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F o r  the development  of the opt imal  composi t ions  of tool s tee l s  and the techniques of manufactur ing 
cutting tools one needs to know the phys ica l  cha r ac t e r i s t i c s  of these m a t e r i a l s  at e levated t e m p e r a t u r e s .  
The m o s t  impor tan t  c h a r a c t e r i s t i c s  a re  the t he rma l  conductivity and heat capaci ty ,  which de te rmine  the 
t e m p e r a t u r e  and durabi l i ty  of the cutting edge, and the e l ec t r i ca l  r e s i s t iv i ty ,  which is needed to calculate  
e l ec t r i ca l  heating. In addition, these data, allow one to de te rmine  the t r ans fo rma t ions  occur r ing  during 
heat t r ea tmen t  of the s tee l .  

We invest igated the var ia t ion  of the e l ec t r i ca l  conductivity of the pr inc ipa l  tool s tee ls ,  45, U12, R9, 
and R18, and a lso  the new tool s tee ls  R9K10 and R6M3. The phys ica l  p r o p e r t i e s  of the annealed, quenched, 
and t empered  s tee ls  were  m e a s u r e d  at 20-1000~ 
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Fig.  2. Var ia t ion  of e lec t r i ca l  
r e s i s t i v i t y  with heating t e m -  
p e r a t u r e  for  annealed s t ee l s .  
1) R18; 2) R9; 3) R6M3; 4) R9-  
K10; 5) U12; 6) 45. 

Fig. I. Diagram of the apparatus 
for measuring the specific elec- 
trical resistivity of metals in va- 
cuum during heating, i) Sample; 
2) sample holder; 3) porcelain 
tube; 4) furnace. 

0 gO0 r ~C 0 20 ~xO min 
Heating Holding 

temperature time at 
560~ 

Fig. 3. Var of electrical 
resistivity of quenched steeI Rl8 
during heating, holding I h at 560 
~ and cooling. 
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TABLE 1 

Steel 

45 

Equation for calculating elec- 
trical resistivity, p, pa.cm 

20+Kt 
i02+ K (t--730) 

Value of coefficient K 

0,074 
0,05 

U12 
20+ Kt 

llO+K (t--7ao) 
32+Kt 

0,085 
0,06 
0,065 (20--200~ 

R9 

R18 

R6M3 

R9K10 

38+Kt 
115+K (t--800) 
46+Kt 

41+Kt 
113+K (t--800) 

52+Kt 

32,5+ Kt 
112+K (t--S00) 
41+Kt 

0,081 
0,035 
0,070 (20--550~ 

0,072 
0,015 
0,070 (20--550~ 

0,095 
0,045 
0,075 (20--550~ 

34+Kt 0,05 

0,048 (20~660~ 

Note: Data in the numerators for the ferritic region and in the denominators for the 
austenitic region. 

The specific e lect r ical  res is t iv i ty  during heating was measured  in a special  apparatus, a diagram of 
which is shown in Fig. 1. The sample 1, 120 mm long and 5 mm in diam., which was threaded on the ends 
for fastening the e lectr ic  leads, was placed in the holder 2. The potential contacts were two blades against 
which the sample was held by three s tays .  The holder with the sample was installed in the porcela in  tube 3 
evacuated to 10 -4 mm Hg. The sealing sys tem permit ted the introduction of the required number of e lec-  
trodes into the working a rea  for measur ing  the e lect r ical  res is t iv i ty  (with a double Thomson bridge) and 
the tempera ture  of the sample.  

The apparatus makes it possible to measure  the e lectr ical  res is t ivi ty  with an e r r o r  of 0.25% in vacuum 
of 10 -4 mm Hg at tempera tures  up to 1000~ (+2.5~ 

Figure 2 shows the variat ion of the res is t iv i ty  for steels 45, U12, R9, R18, R6M3, and R9K10. The 
approximately l inear dependence of the res is t iv i ty  on the temperature  is given in Table 1. 

The samples of steel U12 were quenched f rom 800~ (holding 3 rain) in water  and tempered 1 h at 
170~ Samples of the other steels were held 4 rain at 850~ and then heated to quenching temperature  in 
2 rain (1240~ for  R9 and RgK10, 1280~ for  H18, and 1220~ for  R3M3). They were quenched in oil and 
then triple tempered (1 h) at 560~ 

