l e s s  
r e s i d u e s  e x t r a c t e d  f r o m  L64 were  faint  or  nonexis tent ;  
and f r o m  L66, d is t inc t ,  in tense  and c h a r a c t e r i s t i c  of 
mul l i t e  (Al~Si2013). The inc lus ions  in L64 were  i s o -  
t rop ic  and s i l i con  r ich;  and in L66, an i so t rop ic  and 
a luminum and s i l i con  r i ch  with a s m a l l  amount  of 
manganese .  The morphology of both was s i m i l a r  but 
the inc lus ions  in L64 were  soluble  in di lute  NaOH and 
in L66, inso luble .  Com pare  Fig .  6(b) and (c). It was 
concluded that the inc lus ions  in L64 a r e  a g l a s s - l i k e ,  
s i l i c a  r i c h  phase;  and in L66, a mul l i t e  type phase with 
a c r y s t a l l i t e  s i ze  between 0.1 and 10 /~. 

The hexagonal  s y m m e t r y  of the inc lus ions  e x t r a c t e d  

Table II. Semiquantitative Oxide Inclusion Content of Experimental Steels 

Inclusion Content 

Sample Wt Pet Vol Pet (Calc.)* 

Vacuum Melted: V1632 0.004 0.007 
Vl624 0.007 0.014 
V1631 0.003 0.006 
V1629 0.006 0.012 

Air Melted: L64 0.065 0.217 
L65 0.02 0.053 
L66 0.024 0.056 

*Densities estimated from identified phases, intensities of X-ray diffraction 
patterns and optical spectrographic analyses, 

Table III. X-ray Diffraction Analyses of Extracted Residues 

Vacuum Melted 

Heat No. V1624 Heat No. V1629 Heat No. V1631 Heat No. V1632 

ct-Al203 a-A1203 7-A1203 ot-A[20a 
A-AI2 03 ~-A12 O 3 A]N 7-A12 0 3 

CaO" 6A1203 r/-Al2 O3 

Air Melted 

Heat No. L64 Heat No. L65 Heat No. L66 

Primarily Amorphous CaO.6AI2Oa A16Si2Ola(Mullite Type) 
Si02(Quar tz) ~ A1N •-A1203 
Si02(Cristobalite) ~ Trace Amounts a-AlzO 3 SiC(Trace) 
SiC J 
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fa) (b) 
Fig. 5-Vacuum melted steels. Inclusions extracted in aqueous HNO 3 (20 pct) and then treated with: (a) aqueous NaOH(0.1 pet) and (b) aqueous 
Na2CO3 (6 pct): (a) Heat no. V1631, magnification 6,000 times, (b) Heat no. V1629, magnification 2,400 times. 

f rom L65 is c h a r a c t e r i s t i c  of the CaO �9 6A1203 phase 
(Fig. 6(d)). In c o m m e r c i a l  s tee l s ,  these hexagonal 
inc lus ions  f requent ly  agg lomera te  into n e a r l y  sphe r i ca l  
pa r t i c l e s  that lack optical  anisot ropy and have the 
g l a s s - l i k e  appearance  observed by other i nves t i ga to r s .  1 

DISCUSSION 

In s tee l s  containing 0.045 to 0.082 pct a luminum,  
more  than 10 to 20 ppm ca lc ium are  r equ i r ed  to form a 
ca l c ium a lumina te  phase under  fast  cooling condi t ions .  
In these s tee l s ,  the o c c u r r e n c e  of ;r ~, and A A1203 is 
evidence of rapid  cooling.  Thus ,  s t ee l s  V1632, V1631, 
and V1624 were,  in effect, a l uminum deoxidized and 
did not contain any ca lc ium a lumina te  phases .  

