
W E A R  
E L S  EV1 E R  Wear 193 (1996) t6-24 

Carbide  too l  w e a r  m e c h a n i s m  in turning o f  I n c o n e l  7 1 8  supera l l oy  

Y.S. Liao, R.H. Shiue 
DeparSment of  Mechanical Engineering, Natiomd Taiwan Vniversi(y, Tatp~i, Taiwan 

Received 3 AtlgUSt 1994; aceepted2I Mar~h 1995 

Abstract  

Wear surfaces of the cutting tools are mmlyzecl to study the wear me~hanism of came nteet carbide tools in turning of ]nconel 718 superallo3's. 
SIqM and EPMA analyses indicated that the wear of  carbide toots during high speed turning condition ( V~  35111 rain-  i ) was caused by 
diffusion of elements (.Ni or Fe ) in workpiecc into tool's binder (Co) by a grain boundary diffusion mechanism. This action weakened the 
bonding strength between carbide particles (WC, TiC, TSC) and the binde¢ (Co).  The carbide particles were then detached out of  the 
cemented carbide tool by high flow stresses. The proposed grain boundary diffusion mechanismis also confirmed by tbearetleai analysis. 
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1. I .ntrodue~ion 

Ieconel  718 is one  k ind  of  n icke l - i ron  base superalloys.  
O w i n g  to i ts  super ior  h igh  temperature mechanical  propert ies  
such as resistance to oxidat ion and corrosion,  h igh  tensi le 
stress and  rupture stress, etc.. i t  has  been widely applied for 
the parts in aerospace industry and nuclear seactur. But ,  the 
combined  effects o f  poor  thermal  properties,  h igh  tempera- 
t a r  strength,  tendency to severe work  hardening,  at[d h igh  
toot -workplace  affinity m a k e  mach in ing  of  Ineonel  718 very 
difficult  because these propert ies  resul t  in  h igh  temperature,  
stress, and a th ick adher ing layer at  the t o o l -w o rk  interface 
dur ing  machin ing  [ 1] .  

The  researches conducted so  far for the mach in ing  of  Inca-  
nel  718 are mainly  focused on  mach in ing  characteristics [ 2 -  
4 ] ,  and the appropriate tool material ,  geometry,  and cut t ing 
condit ions for economic  m~ohining  [5,61.  Comparat ively,  
very few ha'ae been done  to identify tool wear  mechanism 
dur iqg  h'~.e machin ing  o f  lnoonel  718.  Even though there are 
several studies on  the mach in ing  of  nickel base alloys by 
ceramics  in recent  years  [ 7 , 8 ] ,  carbide tools remained  to be  
the main  tool mater ia ls  in mach in ing  this k ind  of  material  
o w i ng  to their  h igh  toughness  and low cost.  H a m  had con-  
ducted a sexles of  co~fing tests o f  Inconei  7 1 g  by  C2  grade 
eartdcte [ 6 ] ,  and he found  that  local ized groove ,~ear cal side 
flank and ch ipping  on  the side cut t ing edge  are the dominant  
causes  o f  tool failuse in some  cases. But, in  mos t  cases, the 
t 0o lwea r s  uni formly  and  the flank wear  progresses  uni formly  
a: ~atting t ime increases up  to the point where  the tool fails. 
Based on the fra~tography of  the tool  surface after service,  
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Fecke et aL had concluded that  abras ion wear  plays the mos t  
important  role on  the wear  of  ca t t ing tools  in turning of  
Inconel  718 [9  ] .  T h e  ~ o o v e  wear  on  mino r  flank o f  cemented  
carbide  tool in  turning o f  pure  nickel  had  been s tudied by  Tan  
[ 10] .  He  found that  temperature is  the main  d r iv ing  force to 
cause tool wear.  His  propasal  for  tool  wea r  m e c h a n i s m  is not  
different fTom carb ide  tool wear  in mach in ing  o f  m i l d  steels. 
Krnmer  and Suh  proposed the solut ion wear  theory which 
attr ibuted the wear  of  carbide tool to the solubi l i ty  of  tool  
particle s in  materlal  [ 11 ] .  By observ ing  the ch ip  flow pattern, 
Wr igh t  and C h o w  concluded that the collapse o f  cut t ing edge  
in machin ing  of  nickel  base  a l loys  i s  ma in ly  due to the 
increase o f  normal  stress act ing on  the cut t ing edge  [ 12] .  Al l  
the studies stated above certainly contr ibuted to the under-  
s tanding of  the fai lure  of  carbide  tools in the mach in ing  o f  
nickel  base alloys.  However ,  the invest igat ions are no t  com- 
prehensive.  The  proposal  o f  Tan  [ 10] is  no t  quite true as  the 
f low stress in maohlning  Inc onel  ? 18 is h igh .  and  it is  expected 
that this  h igh  stress would  contr ibute to wear  o f  the cut t ing 
tool. T h e  study by  Kramer  and Sub  [ 11 ] required more  evi-  
deecas  to suppor t  their  work  as  it is pure ly  based on  theoret- 
ical analysis.  The  " 'mac ro"  approach of  Wr igh t  and C h o w  
[ 12] over looked some  pert inent  information,  besides,  since 
the temperature in cat t ing o f  Inconet  718  is very high,  other  
wear  mechanisms  besides abras ion wear  are expected.  

