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The favorable effect of cobalt on the cutting propert ies  of high-speed steels was f i rs t  observed in 
1912.* At the present  time we have numerous data concerning the effect of cobalt on the cutting, physico-  
mechanical,  and technological propert ies  of various high-speed steels [1-9]. 

The cutting propert ies  of steel R18 increase  in proport ion to the cobalt concentration. The durability 
of R18K12 cutters  is 8.5-5.10 times that of R18 cut ters  [1]. Cobalt steels based on R9 and R18F2 have 
almost identical cutting proper t ies  at the same cobalt concentration,  although steels based on R9 are less 
brit t le [3]. 

Thus, the improvement in the cutting propert ies  of high-speed steels with the addition of cobalt is 
indisputable [8]. The more  difficult the mater ia l  is to machine,  the more  effective the addition of cobalt 
to the tool steel (Fig . l ) .  The durability of cobalt steels is h igher  in tools of simple shape (cutters) in a 
rigid l a t h e -  t o o l -  workpiece system. 
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Fig.  1. Effect of cobalt on 
the cutting propert ies  
steel R18F2 [9]. The steel 
numbers on the curves  re fe r  
to the steels being machined. 

Cobalt has the following effects on other  proper t ies  of high-speed 
steels [3, 5, 7,8].  After annealing, cobalt increases  the hardness  HB, 
the coerc ive  force H c, the saturat ion magnetization 47rI s, and the e lec-  
t r ical  res is t ivi ty  p; it reduces the remanence B r and the maximum pe r -  
meabili ty Pmax; it slightly reduces the lattice constants of a phase and 
M6C and MC carbides (Fig.2a).  Cobalt also ra i ses  Ac i and Ac 3 [1] and 
the thermal  conductivity [3,8]. 

After  quenching, cobalt increases  the coercive force ,  the amount of 
residual  austenite Are s ,  and the resis t ivi ty;  it slightly reduces the max-  
imum permeabil i ty,  the remanence,  and the lattice constants of o~ phase 
and M6C (Fig.2b). At austenitizing tempera ture  cobalt increases  the 
susceptibili ty of the steel to decarburiz ing [8] and slightly inhibits the 
grain growth of austenite [1,3]. 

After  annealing and quenching, cobalt has no effect on the amount 
of carbide phase, the rat io of MC and M6C in the carbides ,  o r  the 

* German patent No. 281,386, March 10, 1912. 

TABLE 1 

S t e e l  

9--3--0---0 
9--3--0--3 

18--4--1--0 
18 "t. 1--5. 
18--4---1--10 

0,33 
0,36 
0,78 
0,80 
0,86 

W 

8,15 
8,83 

18,4 
18,2 
18,8 

Composition, % 

crl  v ! c o  
I 

2,95 [ 0,16 
3,04 0,20 3~ 
4,32 I 1,22 4,42 1,50 5,12 
4,10 1,83 9,87 

Time (h) to ap- 
pearance of: 

W~C .'Y/6C 

5 200 
1 400 
10 

100 
200 

Central  Scient i f ic-Research Institute of Fe r rous  Metallurgy.  All-Union Scient i f ic-Research Tool 
Institute. Translated f rom Metallovedenie i Termicheskaya  Obrabotka Metallov, No. 8, pp. 34-38, 43, Au- 
gust, 1970. 

�9 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 ff/est 17th Street~ New York~ 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of thi s article is available from the publisher for $]5.00. 

666 



,a ~,',*t~e 
- I ~  027  

i ~)'.se. 
(3 Cf'Ogl 

g 

k3 

180 

;4 J~ 

Z 

2 

Fig. 2. 

2 2 ~ -  - ~ -  = ~ - - - - - ~ - - - - - - 4  z',ezz 
_ ! " ~ I . . . . . . . . . . . . . .  ~ z,eTs 

r o o ~>77  b- . . . . . . .  
,z I ~ ~ - m  ! . . . . . . . . . . . . . .  .~ . . . .  7 r 

�9 . . . . .  