The oxide inc lus ions  in V1629 were p r i m a r i l y  
ot-A1203 with sma l l  amounts  of T/-A1203 and CaO �9 6A1203. 
It may be noted that when a s tee l  contains  0.02 pet 
a luminum,  10 ppm ca lc ium is enough to produce some 
CaO �9 6AlzO3. In the other s tee ls  of this  s e r i e s ,  the 
amount  of ca lc ium re la t ive  to that of the a luminum was 
apprec iab ly  l e s s .  In addition, the angula r i ty  of some 
of the a lumina  inc lus ions  in V1629 sugges ts  a s lower  
cooling r a t e .  Although V1629 was c a l c i u m - a l u m i n u m  
deoxidized,  the major  effect of the ca lc ium was to 
modify s o m e o f  the a lumina  inc lus ions ,  not deoxidize 
the s tee l .  

In the a i r  mel ted s tee l s  L64 and L66, the elongated,  
somewhat  e l l ip t ica l  shape of the inc lus ions  is a r e s u l t  
of the deformat ion  produced dur ing ro i l ing .  The s i l i ca  
r i ch  inc lus ions  in L64 indicate  s i l i con  deoxidat ion and 
the a l u m i n u m - s i l i c o n  r i ch  oxides in L66, a luminum 
plus s i l icon  deoxidat ion.  Based  on the semiquan t i t a t ive  
wt pct de t e rmina t i ons  of inc lus ions ,  L64 contains  about 
2 1/2 t imes  more  inc lus ions  by weight and about four 
t imes  more  by volume than L66. Chemica l  ana lyses  
(Table I) show that L64 contains  10 ppm ca lc ium and 

<0.001 pet a luminum and sulfur;  and L66, 10 ppm ca l -  
cium, 0.004 pct a luminum and 0.025 pct su l fur .  The 
ve ry  low a l u m i n u m  and su l fur  contents ,  <0.001 pct, 
in L64 were expected s ince these  were l abora to ry  heats 
made f rom nea r ly  pure  source  m a t e r i a l s  and there  
was no in ten t ional  addit ion of these  e l e me n t s .  

The major  inc lus ion  phase in L65, CaO �9 6A1203, was 
hexagonal in shape and 5 # and less  in s ize .  The phases  
A1N and a-A120,~ were p r e se n t  in only sma l l  amounts .  
The vol and wt pct of the inc lus ions  in the a i r  mel ted 
s tee l s  L65 and L66 were s i m i l a r  (density of mul l i te  
(A1~Si2013) = 3.156; of CaO.  6A1203 = 3.38). 

Tool  Wear  

The large  d i f fe rences  in machinabi l i ty  for s tee ls  
having the same composi t ions  a re  cons idered  by some 
inves t iga to r s  to be re la ted  to va r i a t i ons  in s tee lmaking  
p rac t i ce  such as t ime  of pouring,  leach-out  of r e f r a c -  
to r ies ,  ladle t ime ,  sol idi f icat ion ra te ,  and so forth.  4 
These  va r i a t ions  are  suff icient  to influence the size,  
shape, and type of inc lus ions  formed and, thus,  the 
machinab i l i ty .  

It has been  postulated that the g radua l  r emova l  of 
the sur face  m a t e r i a l  f rom a cutting tool dur ing mach in -  
hag is r e la ted  to the p re sence  of r e f r a c t o r y  type inc lu -  
sions.S Supportive evidence may be found in the 
a b r a s i v e n e s s  of sma l l  pa r t i c l e s  in fine g ra in  s tee l s .  
These  s tee l s  a re  known for the i r  high tool wear  and 
a re  produced by adding g r a i n  r e f i n e r s  such as n iob ium 
(Cb), vanadium,  and a luminum in ve ry  s m a l l  amounts  
(250 to 800 ppm). Al l  of these e l emen t s  produce r e f r a c -  
to ry  type inc lus ions .  In con t ras t ,  soft inc lus ion  type 
m a t e r i a l s  such as  lead a re  added to s t ee l s  to d e c r e a s e  
tool wear .  