In this paper,  the w e ~  surfaces o f  cut t ing tools  are inves-  
tigated in detail  us ing  " m i c r o "  analysis,  more  evidences  are 
given,  and a new carbide  tool wear  mechan i sm  in c u r i n g  o f  
Inconc |  718  is proposed.  



ES. Liao. RH. ~ d ~  /Weur 193 (1996) 16-24 

2. E x p e r i m e n t  

The experiments are carried out on a 7=~ hp engine lathe 
under semi-o~.hogonal, and dry cutting condi'ion. The work 
material is Inconel 718 superalloy in either solid solution or 
aged state. Its chemical  compositions are given in Table l .  
The feedfand depth of cut dare0.101 mm rev-  e and 1.5 ram, 
respectively, and they are not varied throughout the e.'~peri- 
merits. The c utting speed V is either 35 m rain - 1 ( h igh spee d ) 
or 15 m ra in -  i ( low speed). The total cutting time is 3 rain. 
The tool materials are K20 and P20 carbides, respectively 
with the geometry of 0 ° inclination angle, 6 ° side rake angle, 
IT approach angle, and 0 A  mm nose radius. The chemical 
compositions of tool materials are also given in Table I. The 
cutting forces (principle force Fp, feed force Fq, and radial 
force Fr) are measured by the Kistler dynamometer. Since 
the turning process in the experiment can be considered as a 
plane strain and steady state condition, the radial force is 
neglected. 

3.  Resul ts  

The measured results for turning of aged Inconel 718 arc 
summarized in Table 2. In the table, re is the chip thickness, 
a is the chip-tool contact length, VB and CR arc flank wear 
length and crater wear depth. By incorporating these results 

Table I 
Chemical composition of wotk and ¢ool malert~s 

with cutting mechanics [ I ] ,  the average stresses in the pri- 
mary and seconda~ T deformation zones can be computed. 
The temperatur~ in each deformation zone can then be 
estimated by using the moving heat source theory [1] .  
M athematical expressions used to compute stresses and I~ar- 
peratures are summarized in Appendix A, and the computed 
results are given in Table 3. In the table, Ss and S .  denote 
shear and n o r m a l  stresses, f¢ is tbe  coe f f i c ien t  o f  f r i c t ion .  Ts 
and T, are average temperatures in the primary and secondmy  
deformalion zones. From these tables, it is found that the flOW 
suess ( 1.5-2.5 GPa)  and te rapera tu re  (8 (30-1200  ° C )  in  cut -  
t i ng  of In71 g are very high, and they are a~ ibu t ed  to serious 
work hardening of in718 during turning. 

The wear surface of  the chip--tool interface of  the K-type 
carbide tool is shown in Fig. !. A sticking layer can be clearly 
seen. The sticking region which is very close tO the cutting 
edge shows dimple-like ductile fractures (this palrieular 
region has the highest temperature, and is called seizure 
region). This phenomenon is quiw~ different from that when 
mild steel is machined where the seizure region is smaller, 
and it is located at around ( l / 2 ) a  distance from the cutting 
edge (note: a is the chip--4ool contact lenglh ) .The occunence 
of sticking region ecufirms the fact that high stresses and 
lempegatur¢ arc acling On I!10 chip-tool iarerfac¢. The san~  
region has also been found in P-type carbide tool when it  is 
used under the same ttwning conditions. When Inconel 718 
is machined under a high speed cutting condition, it is also 

