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In m o d e r n  l i qu id -me ta l - coo led  power  plants  the re  a r e  m e c h a n i s m s  the f r ic t ion  units of which ope ra te  
a t  e leva ted  t e m p e r a t u r e s  in contact  with a liquid me ta l  o r  m e t a l  vapor .  The choice of bear ing  m a t e r i a l s  fo r  
such f r i c t ion  units mus t  be based  on c o m p r e h e n s i v e  invest igat ions  involving de te rmina t ions  of f r ic t ional ,  
phys icomechan ica l ,  co r ros ion ,  and o ther  p rope r t i e s .  It has a l r e a d y  been es tab l i shed  that  s in te red  i ron-  
b a s e  m a t e r i a l s  with addit ions of a heat  r e s i s t a n t  solid lubr icant  (calcium fluoride) ope ra t e  in a s table  
m a n n e r  a t  e leva ted  t e m p e r a t u r e s  both under  d ry  sliding f r ic t ion  conditions [1, 2] and in contact  with liquid 
me ta l s  and me ta l  v a p o r s  [3]. 

In the work  desc r ibed  below a s tudy was made  of the mechan ica l  p r o p e r t i e s  (hardness  and impact ,  
t r a n s v e r s e  rup tu re ,  and c o m p r e s s i v e  s t rengths)  of s in te red  i r o n - b a s e  m a t e r i a l s  of op t imum composi t ion,  
containing 6 and 9 wt. % of ca lc ium f luoride,  and a l so  of a s i m i l a r  m a t e r i a l  addi t ional ly  al loyed with molyb-  
denum (15 wt. %). The mechan i ca l  p r o p e r t i e s  of these  m a t e r i a l s  were  de te rmined  a t  t e m p e r a t u r e s  of up 
to 650~ i .e. ,  the m a x i m u m  opera t ing  t e m p e r a t u r e  of some  bear ing  units of exist ing power  plants.  The 
d imens ions  of the s p e c i m e n s  used in the t e s t s  and some  of the i r  p r o p e r t i e s  a r e  given in Table  1. 

C o m p r e s s i v e  and t r a n s v e r s e  rup tu re  s t r eng th  m e a s u r e m e n t s  on s in te red  spec imens  in the t e m p e r a -  
tu re  range  inves t iga ted  w e r e  made  in a i r ,  using a BLW-30 hydraul ic  un ive r sa l  machine  fit ted with spec ia l  
a t t achmen t s  (for deta i ls  of test ing p rocedure  and the designs  of the a t t achmen t s  see  [4]). 

Impac t  s t r eng th  de te rmina t ions  w e r e  made  in a KM-0.5 machine ,  the design of which enables  the en-  
e r g y  s to red  in its pendulum for  tes t ing to be v a r i e d  f r o m  0.25 to 0.9 k g - m .  The ene rgy  s to red  in the pen-  
dulum was 0.45 k g - m  in t e s t s  on s p e c i m e n s  of compos i t ions  Fe6CaF 2, FegCaF 2, and FelsMo6CaF 2 and 0.9 
k g - m  in t e s t s  on s p e c i m e n s  of pure  iron, a m o r e  ductile m a t e r i a l .  The d is tance  between the suppor t s  was 
32 m m .  The s p e c i m e n s  w e r e  heated up to the tes t ing t e m p e r a t u r e  in a r e s i s t a n c e  furnace  provided with an  
a rgon  a t m o s p h e r e .  

The ha rdnes s  of the m a t e r i a l s  was m e a s u r e d  with a UVT-2 t e s t e r  (in a vacuum cor responding  to 
1 �9 10 -5 m m  Hg under  a load of 1 kg appl ied fo r  60 sec) ,  using a synthet ic  corundum single c r y s t a l  as  the 
indenter .  The heating up of the s p e c i m e n s  to the tes t ing t e m p e r a t u r e  was p e r f o r m e d  with a tungsten heat -  
ing e lement .  The des ign of the t e s t e r  and the tes t ing  p rocedu re  a r e  desc r ibed  in detai l  in [5]. The r e su l t s  
of these  t e s t s  a r e  shown in Figs .  1-4.  

F r o m  Fig.  1 it fol lows that  the addition of 6% of ca lc ium f luor ide  does not s ignif icant ly  a l t e r  the 
r o o m - t e m p e r a t u r e  ha rdnes s  of s in t e red  iron. With r i s e  in tes t ing t e m p e r a t u r e  the ha rdness  of both pure  
i ron  and m a t e r i a l s  containing ca lc ium f luor ide  fa l ls  (Fig. 1). The higher  ha rdness  of FegCaF 2 m a t e r i a l  at  
20 and 200~ corol la ted with pure  iron and Fe6CaF 2 is p r e s u m a b l y  a t t r ibu tab le  to the high concentra t ion  of 
ca lc ium f luoride,  whose m i c r o h a r d n e s s  (193.0-204 k g / m m  2) is 1.5-1.6 t imes  that of the f e r r i t i c  ma t r i x  of 
the m a t e r i a l  (111-129 k g / m m 2 ) .  At tes t ing  t e m p e r a t u r e s  of 400 and 650~ the m a t e r i a l s  containing 6 and 
9% of ca lc ium f luor ide  w e r e  found to be l e s s  hard  than pure  iron. Clear ly ,  at  these  t e m p e r a t u r e s  CaF2 
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TABLE 1. Types of Tes ts  and Proper t i e s  of Materials  Investigated 