A compar i son  of the high t e m p e r a t u r e  ha rdness  of 
inc lus ion  type phases ,  tungsten  carbide ,  t i t an ium c a r -  
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Fig. 6-Air melted steels. Inclusions extracted in aqueous HNO3 (20 pct): (a) As-extracted, (b), (c), and (d) after extraction, treated with aqueous 
NaOH(0.2 pct): (a) Heat no. L64, magnification 1,160 times, (b) Heat no. L64, magnification 2,320 times, (c) Heat no. L66, magnification 1,160 
times, and (d) Heat no. L65, magnification 3,480 times. 

bide,  and high speed s tee ls ,  a lso  showed the feas ib i l i ty  
of ab ras ive  wear .6 At t e m p e r a t u r e s  p reva i l ing  dur ing  
machining,  the ha rdness  of the inc lus ions  exceeds that 
of the mat r ix .  For  example,  the major  inc lus ion  phase 
found in the s tee l s  examined in the prev ious  sect ion 
was a lumina .  A lumina  has a V i c k e r s '  m i c r o h a r d n e s s  of 
~,00 k g / m m  2 at 700~ 7 whereas  cement i t e  has a ha rd -  
ne s s  of 98 kg/mm2; t i t an ium carbide,  500 kg/mm2; and 
tungs ten  carb ide  (WC), 180 kg/mm2.  8-n 

In order  for the ab ras ive  wear  mechan i sm  to be 
valid,  the n u m b e r  of nonmeta l l i c  inc lus ions  c ross ing  
the surface  of the tool must  exceed the n u m b e r  of 

debr i s  pa r t i c l e s  produced.  Rama l ingam and Watson 4 
ca lcula ted  that 1) the number  of nonmeta l l i c  inc lus ions  
encountered  dur ing  machining exceeds the n u m b e r  of 
wear  debr i s  pa r t i c l e s  by two o r d e r s  of magnitude,  and 
2) the occu r r ence  of nonmeta l l i c  inc lus ions  in the 
range  of s e v e r a l  hundred pa r t s  per  mi l l ion  (volume) is 
suff ic ient  to produce wear .  

In a r ecen t  a r t i c l e ,  wear  was cons idered  as the 
de tachment  of sma l l  pa r t i c l e s  f rom the sur face  of the 
tool by a "mul t i tude  of i n j u r i e s "  by ab ra s ive  p a r t i -  
c les .  12 In an effort  to re la te  the p r o p e r t i e s  of i nc lu -  
s ions  to tool wear ,  tool wear  tes ts  were conducted on 
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the e x p e r i m e n t a l  s t e e l s  p r e v i o u s l y  examined .  The 
r e s u l t s  of these  t e s t s  a r e  r e p r e s e n t e d  g r a p h i c a l l y  in 
F i g s .  7 to 9. 

The su l fu r  contents  of the e x p e r i m e n t a l  s t e e l s  were  
not suf f ic ient  to p roduce  a m e a s u r a b l e  ef fec t  on the 
tool  wea r  t e s t s .  F o r  e x a m p l e ,  a c o r r e l a t i o n  of the 
su l fur  conten ts ,  Tab le  I, and the tool  w e a r  r a t e s  l i s t ed  
below shows that  s t e e l  L64 conta ined  <0.001 pct  su l fur  
and p roduced  a wea r  r a t e  of 1.3 ~ / m i n ,  w h e r e a s  the 
tool  wea r  r a t e  f rom machin ing  L66, 0.025 pc t  su l fur ,  
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melted steels, heat nos. L64, L65, and L66, with indicated cutting 
conditions. 
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was 3 ~t /min.  In addi t ion ,  the s t e e l s  had the s a m e  
m i c r o s t r u c t u r e s  and n e a r l y  the s a m e  c o m p o s i t i o n s .  
The  m a j o r  d i f f e r ence  was the amount s  and iden t i t i e s  
of the i nc lus ions .  Thus ,  the r e l a t i o n s h i p  be tween the 
p r o p e r t i e s  and amounts  of the r e f r a c t o r y  type inc lu -  
s ions  and tool  wea r  was examined .  The r e s u l t s  a r e  
d i s c u s s e d  in the fol lowing sec t ion .  