Materials Spocifiearives 

ln¢onel 50-55% N|. 0.08% C, 0.35% Mn. 1S J% Fv, O.O15% S, 0.35% SL 0.3% Cu. 19% Cr. 3.05% Me, S.3% ( Nb+ Ta). 0.9% "i~, 0.5% AI, 
0.95% B 

K20 carbide 94% We, 6% Co 
P20 cmbide ~6.2% We, 10.8% TaC, 12.8% TiC, 10.2% Co 

Tabl~ 
Measuled results in tr~chining of aged I~ne l  71 g 

TOOI nmterial V(m rain -t  ) Fp[N) Fq(N) t¢ (mm) aimm) VB (iLm Iuin - t  ) CR ( tun n'~n-I ~ V B ~  (Izm) 

P20 1S 720 754 0.279 0.390 ss.2 6.7 294 
35 780 617 o 191 0.210 1340 16.2 777 

K20 15 6"/2 466 0.238 0.335 53.3 <l .0 160 
35 715 504 0.273 0.S~ 557 10.7 167 

Table 3 
Comptaed lesuRs in maclaning of aged ]ncorte1718 

Tool material V (retain -1 ) PlimmT ~conda~ ~ 7", t~[:~) Tf 1 ~[::) 

$= (GI~) S, tGPa) S. tGPa} S, IG~) 

P20 15 2.19 0.95 1.15 I 36 1.180 594  891 
35 2.90 1.23 2.35 2 I I 0 . 8 ~  779 1337 

K20 15 1.83 [, 13 1,28 1.01 0.T&8 642 467 
35 1.69 [. 15 1.25 1.00 0.801 865 1047 
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( W , T a , T i ) C  from the base material.  It  is also noted that the 
f low stress could  even be h igh  enough to cause the fracture 
of  loci  particles ( refer  Io that pointed by the arrow in 
Fig.  4 ( b ) ) .  

In order  to study the fraetogruphy of  the emhide  tools on 
the eh ip - l an l  interface, the rake face o f  the cut t ing tool is hot  

Fig, 1. Rage face ofK2a carbiCk::(a) we=~rface and (b) magnificaaoa 
of the area A (aged In 718. V= 35 m rain- i; notations C.E. and C.F.D. i~ 
Itl'~ .nhotograph slaad for ¢unillg edge and chip flow dilectioII ). 

Fig. 3. T y ~  a u k  face! (a) ~ s~face ~ (b) ma~i~c~tlo, orthe 
fl~k wear (solid sol. In 718; K20 ~ d e ,  Vm 15 m n~n- i). 

Fig. 2. ~Vc.ar surface on tim rake t ~ e  near ~ nose radius: A. chipping; B, 
B L ~  (aged In "] 18, K20 carbide, V =  35 m miu-  i ). 

very often that a bu i l l  Up edge  (BU]~) would  fo rm at 'the 
cat t ing edge.  Fig.  2 shows  a wear  surface o f  the rake face 
near  the nose  radius,  F rom the figure, BITE and chipping of  
the cutt ing edge  can be clearly seen. T h e  occurrence o f  B U E  
impl ies  that there is  h igh  chemical  affinity due  to h igh  tern- 
paralure existent on the ch ip - too l  interface besides h igh  
stresses. 

A typical wear  surface on the flank face of  K-type carbide 
is shown in Fig.  3 ( a )  and  Fig.  3 ( b ) .  S imi lar  1o rak~ face, 
there is a large  amoun t  of  s t icking layer. When  P-type carbide 
is used, the  st icking |ayer  can also be found, but  compaxa- 
lively, the wear  is more  irregular,  the flank wear  length is 
larger,  and the groove  is  deeper.  ]especf ing the groove as  that 
shown in Fig.  4 ( a )  , n d  Fig.  4 ( b ) ,  il  can be seen that tool 
parfloles are subjected to h igh  stresses which cause loss of  
large amount  of  C o  and  the lecal "4omehment o f  W C  mr 

Fi~ 4. Groow wear and IIs enic~tructeee: (a) shape of the g ~  and (b) 
magngicalion or ~© aeea A (Solkls~L l .  718, Ir20 cmrbide, V -  35 rami . -~ ) .  
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Fig. 5. Rake face of the new tuning ioois allot he/et¢l~ ng: ( a ) P2U carbide 
and (b) K20 carbide. 