~ooeo .; 120001- . . . .  ~.~___d~--.--..~-~ -I 

~ -  . . . . . .  o r  I I .5000 

Hc, Oe ;~ ~ 50 , i _ _ _ _ _ _ ~ _ p m ~ , ~ , t ~ ~  H . ,  Oe 

o - -  

5 ~o*l, co o ~ ##'/'go 
a b 

Effect of cobalt  on the proper t ies  of steel R9 [8]: a) After  ant  
healing; b) af ter  quenching f rom 1240~ 

TABLE 2 
Av, diam, "total number 

Steel Tempering I carbide Icarbide pa~ti- 
<~ particles, Icles, ~tot '~3 

. . . . .  -!1< pe!T ? 
R9m, 600~ 1 h 0,17 100 
R9K 10m 0,08 300 

Rgm, 700" 0,5h 0,145 I 290 
R9K10m 0,13 I 325 

concentrat ion of tungsten, vanadium, and chromium in the 
solid solution. Cobalt goes almost  completely into solution 
(97-9870} in high-speed steels,  and during heat t reatment  there 
is no redis t r ibut ion of cobalt betwen the solid solution and the 
carbides  [10]. 

The effect of cobalt is most  evident af ter  tempering.  It 
increases  the secondary hardness ,  inhibits reduction of the 
coerc ive  force  and resis t ivi ty ,  and substantially acce lera tes  

the t ransformat ion  of residual  austenite [1-8]. Cobalt increases  the thermal  conductivity [3], r a i ses  N s, 
and lowers the strength and ductility [8]. Secondary hardening begins at lower tempering tempera tures  
[3, 7]. The red hardness of high-speed steel,  Kp58 (the tempera ture  at which the hardness  declines to HRC 
58 after  heating 4 h), increases  in proport ion to the cobalt content. The l a rge r  the tungsten c o n t e n t  of the 
steel,  the s t ronger  this effect of cobalt.  

The red hardness  of high-speed steels [3-7] is as follows: 

Steel, Kp~8 ("C) 
R9, R18 . . . . . . . . . . . . .  620 
R9K5 . . . . . . . . . . . . . . .  630 
R9K10 . . . . . . . . . . . . . .  640 

Steel, Kp58 (~ 
R18K10 . . . . . . . . . . . . .  650 
R9K30 . . . . . . . . . . . . . .  670 
R20K30 . . . . . . . . . . . . . .  700 

Several  hypotheses have been proposed to explain the effect of cobalt on the red hardness  of high- 
speed s teels .  

In [1] the increase  in the red hardness  of cobalt steels was explained by the g rea t e r  alloying of m a r -  
tensite with tungsten due to solution of a l a rge r  amount of carbides during heating. Such an effect of cobalt 
has not been found in any subsequent investigation [2-7, 10] (Fig. 2b, ca rves  K and W).  
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Fig. 3. T e m p e r a t u r e  dependence of diffusion coefficient  of carbon in o~ phase [36]. 

Fig.  4. T e m p e r a t u r e  dependence of the coefficients  of bulk diffusion D and boundary 
diffusion D 1 of tungsten in v~ phase  [38]. 

Fig.  5. T e m p e r a t u r e  dependence of o!grain boundary energy [38]. 

On the bas i s  of exper imenta l  data and analysis  of the F e - C o - W  phase d iagram,  it was proposed in 
[2, 6] that the inc rease  in the red ha rdness  and br i t t l eness  of cobalt  h igh-speed s tee ls  is due to the highly 
d i spersed  in termeta l l ic  compound CoTW G fo rmed  in temper ing,  which has a high stabil i ty in compar i son  
with ca rb ides ,  and there fore  coa lesces  m o r e  slowly than ca rb ides .  In te rmeta l l i c  compounds were  obse rved  
[2,6] in cas t  s tee l  by x - r a y  diffract ion f r o m  the p re sence  of only two l ines .  No in te rmeta l l ic  compounds 
in cobalt  h igh-speed  s teels  were  found in [1,3-5,  7]. 

In te rmeta l l i c  compounds enriched in tungsten and cobalt  that go into solution during heating and p r e -  
cipitate during temper ing  should affect  the concentrat ion of tungsten and cobalt  in the solid solution. The 
data in [10] indicate that all the cobalt  is in the solid solution af ter  annealing, quenching, and tempering,  
i . e . ,  nei ther  the d i spersed  phase or  solid solution is enr iched in cobalt  during heat  t r ea tmen t  and there  is 
no redis t r ibut ion of cobalt  between them. 