Cutt ing Condi t ions :  Ca rb ide  tool  (12 mm 2, 3.18 mm 
thick) ,  0.4 m m  nose  r a d iu s ,  11 deg c l e a r a n c e  angle ,  
5 deg r ake  angle ,  15 deg a p p r o a c h  angle .  

Ca rb ide  Tool  Des igna t ion :  ISO G r a d e  130, 
G e o m e t r y  SPUN 304. 

Vacuum Melted Steels Air Melted Steels 

Tool Wear Rate, Tool Wear Rate, 
No. p/min No. p/min 

V1624 3A L64 1.3 
V1629 4.8 L65 3.8 
V1631 3.2 L66 3.0 
V1632 4.3 

A i r  Mel t ed  E x p e r i m e n t a l  S tee l s  

Based  on the c h e m i s t r y  (0.2 pct  Si and 0.75 pct  Mn), 
mel t ing  in a i r  and a r e l a t i v e l y  l a r g e  inc lus ion  vo lume 
of 0.22 pct ,  one would expec t  L64 to p roduce  a high 
tool  wea r  r a t e .  However ,  the o b s e r v e d  wea r  r a t e  was 
excep t iona l l y  low, i .e.,  1.3 ~u/min. The inc lus ions  were  
a s i l i c a  r i ch ,  g l a s s - l i k e  phase  that  had e longa ted  but 
not c r y s t a l l i z e d  dur ing  ro l l i ng .  In addi t ion ,  they p r o b -  
ab ly  r e m a i n e d  in a g l a s s y  s t a t e  that  sof tened dur ing  
machin ing .  A s  a r e s u l t ,  the h a r d n e s s  of the inc lus ions  
when t r a v e r s i n g  the tool  s u r f a c e  was a p p r e c i a b l y  l e s s  
than that  of the tool  and any a b r a s i o n  and flow r e s t r a i n t  
on the tool  su r f a c e  was d i m i n i s h e d .  Not only did  the 
f o r m a t i o n  of t he se  inc lus ions  enhance mach inab i l i t y  
by d e c r e a s i n g  tool  wear ,  they a l so  f o r m e d  ins tead  of 
r e f r a c t o r y  type oxides  dur ing  so l id i f i ca t ion .  Thus ,  by 
jud ic ious ly  choosing the deoxidant ,  the d e t r i m e n t a l  
ef fec t  of inc lus ions  on tool  wea r  can be e l i m i n a t e d  or ,  
a s  in th is  c a s e ,  be bene f i c i a l .  In a r e c e n t  d i s c u s s i o n  
of mach inab i l i t y  enhancement ,  inc lus ion  p r o p e r t i e s  
that should d e c r e a s e  tool  wea r  were  pos tu l a t ed  by 
R a m a l i n g a m ,  5 The inc lus ions  in L64 suppor t  the 
hypo thes i s  advanced .  