etched at 9 0 ° ( ?  for 1 h us ing the 4Ora l  m e t h y l + 4 0 m l  
HCI + 2 g CuC12 etching fluid. The  thick s t icking layer  on the 
tool surface can be  r emoved  by this process.  The  surfaces of  
new P-20 and K-20  carbide tools  axe shown in Fig.  5 ( a )  and 
Fig.  5 ( b ) ,  and those after the tools have been serviced for 
3 rain us ing  h igh  speed c u r i n g  condi t ion ( V ~  35 m rain x ) 
are shown in Fig .  6 ( a )  and Fig. 6 ( b ) .  It  car~ be seen from 
these: f igures th at a large number  o f  tool  pardcl  .~s are detached 
f rom the tool surface fo r  both P-type and  K-type tools under  
h i g h  speed  cut t ing condit ions.  Those  tool part icles remained 
on the surface are not  distorted, broken,  nor deformed.  

When  the part icles on the tool surface before  and aftcr 
service are, compared ,  i t  is noted that  rounding  of  the particles 
takes place for  both tools after service.  There  are two  possible 
explanat ions for this  result .  Firstly,  h igh  flow stresses cause 
the or iginal ly  mul t i -angles ,  irregular,  and sharp tool particles 
to wea r  lueally,  and eventually the reel particles beco,i'n¢ 
rounded. If  th is  conjecture  is true., then all W C  particles or  
( W , T a , T i ) C  part icles should  deform along a particular direc-  
tion (i.e. ch ip  f low direct ion) .  But ,  when  Fig.  6 ( a )  and 
Fig.  6 ( b )  are examined,  it is  found that the tool particles exe 
randomly  distr ibuted with no specific orientat ions on  the tool 
surface. In addit ion,  tool paxticles inside the tool surface show 
rounding characteristics ag well .  Hence,  there is very s l ight  
possibil i ty that h igh  flow stresses play the principle role on 
rounding o f  the particles. Secondly ,  s ince the etching fluid 
for Iacone1718  does  not  react with  W C  nor  ( T a , T i , W ) C  of  
the tool particles, instead, it  only reauts with  the binder  Co  
and Incooel  71 g bag¢ maxerial. Hence,  i f tbere is  smal l  amount  
of  work material  d i f fused into the cut t ing tool, and i f  the 

posit ions occupied by Co and the in~ 'nnc tallie phase between 
Co and W C or (W,Ta ,T i )C  are Icplaced by this work  mate- 
rial, then when the lnconel  718  etching fluid is applied,  Co 
itself and intermetallic ~ between Co  and W C  or  
( W , T a , T i ) C  would be etched away  easily. Th i s  process  wil l  
result in rounding o f  the tool particles. TEe above discussion 
also implies  that diffusion and solubility phenomena  had 
occurred between work  and tool mater ia ls  under  h igh  tem-  
perature conditions. 

The  l ine scan of  E P M A  is  employed  to analyz~ the con- 
centration variations o f  W,  C o  and Ta  of  tool e lements  and 
Ni and Fe of  work  e lements  beneath the rake face. It  is found 
that there is no conspicuous change o f  tool e lements  W,  Co  
and To. But a.s shown in Fig .  7, there is evidence  that work  
e lemenls  Ni and Fe had enlered into the cutt ing tool. Fig.  8 
shows s imilar  resulL but  the evidence is less obvious  due  to 
a chip adhere nt to the tool face. lqevertheless,  the more  v io lem 
variation of the scanning l ine beneath tim rake face a.~ com- 
pared with that e f  the base l ine  ( to  the r ight  o f  the ch ip  in 
Fig.  8) can still be vaguely seen.  Because  the temperature in 
the exper iment  is very h igh  ( a h e m  1000 °C) ,  hence,  it  is 
believed that the work  mac.rials  entered into the cutt ing tool 
by ways of  diffusion. Based on  line scan, the diffusion dis- 
lance for Ni  or  Fe is  estimatcd, and it is larger  than around 
10 ~ ixm. 