It  was shown in [11] that in h igh-speed s teel  R18 and a h e a t - r e s i s t i n g  s teel  with a composi t ion close 
to that of mar t ens i t e  in R18 a f t e r  quenching the cobalt  inhibits the prec ip i ta t ion  of M6C and WzC during t e m -  
per ing at 600~ (see Table 1). These  data were  explained by the s trengthening of in te ra tomic  bonds in the 
e~ solid solution under the influence of cobalt ,  which also inhibits decomposi t ion of mar t ens i t e .  

The re  a re  numerous  exper imenta l  data in the l i t e ra tu re  concerning the effect  of cobalt  in slowing down 
the ra te  of softening of carbon and alloy steels ,  i r o n - c o b a l t  alloys,  and hea t - r e s i s t i ng  s tee ls  and al loys.  
An inc rease  of the hardness  of t empered  carbon tool s teel  containing cobalt  was repor ted  in [12]. In an 
investigation of the influence of cobalt  on the decomposi t ion of mar t ens i t e  in carbon s teel  during temper ing  
by means  of measur ing  the te t ragonal i ty  of mar t ens i t e  [13] it was shown that 6% Co inhibits reduction of 
the te t ragonal i ty  of mar t ens i t e  by 150~ as compared  with the ca rbon  s teel .  

In s t ruc tu ra l  s tee ls  [14] the addition of cobalt  i nc reases  the s t rength of f e r r i t e ,  which is re ta ined at 
elevated t e m p e r a t u r e s .  The effect  of cobalt  is s t ronger  in the p re sence  of c a rb ide - fo rming  e lements .  In 
hea t - r e s i s t i ng  s tee ls  [15] and marag ing  s tee ls  cobalt  inhibits the softening p roce s s  during tempering,  with 
substant ial  hardening resul t ing f r o m  combined alloying with cobalt  and molybdenum. In hea t - r e s i s t i ng  
alloys [16,17] cobalt  inc reases  the t ime o r  t e m p e r a t u r e  of softening, pa r t i cu la r ly  in the p r e sence  of s t rong 
ca rb ide - fo rming  e lements  (tantalum, for  example) .  Cobalt i nc rea se s  the s tabi l i ty  of the supe r sa tu ra t ed  
solid solution inmany hea t - re s i s t ing  alloys and inc reases  the t ime to the beginning of decomposi t ion  of the solid 
solution and precipi ta t ion of o- phase o r  M23C s. 

The data presented  concerning the inhibiting effect  of cobalt  on softening during temper ing  of 
carbon and alloy s teels  and var ious  al loys a re  explained by mos t  inves t iga tors  as due to the increase  
in the binding s t rength of meta l  a toms in the solid solution, which is also indicated by the change in 
the t empe ra tu r e  and ra te  of r ec rys t a l l i za t ion  when cobalt  is added. The data in [18-20] indicate t h a t  
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Fig. 6. Variation of bulk diffusion 
coefficient of tungsten in T phase 
with temperature [37]. 

cobalt  r a i s e s  the r ec rys t a l l i za t ion  t e m p e r a t u r e  and inc reases  
the act ivat ion energy of the p roce s s .  In the p re sence  of tungs-  
ten, vanadium, and molybdenum the influence of cobalt  appears  
to be s t ronge r .  In an exper imenta l  invest igat ion of the c h a r -  
ac te r i s t i c  t e m p e r a t u r e  and dynamic and stat ic  d is tor t ions  of 
the lat t ice of iron and iron al loys with molybdenum, cobalt ,  
niobium, and manganese  [21] it was found that all these e l e -  
merits inc rease  the s t rength of the bonds in the f e r r i t e  la t t ice .  

The red ha rdness ,  i . e . ,  the abili ty of the hardened s teel  to 
re ta in  its ha rdness  at 600-700~ is one of the mos t  impor tant  
p rope r t i e s  of h igh-speed s tee ls ,  since the cutting abili ty of the tool 
depends grea t ly  on this c h a r a c t e r i s t i c .  I t  was shown in [22] that 
there  is a d i rec t  connection between the red ha rdness  and cutting 
p rope r t i e s .  The f i r s t  genera l  idea [23] that " red  ha rdnes s  depends 
on the composi t ien  of m a r t e n s i t e  and the nature  and amount of c a r -  
bide phase  dissolved and precipi ta ted"  has been developed and de-  
fined m o r e  concre te ly .  