Figure  3 shows the variat ion of e lectr ical  res is t iv i ty  for steel R18 quenched and tempered.  The steel 
was heated to quenching temperature  at  the rate of 10 deg/min.  During holding the e lect r ical  res is t iv i ty  
decreases  sharply,  which is confirmed by data f rom high-temperature  x - r a y  metal lography [1] on the 
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Fig.  4. Var ia t ion  of e l ec t r i ca l  
r e s i s t i v i t y  with heating t e m -  
p e r a t u r e  of heat t r ea ted  tool 
s tee l s .  1) R18; 2) R9; 3)R6M3; 
4) R9K10; 5) U12. 
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Ftg.  6. Var ia t ion  of t he rm a l  conduc-  
t ivity coeff icients  of h igh-speed  
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s t ee l s  with heating t e m p e r a t u r e .  1)R18; 
2) R9; 3) R6M3; 4) R9K10; a) annealed; 
b) quenched and t empered .  
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Fig; 5. Var ia t ion of Lorenz 
function witi~ heating t e m p e r -  
a ture .  - - )  Carbon s tee ls ;  
. . . .  ) h igh-speed s tee ls ;  
. . . . . .  ) austenit ie  s teels~ 

reduct ion of the alloying components  in austeni te  of quenched 
s tee l  during temper ing .  This impove r i shmen t  leads to high-  
e r  M s t e m p e r a t u r e s  during cooling a f t e r  t emper ing .  

The va r ia t ion  of e l ec t r i ca l  r e s i s t i v i t y  with the heating 
t e m p e r a t u r e  following the heat  t r e a t m e n t  (quenching and 
tempering)  is shown in Fig. 4. The l inear  re la t ionships  for  
these  data in the opera t ing t e m p e r a t u r e  range  can be ex -  
p r e s s e d  by the equations given in Table 1. 

Thus,  the m o r e  alloyed the steel ,  the higher the e l ec -  
t r i ca l  r e s i s t i v i t y  of high-speed s tee ls  without changing the 
t e m p e r a t u r e  coeff icient  of the e lec t r i ca l  r e s i s t iv i ty .  Cobalt  
substant ia l ly  reduces  the t e m p e r a t u r e  coeff icient  of the e lec -  
t r i ca l  r e s i s t iv i ty ,  and thus above 500~ s tee l  R9K10 has the 
lowest  e l ec t r i ca l  r e s i s t iv i ty  of all the s tee ls  invest igated.  

The the rma l  conductivity coefficients were  calculated 
by the method descr ibed  in [2, 3], consis t ing of de te rmin ing  
the var ia t ion  of the Lorenz function L with t e m p e r a t u r e .  Cal -  
culations with the use  of l i t e ra tu re  data on the the rma l  conduc- 
t ivity of some tool s tee ls  [4-7] made it poss ib le  to obtain the 
following var ia t ion  of the Lorenz function with t e m p e r a t u r e  for  
h igh-speed s tee ls :  

T e m p e r a t u r e ,  ~ L, WX ~2/deg2.108 
20 . . . . . . . . . . . . . . . . . . . . . . .  3.50 

100 . . . . . . . . . . . . . . . .  . . . . . . .  3.30 
200 . . . . . . . . . . . . . . . . . . . . . . .  3.10 
300 . . . . . . . . . . . . . . . . . . . . . . .  3.03 
400 . . . . . . . . . . . . . . . . . . . . . . .  3.00 
500 ....................... 3.00 

550 ....................... 3.00 

600 ....................... 3.05 

700 ....................... 3.10 

800 ....................... 3.15 

This  va r ia t ion  depends li t t le on changes in the composi t ion and heat t r e a t m e n t  of the bas ic  h igh-speed 
s tee l s ,  including those inves t igated here,  and is v e r y  s i m i l a r  to the data for  austeni t ic  s tee ls ,  where  the 
t he rma l  conductivity also i n c r e a s e s  with t e m p e r a t u r e  (Fig. 5). 

The the rma l  conductivity coeff icients  of annealed and heat t r ea t ed  high-speed s tee l s  a r e  shown in 
Fig. 6. 

CONCLUSIONS 

i. In the annealed and heat treated condition steel RI8 has the lowest thermal conductivity. 
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2. Reduction of the tungsten content (R9) increases the thermal conductivity at low temperatures.  

3. Replacing part  of the tungsten with molybdenum substantially increases the thermal conductivity 
at low temperatures.  

4. The lower the thermal conductivity at low temperatures,  the higher the temperature coefficient 
of thermal conductivity, which holds true for austenitic, highly alloyed, and carbon steels (in the latter the 
temperature coefficient of thermal conductivity is negative). 

5. During heating the thermal conductivity of the high-speed steels investigated (except for those with 
cobalt) becomes almost identical. At 800-900~C, i.e., near the crit ical points, steels R18, R9, and R6M3 
have approximately the same thermal conductivity. In the heat treated condition the thermal conductivity 
of these steels is already approximately the same at 550-600~ 

6. The addition of cobalt to high-speed steels slightly increases the thermal conductivity at room 
temperature and strongly increases the temperature coefficient of thermal conductivity. At operating tem- 
peratures  of 500-600~ the thermal conductivity of heat treated steel R9K10 is 30% above that of R18 at the 
same temperatures,  which is responsible (along with the higher red hardness) for the higher cutting pro-  
pert ies of cobalt high-speed steels.  
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