The  quantitative amalysisof  the e lements  N i  a n d F e  beneath 
the rake face o f  the cut t ing tool by ~ A  is  shown in 
Fig.  9 ( a )  and Fig.  9 ( b ) .  F r o m  these f i g u ~ s  it  is  real ized that 
there are Ni and Fe  at > 101 I tm below the rake face. The  
E P M A  Mapp ing  (F ig .  10) a lso provides  the evidence that 

Fig. 6. Ralce f'ace o f  elm ~ ~ ~ ~ ~¢ l f ia~ la )  IP20 ¢.a_~ ae 
and (b)  K20 carbide (a. l~l  h 718, V : 3 5  m mln - ') .  
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I)20 carbide and (b) K20 carbide. 

E D A X ,  and the result  is g iven in Fig.  I I ( b ) .  These  two 
figures provide another evidence that tool  part icles d o  detach 
f rom cutt ing toot dur ing  the cut t ing process. 

Fig. & EPMA line scan of work elements bene~h the take face or K20 
carbide: (a) Ni aad (b} Pe ( e ~ l  [n 718, V=35 retain- ') .  

N i  and Fe  are exis tcm in the b inder  Co  (Fig.  10 (c ) ,  a l though 
the amount  of  H i  is  sma l l ) .  

The  back o f  the chip  inspected by  S E M  is shown in 
Fig.  11 ( a ) .  As  pointed by the arrow, the tool part icles embed-  
ded  in the chip  can be seen. Its composi t ions  are analyzed by 

4. T o o l  w e a r  mechunL.qn 

F ro m the experimental  resui ts  presented in the previous 
section, the fol lowing inferences of  carbide tool wear  in 
machining  o f  In718 may be  drawn. 

A n  apparent s t icking layer  formed on the tool face near 
cutt ing edge  indicates that  bonding  between chip--tool inter- 
face had  occun'ed. The  bonding  is l ikely or iginated f rom the 
dr iving force of  very large stresses or  high chemical  affinity 
between tool and chip. 

T h e  fact o f  the round ing  of  tool particles and E P M A  analo 
yses  had proved that e lements  of  the work material  had dif- 
fused into the tool. and these e lements  distr ibuted around the 
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assumption that the work  materials  bad diffused into the 
binder is reas0 nable. The  theoretical computat ion o f  dif fusion 
distance had been carried out  and it i s  g iven in Append ix  B. 
The  diffusion distance for the diffusion a long the grain 
boundary at h igh  temperature ( > 1000 °C)  is in the order  of  
101-103 p.m, whilst  that for  bulk diffusion is I 0 ° - I 0  ~ t im, 
Since  from Figs.  7-9 it  has  been found that the work  e lements  
Ni and Fe d is t r ib , lc  at > 10 ~ ~rn  belew the rake  face. it i s  
concluded that Ni or  Fe  enters into the tool by ways of  grain 
boundary diffusion,  and it  wil l  distribute around the binder 
Co.  

The  founding of  tool part icles (TIC,  TaC ,  W C )  in F i g . 6  
also impl ies  that the intexraetallie phases  o f  toot part icles had 
dissolved at the existence o f  N i  around Co. The  bonding  
between tool particles and C o  would  l ~ f o r e  be destroyed, 
It should be noted that the strength o f  C o  i tself  would  not  be 
affected significantly by the presence of  Ni  axoond the grain 
boundary of  Co. Th i s  is  because the C o - H i  and CO--F¢ phase  
d iagrams have shown that C o  and  N i  (o r  Fe )  can dissolve 
each other very ".,v~IL 

Since the bonding strength between tool particles and  the 
b i . d e r  had been destroyed, and there are h igh  flow st tesses 
dur ing  the can ing  process,  the tool part icles wi l l  then he 
detached from tool surface. This  is  ver i f ied by Fig .  6. The  
wear resistance o f  the b inder  ( C o )  is very poor.  Hence,  w hen 
Co is exposed on the tool stwface after the detachment  of  tool 
particles, the cut t ing tool will  wear  very rapidly.  The  solu- 
bility of  l i tanium cmbide  in nickel is  larger  than that o f  tung* 

Fig. 10. (a) SEM of P20 tool's crc~-se¢lioll; (b) EPMA mapping af CD; 
(c) EPMA mappil~g of Ni, and (d) combin ~ior. of(b> ~ (c). 

binder  Co  and  the intermetaltic phases  between c re'bides and 
binder. 