The tool  wea r  r a t e  p roduced  on machin ing  L66 was 
about  2 1/2 t i m e s  g r e a t e r  than that  of L64, F ig .  7. 
S tee l  L66 conta ined 0.20 pct  s i l i con ,  0.004 pc t  a l u m -  
inum, and 10 ppm ca lc ium;  and L64, 0.27 pe t  s i l i con ,  
<0.001 pct  a luminum,  and 10 ppm c a l c i u m .  The shape 
and s i ze  o f  the inc lus ions  in both we re  s i m i l a r  but the 
inc lus ions  in L66 were  a mul l i t e  type phase  with a 
c r y s t a l l i t e  s i ze  of 0.1 to 10 /~ and in L64, a g l a s s - l i k e  
phase .  The p robab le  a s - c a s t  shape and subsequent  
d e f o r m a b i l i t y  dur ing  ro l l ing  sugges t  that  the  s o l i d i f i c a -  
t ion r a t e  was r a p i d  enough to r e t a i n  the inc lus ions  in 
both s t e e l s  in a m e t a s t a b l e  condi t ion in the a s - c a s t  
ingot .  The combina t ion  of r ehea t ing  and d e f o r m a t i o n  
dur ing  ro l l ing  was suff ic ient  to t r a n s f o r m  the a m o r -  
phous inc lus ions  in L66 to a c r y s t a l l i n e  phase  but not in 
L64.  The d i f f e r e n c e s  in wear  r a t e  p roduced  by these  
s t e e l s  may be exp la ined  by examin ing  the h a r d n e s s  of 
these  inc lus ion  p h a s e s .  

Mul l i t e  i s  nonde fo rmab le ,  at  l e a s t  up to a t e m p e r a -  
tu re  of 1000~ At  r o o m  t e m p e r a t u r e ,  the h a r d n e s s  of 
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mul l i te  r e s e m b l e s  that  of a - q u a r t z .  K ie s s l i ng  13 r e p o r t s  
that  the m i c r o h a r d n e s s  of mul l i t e  is  1500 k p / m m  2 and 
of a - q u a r t z ,  about 1600 kp//mm 2. At  e l eva ted  t e m p e r a -  
t u r e s ,  qua r t z  main ta ins  a high l eve l  of h a r d n e s s .  7 
Since the c r y s t a l  s t r u c t u r e  of mul l i t e  c o n s i s t s  of 
s t r i n g s  of s i l i c a  t e t r a h e d r a  and m i c r o h a r d n e s s  is  
r e l a t e d  to bond s t reng th ,  mul l i t e  may  a l so  have a high 
h a r d n e s s  at  e l eva t ed  t e m p e r a t u r e s .  

Based  on only the c r y s t a l l i n i t y  of the mul l i t e  phase ,  
i t  may  be r e a s o n a b l y  a s s u m e d  that  the h a r d n e s s  of the 
mul l i t e  type inc lus ion  phase  in L66 is g r e a t e r  than that  
of the g l a s s - l i k e  inc lus ions  in L64.  In addi t ion ,  the 
tool  wea r  t e s t s  ind ica ted  that  0.06 vol  pct  of mul l i t e  
type inc lus ions  was suff ic ient  to a b r a d e  the c a r b i d e  
tool  a t  a g r e a t e r  r a t e  than 0.22 vol  pc t  of g l a s s - l i k e  
i nc lus ions .  The  wear  r a t e  p roduced  by  the mul l i t e  type 
inc lus ions ,  however ,  was not as  g r e a t  as  that  of the  
a l umina  bea r i ng  s t e e l s .  Th is  a g r e e s  with the h a r d -  
n e s s  va lues  m e a s u r e d  at  r o o m  t e m p e r a t u r e s ,  i . e . ,  
mul l i t e  (A16Si2013) < CaO.6A12Os < a-A1203. C o m p a r e  
F i g s .  7 to 9�9 