memions, ram[ Porosity, % ~JB, kg/mm 2 

Fe Hardness Diam.8• 8,0--I0,0 50,0--52,4 
Fe6C_.aF z 9,0--10,0 56,8 
FegCaF z 4,0--6,0 62,4 
FeI5Mo6CaF2 2,0--3,0 185 
Fe Impae:t.. 5• 8 , 0 - - 1 0 , 0  50,0--52,4 

~eagm 
Fe6CaFz 9,0--10,0 56,8 
FegCaF~ 9,0--10,0 56,8 
Fel 5Mo6CaF~ 2,0--3,0 185 

Fe Corn- Diam. i0• 15 8,0--I0,0 50,0--52,4 
Fc6CaF= ptession 8,0-- 10,0 56,8 
FegCaF 2 8,0--10,0 56,8 
FeI5Mo6CaF 2 6,0--8,0 168 

Fe Transverse 7x7• 8 , 0 - - 1 0 , 0  50,0--52,4 
Fe6CaF z rupture 9,0-10,0 56,8 
FegCaF2 9,0--10,0 56,8 
Fel 5Mo6CaF~ 2,0--3,0 185 

softens more  than does an iron matrix,  and this faci l i tates plastic deformation of the mater ia l .  The al loy-  
ing of iron with molybdenum ra i ses  the genera l  level of s trength in the t empera tu re  range investigated, 
thereby as a rule increas ing its heat r es i s t ance  [6]. Long- t ime (100-h} s t rength determinations made at 
649~ on i ron-base  al loys with var ious  amounts  of molybdenum (up to 16%) revealed that the i r  s t rength in- 
c reased  with r i se  in molybdenum content [6]. The optimum strength cha rac te r i s t i c s  were  found to be ex- 
hibited by al loys containing from 10 to 16% of molybdenum. 

As can be seen f rom Fig. 1, the alloying of Fe6CaF 2 mate r ia l  with molybdenum ensures  a fa i r ly  high 
level of hardness  in the t empera tu re  range investigated. With r i se  in t empera tu re  the hardness  of 
FeisMo6CaF 2 ma te r i a l  falls,  f rom 240 k g / m m  ~ at 20~ to 155 k g / m m  2 at  650~ which is 8.6 t imes the hard- 
ness of pure iron at 650~ In fact the hardness  of FelsMo~CaF 2 mate r ia l  at 650~ is 1.6 t imes higher than 
the r o o m - t e m p e r a t u r e  hardness  of pure iron (Fig. 1). 

Compress ive  and t r ansve r se  rupture  tes ts  on the mater ia l s  in the t empera tu re  range investigated r e -  
vealed that a molybdenum-containing mate r ia l  also possesses  improved s t rength cha rac t e r i s t i c s  (Figs. 2 
and 3). Now in compress ive  and t r ansve r se  rupture tests  pure iron specimens experienced a large s train 
with rupture {because of the high ductility of iron), and it therefore  proved impossible to determine their  
limiting s t rength cha rac te r i s t i c s .  In view of this, a compar i son  was made bet~veen the compress ive  and 
t r a n s v e r s e  rupture behavior  of i ron-base  mate r ia l s  containing 6 and ~ of calcium fluoride and that of 
FelsMosCaF 2 mater ia l .  It was found (Figs. 2 and 3) that with r ise  in testing t empera tu re  the compress ive  
and t r a n s v e r s e  rupture s t rengths  of such mate r i a l s  falls,  but in the case of a molybdenum-containing ma-  
t e r ia l  the fall  in s t rength is less  steep, par t i cu la r ly  at high testing tempera tures .  

The t r ansve r se  rupture  s t rengths  of Fe6CaF 2 and FeaCaF 2 mater ia l s  at  room tempera tu re  a r e  22.1 
and 18.0 k g / m m  2, respect ively ,  and a r e  thus close to the s t rengths  of existing fe r rous  bearing mater ia l s  
such as Zh20 and ZhGr l -20 ,  which lie, depending on composition, in the range 18-26 k g / m m  2 [4]. Raising 
the testing t empera tu re  to 650~ dec reases  the t r ansve r se  rupture s trengths of Fe6CaF 2 and FegCaF 2 ma-  
te r ia l s  by fac tors  of 2.8 and 2.5, respect ively ,  compared  with the room- t empe ra tu r e  strengths,  but a l loy-  
ing with molybdenum ensures  a fa i r ly  stable level of s t rength in the t empera tu re  range investigated. Thus, 
FelsMo~CaF 2 ma te r i a l  has a t r ansve r se  rupture s t rength of 67.3 k g / m m  ~- at  room tempera tu re  and 57.2 
k g / m m  2 at 650~ - ~alues exceeding the corresponding values of s t rength of Fe6CaF 2 mater ia l  three and 
7.4 t imes,  respec t ive ly  (Fig. 3). 