The  C o - N i  and C o - F e  phase  d iagrams show that N i  and 
F¢ can be dissolved a lmost  complete ly  wi th  Co  at elevated 
Icmpcfalutcs  [ 13].  Th i s  fact together wi th  about  [0% solu- 
bi l i ty o f  carbides in N i  and Fe  at elevated l v mp e ra l u ~  [ l l ] 
implies  that the tendency far  work  particles to diffuse into 
the b inder  is far larger  than  inio tool  pmlicles,  Hence, the 

Tt 
w 

o . . . . . .  r ' J ~  /, ~ ~ '~ d. s . . . .  

Cb~ (key) 

Rg. I I. "l'be b~k Of the ch~p: (a) pholograph ~ SE~A, ~ (b) ~O1~ 
posilion m'lab'sis of ~ ~ by ~ "  
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Turning In 718  Turn ing  s tee l  

1 
NI, Fe Chip Fe 

Whel'e "J : WC 2 : ( W, To,T i )C  

"~o;~ .~.,\--,. 
2 

3 

6 
CO on th~ surfo.ce wears Tool weors due to dins- 
whiCh expcs¢~ tOOl I:¢tr- olut ior l  of  WC in  ch ip  
t i d e s  in the subsur fo~  
m'a:l s tep 1 in repeated 

Fig. 12. Gmlddr~d illustration of ¢Mbide tool we,~ mechanisms lit turnln 
]n 718 and steel. 

sten carbide in nickel [ I!  ] .  In addition, P-type carbide has a 
higher  Co content ( > 10%) than that of  K-type's  ( < 6%) .  
Hence, P-type carbide results in a far shorter tool l ife than K- 
type's in machining lncone1718. 

Based on the discussions described above, a tool wear 
mechanism for the use o f  carbide (ei ther  K-type o f  P-type) 
in turning o f  I~cone1718 is postulated as follows: 

Step I Bonding between chlp-tool interface is formed due 
to high stxesses and temperature. 

Step 2 Ni or ICe diffused into the Co grain boundaries, and 
the intermetallio phases between tool particles and binders 
by ways o f  grain boundary diffusion due to high temperature. 

Step 3 The  intermetallio phases are dissolved due to high 
affinity of tool particles with NL This process causes destruc- 
tion o f  the bonding between tool par t i c l e s  and Co. 

Step 4 When the bonding between tool particles and Co is 
less than that between tool particles and chip, large number 
of  tool particles are detached from the tool. This is followed 
by rapid wear  o f  Co, and step one is repeated. 

The proposed wear  mechanism is graphically illustrated in 
Fig. 12. When Inconel "~18 is machined by carbide tools, 
bonding between chip-tool interface takes place first (step 
1). This  is followed by diffusion of  H i  or Fe into Co g~aln 
boundary (step 2 ) .  In the third step, the intermetallic phases 

are dissolved. In the figure, particles I and 2 represent WC 
and (W,Ta,Ti )C.  respectively, o-~ is the bonding strength at 
chip-tool interface (i.e. flow stress),  and o- 2 is the strength 
o f  Co (binder)  on tool particles. When 6r I is larger than era, 
tool particles are detached from the cutting tool. The  binder 
will  then expose on the tool surface and wear away easily. 
Subsequently. the tool particles at subsurface appear on the 
tool surface, and the whole processes is repeated. 

For comparison purpose, the use of  same wear mechanism 
to explain carbide tool wc.~r in machining o f  steels is also 
illustrated in the same figure. A few differences arc noticed. 
Since the flow stress (0 .1 -0 .5  GPa [ 13] ) is not large enough 
(i.e. o-i < 0"2), tool wear is mainly due to dissolution o f  the 
surface of  WC particles in chip [ 11,14] rather than detach- 
meat  of  WC particles frern tool material. This  can be con- 
firmed when the wear surfaces obtained by Naerheim and 
Trent  [ 14.], and Wright and Chow [ 12] are examined; the 
surface is found to be comparatively more smooth, and there 
is no detachment of tool particles. The solubility of  WC (K- 
type carbide) in iron is ~ 2 . 6  X 10 .3 at 1600 °K, while it is 

6.1 x 10 -3 for TiC (P-type carbide) in iron [ I I ] .  Since for 
P-type carbide, the sohibility o f  T iC  in iron is very small, 
there is very slight possibility for intecmetallie phases to dis- 
solve in iron. Hence, the TiC particles remain almost unchan- 
ged, and tool life is long. 