The high ha rdness  of quenched h igh-speed  s tee ls  [24] is c r e -  
ated by submicroscop ic  and mic roscop ic  s t ruc tu ra l  he te rogenei t ies  
prevent ing dis locat ion movemen t s  and increas ing  the r e s i s t ance  to 
d is locat ien  movemen t s  in m a r t e n s i t e  c r y s t a l s  due to the strengthen.'- 
ing of in te ra tomic  bonds.  During hardening t r ea tmen t s  the a l loy-  

ing e lements  a re  red is t r ibu ted  within the solid solution, the boundary a r e a s  being enr iched in these e lements ,  
with fo rma t ion  of zones and finely d i spe r sed  prec ip i ta tes  coherent ly  bound with the la t t ice  of the solid solu-  
tion. 

The high hardness  of t empered  h igh-speed  s teel  is due to the d i spe r s i ty  of coherent  blocks of m a r -  
tensi te  c r y s t a l s  (120-180 A), the high dis locat ion density of the solid solution (2.1013 cm-2),  high coherent  
s e c o n d - o r d e r  m i c r o s t r e s s e s  (4.5-10-s) ,  and the d i spe r s i ty  of evenly dis t r ibuted MC and M6C carb ides  
[25]. 

The red hardness  of h igh-speed  s tee ls  depends on the ra te  of change in these  f ac to r s  in the p roces s  
of secondary  heating and also on the t r ans fo rma t ions  occur r ing  in the carb ide  phase  in the convers ion  of 
one carb ide  into another  [26-28]. Thus,  the red ha rdness  is de te rmined  by the ra te  of coa lescence  and 
reduct ion of the misor ien ta t ion  of mosa ic  blocks,  reduction of s e c o n d - o r d e r  dis tor t ion,  d isrupt ion of c o h e r -  
ency and coa lescence  of pa r t i c les  of specia l  ca rb ides ,  leading to reduction of the dis locat ion densi ty ,  The 
ra t e  of all  these p r o c e s s e s  depends on the s t rength of in tera tomic  bonds in the lat t ice of the solid solution 
and the ca rb ides .  

The s t rength of the in te ra tomic  bonds in the solid solution and the ca rb ides  depends on the i r  c o m -  
posit ion. 

All the alloying e lements  except vanadium inc rease  the binding energy of the a toms in the f e r r i t e  
la t t ice.  The inc rease  of the binding s t rength is l a rges t  with complex  alloying [21]. The composi t ion  of 
the m a r t e n s i t e  in var ious  h igh-speed  s tee ls  differing in the i r  tungsten content (R9, R12, R18) is approx i -  
mate ly  the s ame  [10] a f t e r  quenching f r o m  opt imal  t e m p e r a t u r e s :  6~ W, ~4.0% Cr,  ,-,1.5% V. The 
identical  alloying of m a r t e n s i t e  may  explain the approximate ly  equal red ha rdeness  of these  s tee ls  (Kp58 
= 620~ f o r  the s tee ls  l isted).  

The dec is ive  f ac to r  in the inc rease  of the r e s i s t ance  of h igh-speed s tee ls  to softening at e levated 
t e m p e r a t u r e s  is the coa lescence  of the specia l  ca rb ides ,  which controls  the growth of blocks and the re l ief  
of s e c o n d - o r d e r  s t r e s s e s  in the ~ phase.  A grea t  deal  of r e s e a r c h  has been done on the effect  of alloying 
e lements  on the diffusion ra te  of carbon in f e r r i t e  and the ra te  of coa lescence  of carb ides  [29-35]. Quanti-  
tat ive re la t ionships  between the ra te  of coa lescence  of ca rb ides  in alloy s tee ls  and the diffusion p a r a m e t e r s  
of carbon in f e r r i t e  were  es tab l i shed  in [31-33]. On the bas i s  of the data in [31-33] it can be a s sumed  that 
c a rb ide - fo rming  e lements  inhibit the coa lescence  of ca rb ides  and reduce the diffusion coefficient  of ca rbon  
in ferrite. 
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Cobalt goes into solution almost completely in high-speed steels [10], not combining with carbides 
and not being redistr ibuted between the carbides and the solid solution during heat treatment,  and therefore 
the effect of cobalt on the rate of coalescence during tempering can be due only to slowing down the dif-  
fusion of carbon and alloying elements and the strengthening of interatomic bonds in the solid solution. 