The tool  wea r  r a t e  by s t e e l  L65, 0.047 pct  a luminum,  
and 10 ppm ca l c ium,  was the h ighes t  of the a i r  me l ted  
s t e e l s  (3.8 /~/min).  The inc lus ions  were  p r i m a r i l y  
CaO �9 6A12Oa and s m a l l  amounts  of a-A1203 and A1N. 
A l umina  has  a V i c k e r s '  m i c r o h a r d n e s s  of 800 k g / m m  2 
at  700~ and >-650 k g / m m  2 at  800~ 9 The a l u m i n u m  
to oxygen bonding in CaO �9 6AleO3 should be s i m i l a r  to 
that  of a-A1203. K ie s s l i ng  13 e s t a b l i s h e d  that  the h a r d -  
n e s s  of the ca l c ium a lumina t e s  i n c r e a s e s  with the 
a l umina  content;  and that  the m i c r o h a r d n e s s  of CaO 
�9 6A120~ is 2200 k p / m m  2 and of a-A1203, 3000 to 4500 
k p / m m  2. Thus ,  at  e l eva t ed  t e m p e r a t u r e s ,  CaO "6A12Oa 
is p robab ly  ha rd  but not a s  ha rd  as  a-A1203. Randle  ~4 
r e p o r t e d  that  A1N has a high mel t ing  point  and p r o -  
posed  that  the bonds be tween the a luminum and n i t rogen  
a t o m s  a r e  s t rong ,  d i r e c t i o n a l ,  and covalent �9  Thus ,  AIN 
should a l so  be ha rd  at  e l eva t ed  t e m p e r a t u r e s .  

Based  on d i f f e r e n c e s  in so lub i l i ty  in the v a r i o u s  
e x t r a c t i o n  med ia ,  a p p r o x i m a t e l y  o n e - t h i r d  of the inc lu-  
s ions  in L65, 0.02 wt pct ,  were  C a O .  6A1203 and a -  
A12Os. T h e s e  two p h a s e s  r e p r e s e n t e d  about 0.007 wt 
pc t .  The r e m a i n i n g  0.013 wt pct  was p r i m a r i l y  A1N 
and a s m a l l  amount  of unident i f ied  ox ides .  Al though 
the high t e m p e r a t u r e  h a r d n e s s  of these  phase s  has not 
been  d e t e r m i n e d ,  the tool  wea r  da ta  sugges t  that  an 
a b r a s i v e  wear  m e c h a n i s m  can account  for  the o b s e r v e d  
wear  r a t e s .  

V a c u u m - M e l t e d  E x p e r i m e n t a l  S tee l s  

The f lank wea r  p roduced  by V1629 was g r e a t e r  than 
that  of V1624 (Fig .  8), however ,  both s t e e l s  conta ined 
a-A12Os as  the m a j o r  inc lus ion  phase  and the inc lus ion  
contents  were  n e a r l y  the s ame  (Table IV). S i m i l a r  
o b s e r v a t i o n s  may be made for  V1632 and V1631, F ig .  9. 
As  shown in Tab le  IV, these  s t e e l s  a l so  conta ined  about 
the s ame  amounts  of inc lus ions  but V1632 p roduced  
g r e a t e r  wea r  than V1631. In an inves t iga t ion  on the 
effect  of a b r a s i v e  p a r t i c l e s ,  Byrd  and F e r g u s o n  15 
r e p o r t e d  an i n c r e a s e  in tool  f lank wea r  with p a r t i c l e  
s i z e .  A s s u m i n g  the l a r g e s t  p a r t i c l e s  o b s e r v e d  in each  
s t e e l  a r e  a m e a s u r e  of the r e l a t i v e  inc lus ion  s i ze ,  the 
p a r t i c l e  s i z e s  l i s t ed  in Table  IV were  a s s i g n e d  to each  
s tee l ,  i . e . ,  V1629, 8 ~t; V1624, 5 /~; V1632, 2.7 ~t; 

Table IV. Summary of Inclusion Data-Vacuum Melted Steels 

Inclusion Data Wear Rate, 

Steel Phases Wt Pet, ppm Vol Pet, ppm Size*, p la/min 

V1629 t~-A1203 60 120 8 4.8 
r/-A1203 
C- 6At 

V1624 a-A1203 70 140 5 3.4 
A-A1203 

V1632 a-A1203 40 70 2.7 4.3 
7-A120a 
7/-A120s 

V1631 ~-A12Oa 30 60 1.5 3.2 
AIN 

*Maximum observed size. 
tC �9 6A-CaO" 6 A 1 2 0 3  . 