~;. Conclusion 

A mixed type wear mechanism for turning o f  Inoonel 718 
by cemented carbide tool is postulated. At high cutting speed 
( in  our case it is 35 m ra in -  l ) ,  the tool particles will diffuse 
into the binder (Co)  by means o f  grain boundary diffusion. 
This mechanism weakens bonding strength between carbide 
tool particles and binder, and the tool particles are detached 
from base material under an extremely high flow stress ( 1 -  
3 GPa) .  The postulated mechanism is confirmed by cxpeti- 
mental results. Moreover,  the mechanism is also applicable 
to interpret the wear o f  cemented carbide tool in machining 
of  steels. 

Appendix  A. Equa t ions  to compute  sltresses and  
t empera t a r e s  

For th~ orthogonal cutting, let V, t, b and <~ denote the 
catting speed, undeformed chip thickness, depth of  cut and 
the rake angle o f  the cutting tool. The quantities k. K and pC 
age thermal conductivit3,, thermal diffu sivity and voltime spe- 
cific heat of  the work material. The output variables Fp and 
Fq are the peinciple and feed forces, ~b is the shear angle, a is 
the chip-tool contact length, r = tit= ( t~ is the chip thickness ) .  
Then, the normal stress S. and shear stress S~ and tampe~ature 
T c a n  be  c~mputc, d as follows: [ 1 ] 



K, e. Li~, P~tI. $hiue / Wear 193 (1996) 16-24 

( i )  Primary deformation zone: 

S .  = ( F p  sin ~ +  Fq co~ ~ ) s i n  ¢~ 
bt 

(Fp cos ~b- Fq sin ~ ) s in  t~ 
5"=  bt 

RIU~ 
T.=jo,C~, + To 

where u ,  = S=% a n d  7 = tan  ( ~  - -  a )  + cot ~b, J is the energ.v- 
heat conversion factor. T ,  is the ambient temperature, and 
R= = 1] [  1 + 1.328~/K~3'/(Vt) ] .  The quantities k~, K], and 
p~Ct are all evaluated at ( 1 /2 )  (T~ + To). 

( i i )  Secondary deformation zone: 
I f  F,=_Fp sin tx+Fq cos tx, B' =0 .377q2a / (k z~ /~ ) ,  and 

C' = q2(tzA,tk3), then 

S Fpeoso~--Fqsinr~ 
ab 

Fo 

Tr = R2B' + T, 

where q2=FerV/Jab ,  L2=O.25Var/K~, R ~ = ( C ' - - T ~ +  
To)I(B" + C ' ) ,  and 

The quantities k2 and K 7 arc tbe.rmai properties of  wo~k mate- 
fiat, and k~ is the thermal conductivity o f  the tool material. 
They are all  evaluated at Tr. 

In actual calculation of  cutting temperatures, k= or k2 is 
taken as a function of temperature, and it is equal to 
10.7 + 8 × 10 -  ~T [ W  m -  ~ K -  ~ ] ,  where T i s  in kelvins. The 
density o f  Inconel 718 is 8.21 rag m -3,  and C is 0.104. For 
too[ material, ka is 100 for K20  carbide, and it is 50  for P20 
carbide. 

Appendix  B. T h e o r e ~ ¢ a l a n a l y a l s  

The  diffusion concentration denoted by c at a position of  
coordinate (x, y)  under grain boundary diffusion can be writ- 
ten as [15] :  

--Y~]~ ! - -e  x 
c(x ,Y , t )=CoexP[(TrD, t )m,4(c3Ob/D,) , ,2][  r l (R- ' -~ r ) ]  

( B I )  

where Co is a cent- at, D, is lattice diffusivity in cm 2 s -  ' ,  Db 
is grain boundary f fus iv i ty ,  8 is sheet thickness where dif- 
fusioatakesplaec = 4  A ) , a a d t i s  time. l fR i sgaseons t an t ,  
and T is temper~  ~-e in kclvins, then diffusivities Db and Di 
carl be exptess¢~. ~s 

23 

t O.=~ 
De, = D  . . . .  p[  -- " ~ )  ( B 2 )  

Ol =Do; exp(--  R ~  ) (B3) 

The parameters Dob. Do,. Qob and Qo, for H i  and Fe are g i ven  
in Table 4. 