Data in [36-38] (Figs. 3-6) indicate that cobalt substantially reduces the diffusion mobility of carbon 
and tungsten in the fe r r i te  of steel R9 - with 10% Co at 560~ the diffusion coefficient of carbon is reduced 
by a fac tor  of approximately 4.5 and the bulk diffusion coefficient of carbon and the boundary diffusion coef-  
ficient of tungsten are  reduced by a fac tor  of 3. Cobalt also reduces the grain boundary energy of fe r r i te  
in steel R9. In high-speed steel cobalt affects the formation rate of carbides precipitating f rom the solid 
solution during tempering and also the coalescence of carbides .  Reducing the grain boundary energy, co-  
balt reduces the work of format ion of nuclei and increases  the number  of nuclei [39]. Cobalt is adsorbed 
on the surface of the precipitating carbides and inhibits their  precipitation f rom the matr ix  [40]~ With an 
increase of the temperature  and time of tempering up to the beginning of growth of the precipitating carbides,  
cobalt inhibits the coalescence of these carbides due to the reduction of the diffusion mobility of carbon and 
tungsten. This is confirmed by e lec t ron-microscopic  data on the size and number of carbide part icles in 
steels R9 m and R9K10m, the chemical  composit ion of which is the same as that of the solid solution c o r -  
responding to the steels af ter  quenching f rom the optimal tempera ture  (see Table 2). 

E lec t ron-microscopic  studies have shown [41,42] that with tempering of alloy and maraging steels 
containing cobalt the number of carbides increases  and the size decreases .  F r o m  these data and the data 
obtained in [43] concerning the effect of cobalt on the increase  in the activity of carbon in fer r i te ,  it was 
shown in [41] that the diffusionflow p = - D R T / a - a a / a x  on the surface of the growing carbide can be r e -  
duced substantially in the presence of cobalt due to the higher  activity of carbon a and the smal le r  activity 
gradient a a / a x .  An increase  of the activity of carbon in the presence of cobalt favors  an increase  in the 
absolute value of the free energy of nucleation of carbides,  result ing in a l a rge r  number of nuclei. Data 
on the diffusion of carbon in fe r r i te  in high-speed steel [36] indicate that the diffusion flow p = - -DRT/a  
�9 aa/ax on the surface of the growing carbide in the presence of cobalt may also be reduced as the result  

of the diffusion coefficient of carbon in fe r r i t e .  Thus, according to [41] cobalt should slow down the coa le-  
scence of carbides  and increase  the res is tance  to tempering of high-speed steel,  which has also been con-  
f i rmed by experimental  data. The rapid t ransformat ion of residual  austenite during tempering of high- 
speed steels with cobalt can be explained by the effect of cobalt on the diffusion mobility of tungsten in T 
phase. 

Extrapolation of the diffusion coefficients of tungsten in austenite to tempera tures  corresponding to 
supercooled austenite [37] (Fig. 6) indicates that in steel with cobalt the diffusion mobility of tungsten in 
residual austenite is higher than in steel R9 - a t  560~ D W = 2 .4 .10 -19 cm2/sec for  steel R9 and 1.9.10 -18 
cm2/sec for  steel R9K10. As the resul t  of accelerated diffusion of tungsten in the process  of tempering, 
the residual austenite is rapidly depleted of alloying elements,  which ra i ses  M s in subsequent cooling. 

C O N C L U S I O N S  

The main reason for  the increase  in the red hardness and cutting proper t ies  of cobalt high-speed 
steel is that cobalt, in the c~ solid solution, changes the proper t ies  of the solid solution - increases  the bind- 
ing strength, reduces the grain  boundary energy and the diffusion mobility of tungsten and carbon - and as 
the result  the rate of softening of mar tens i te  is slowed down (the red hardness  increases) .  

Cobalt has no effect on the diffusion of carbon in austenite, but at tempera tures  below 950~ it in- 
c reases  the diffusion coefficient of tungsten, and therefore during tempering cobalt promotes  accelerat ion 
of the t ransformat ion of residual  austenite. 
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