V1631, 1.5 tz. Thus ,  the r e l a t i v e  wear  r a t e s  of V1629 
and V1632 and of V1632 and V1631 a r e  cons i s t en t  with 
the da ta  of Byrd  and F e r g u s o n ,  but the s i m i l a r i t y  in 
wea r  r a t e s  of V1632 and V1624 and of V1632 and V1629 
cannot  be exp la ined  on the b a s i s  of p a r t i c l e  s i z e .  Thus ,  
p a r t i c l e  s i ze  is  a f ac to r  but the amount ,  number  of 
p a r t i c l e s  us  s i ze ,  and ident i ty  o r  high t e m p e r a t u r e  
a b r a s i v e n e s s  of the inc lus ion  p h a s e s  mus t  a l so  be 
c o n s i d e r e d .  

SUMMARY 

The oxide inc lus ions  in a luminum,  c a l c i u m - a l u m i -  
num, and c a l c i u m - s i l i c o n  deox id ized ,  vacuum and a i r  
me l t ed  e x p e r i m e n t a l  s t e e l s  were  c h a r a c t e r i z e d .  The 
morphology ,  phase  ident i ty ,  e l e m e n t a l  a n a l y s e s  and 
semiquan t i t a t i ve  wt pct  were  d e t e r m i n e d � 9  The f lank 
wear  r a t e s  of the tools  used  in machin ing  these  s t e e l s  
were  c o r r e l a t e d  with the p r o p e r t i e s  of the i nc lus ions .  
The  r e s u l t s  were  a s  fo l lows :  

1. The tool  wea r  r a t e  p roduced  dur ing  machining 
a s t e e l  containing g l a s s - l i k e  inc lus ions  was e x t r e m e l y  
low, but when a s t e e l  conta ining mul l i t e  type inc lus ions  
was machined,  the tool  wea r  i n c r e a s e d  a p p r e c i a b l y .  
The g l a s s - l i k e  and mul l i t e  type inc lus ions  were  
s i m i l a r  in s i z e  and shape .  

2. The wea r  r a t e  of too ls  by vacuum and a i r  me l t ed  
s t e e l s  deox id ized  with a luminum and, in some  c a s e s ,  
a luminum and c a l c ium was g r e a t e r  than that  of the a i r  
me l t ed  s t e e l s  which were ,  in effect ,  deox id i zed  with 
s i l i con  and s i l i con  plus  a luminum.  

3. The high tool  wea r  r a t e s  o b s e r v e d  when m a c h i n -  
ing s t e e l s  conta ining m i x t u r e s  of CaO -6A1203, A1N, 
a n d / o r  v a r i o u s  a lumina  p h a s e s  may be accounted  for  
by the high t e m p e r a t u r e  h a r d n e s s  of these  inc lus ion  
p h a s e s .  

CONCLUSIONS 

Tool  wear  t e s t s  on a s t e e l  containing g l a s s - l i k e  
inc lus ions  showed an e x t r e m e l y  low tool  wea r  r a t e .  
The  inc lus ions  had a low sof tening t e m p e r a t u r e  and no 
t endency  to c r y s t a l l i z e .  The p r o p e r t i e s  of t he se  i nc lu -  
s ions  and the low wear  r a t e  a r e  in a g r e e m e n t  with the 
c h a r a c t e r i s t i c s  a s  n e c e s s a r y  to d e c r e a s e  tool  wea r .  
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Although the high t e m p e r a t u r e  hardness  of many of 
the inc lus ion phases  i s  not known, the data co l l ec t ed  
sugges t  that abras ion  is  the m o s t  probable  wear  
m e c h a n i s m .  This  conc lus ion  is  based on the trend in 
wear  r a t e s  and inc lus ion ident i t ies  tabulated be low.  

r ~  

E- 

Inclusion Identification Tool Wear Rate, #/min 

Glass 1.3 
Mullite type 3.0 
CaO "6A12 0 3 
Aluminas and AlN ~ 3.2-4.8 
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