If/3 is def ined as 

.s 2 D , v ~ , r  <B4) 

"Fable 4 
Numerkcal values of O~. D=, Q~ ~ 1~'~ for I~i azt~ Fe 

Element D~, D~ Q= O~z 
(¢mzs -L ) (cmZs -= ) (kcal tool - I  ) (kcal real- ' ) 

Ni 1.9 O.031 '~;,0 25.6 
Fe 18 8.8 64.0 40.0 

E 

: i o  ..... 
t=2mir 

. . . . . . . . .  i • 
600 tOQ~ 1400 1 ~  

T E M  PERATt. i~E.  *K  

E 1000 

O~ [ b )  t = 3 m i n  

t=2min  

1 mm 

0 

i 

- -  T E M P E R A T U R E  • OK 

Fig. ~ ; .  3;~.o~etical k'~thcn~l di ffusioa dislaac¢ of Ni: (a) bulk diffaswa 
and (b) grain bo~ndm~ diffusieL 
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(o)  t=3mil 

t=2mip 
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25O (b) ~ I 2O0 
t=2min 

150 
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i~ ioo 

, ,r 

TEMPERATURE, *K 
Fig. 14. Theoll~tical ishihermal diffusion distance of  Fe: (a) bulk diffusion 
alzd (b) grain boundary diffusion. 

t h e n ,  i t  h a d  b e e n  p r o v e d  t h i n  g r a i n  b o u n d a r y  d i f f u s i o o  is  the  
ma~n w a y  f o r  a t o m i c  d i f f u s i o n  w h e n  f l  > l .(3 [ 1 6 ] ,  B y  sub-  
s t i t u t i ng  Eq .  B 2  a n d  E q .  B 3  i n t o  F_.q. 134, i t  c a n  be  f o u n d  t h a t  
g r a i n  b o u n d a r y  d i f f u s i u n  f o r  N i  a n d  F e  b e c o m e s  i m p o r t a n t  a t  
t e m p e r a t u r e s  o f  1 2 5 0  ©C a n d  9 8 0  ~C r e s p e c t i v e l y  T h e  m a x -  
i m u m  d i f f u s i o n  d i s t a n c e  u n d e r  g r a i n  b o u n d a r y  d i f f u s i o n  f o r  
N i  o r  F e  a t o m s  c a n  b e  e s t i m a t e d  b y  a p p l y i n g  i s o t h e r m a l  
d i f f u s i o n  t h e o r y .  T h e  t h e o r e t i c a l  d i f f u s i o n  d i s t a n c e  c a n  b e  
e x p r e s s e d  as  

X ~  zvr2-~ " (BS) 

w h e r e  in  t he  a b o v e  e q u a t i o n ,  X is t he  d i f f u s i o n  d i s t a n c e  in  
p .m,  D is t he  d i f fu s iv i t y  i n  p . m z s  - i a n d  t i s  t h e  d i f f u s i o n  
t i m e  ( i n  o u r  case ,  i t  is t h e  c r a t i n g  t i m e  in  s e c o n d s ) .  S u b s t i -  
t u t i n g  Do a n d  Dt  f o r  N i  a n d  F e  i n t o  E q .  BS .  t h e  l h c o r e l i e a l  
d i f f u s i o n  d i s t a n c e s  f o r  N]  a n d  F e  a] v a r i o u s  c u t t i n g  t i m e s  c a n  
b e  d r a w n ,  a n d  t h e y  a re  g i v e n  in  F i g .  13  a n d  F i g .  1¢. F r o m  
these  f igures ,  i t  c a n  b e  s e e n  t h a t  t h e  d i f f u s i o n  d i s t a n c e  h y  
m e a n s  o f  g r a i n  b o u n d a r y  d i f f u s i o n  a t  h i g h  Z e m p e r a t u r e s  
( > 1 0 0 0  ° C )  is  a l o a n d  1 0 1 - 1 0 3  ~ m ,  w h i l e  fo r  b u l k  d i f f u s i o n  
it is  a r o u n d  1 0 ° - [ 0  t i t m .  T h e r e  is  s i g n i f i c a n t  d i f f e r e n c e  in  
t e r m s  o f  t h e  o r d e r  o f  the  d i f f u s i o n  d i s t a n c e  f o r  t w o  k i n d s  o f  
d i f fu s ions .  
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