Our impact tes ts  demonst ra ted  that the addition of calcium fluoride sharply lowers the impact 
s t rength of s intered iron (Fig. 4). Clear ly ,  the effect of the nonductile calcium fluoride inclusions is s imi-  
lar  to that of pores ,  and it is well known that the ductility of mate r ia l s  markedly  dec reases  with increase  
in poros i ty  [4, 7]. In the case of appreciable  poros i t ies  (~30%)rup ture  usually occurs  without any visible 
signs of permanent  s train,  even when the mat r ix  of the mate r ia l  is of a ductile metal ,  such as iron. 

F r o m  Fig. 4 it follows that with r i se  in testing t empera tu re  to 200~ the impact s t rengths  of the ma-  
t e r i a l s  investigated, like those of metals  [8], increase .  With fur ther  r i s e  in test ing tempera ture ,  right up 
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Fig.  1. Var ia t ion  of V icke r s  ha rdness  HV with t e s t -  
ting t e m p e r a t u r e :  1) Fe; 2) Fe6CaF2; 3) FegCaF2; 4) 
FelsMo6CaF 2. 

Fig.  2. Var ia t ion  of c o m p r e s s i v e  s t r eng th  ~c with 
tes t ing t e m p e r a t u r e :  1) Fe~CaF2; 2) FegCaF2; 3) 
FelsMo6CaF 2. 
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Fig.  3 Fig.  4 

Fig.  3. Var ia t ion  of t r a n s v e r s e  rup tu re  s t r eng th  a t r  
with tes t ing t e m p e r a t u r e :  1) Fe6CaF2; 2) FegCaF~; 3) 
FelsMo6CaF 2. 

Fig.  4. Var ia t ion  of impac t  s t r eng th  a k with tes t ing t e m -  
p e r a t u r e :  1) Fe; 2) Fe6CaF2; 3) FegCaF2; 4) FelsMo6CaF 2. 

to 400~ the impac t  s t r eng ths  of i ron and FeGCaF 2 and FesCaF 2 m a t e r i a l s  d e c r e a s e .  With cas t  A r m c o  iron 
such a fa l l  in impac t  s t r eng th  a t  e levated  t e m p e r a t u r e s  has been r e f e r r e d  to a s  "blue b r i t t l eness . "  A c c o r d -  
ing to [8] the phenomenon, whose phys ica l  na ture  is identical  with that of aging, involves the prec ip i ta t ion  
of c e r t a i n  components  in v e r y  f inely divided f o r m  out of a solid solution. These  components  a r e  probably  
oxides ,  c a r b i d e s ,  and n i t r ides .  F o r  A r m c o  i ron the blue b r i t t l enes s  t e m p e r a t u r e  range  extends f r o m  350 
to 450~ 

In t e s t s  on s in t e red  i ron and Fe6CaF 2 m a t e r i a l  the s m a l l e s t  va lues  of impact  s t rength  were  r eco rd ed  
a t  400~ (Fig. 4). This  finding is in a c c o r d  with data r epo r t ed  in [8]. F o r  FegCaF 2 m a t e r i a l  the t e m p e r a -  
tu re  dependence of impact  s t reng th  has  a r a t h e r  di f ferent  c h a r a c t e r .  The va r ia t ion  of its impact  s t rength  
with t e m p e r a t u r e  in the range  invest igated is v e r y  slight,  f r o m  0.24 to 0.16 k g - m / c m  2, which is due to a 
subs tant ia l  weakening of the meta l l i c  skele ton by the nonductile ca lc ium f luoride addition. Bear ing in mind 
that  ca lc ium f luor ide  inclusions ac t  a s  pores  and taking into account  the t rue  poros i ty  of the s in te red  sp ec i -  
mens  used in this work  (Table 1), the ' , total  poros i ty"  of the m a t e r i a l  was  found to be 28.0-30.0%. As 
noted above,  such a level  of poros i ty  would be expected to have a m a r k e d  de le te r ious  effect  upon ductility. 
As a r e su l t  of this,  the rup tu re  of FegCaF 2 spec imens  o c c u r r e d  without any v is ib le  signs of pe rmanen t  
s t ra in ,  and consequent ly  it p roved  imposs ib le  to de te rmine  the range  of blue b r i t t l eness  for  this ma te r i a l .  

With r i s e  in t e m p e r a t u r e  the impac t  s t reng th  of FelsMo6CaF 2 m a t e r i a l  at f i r s t  i nc reases ,  reaching its 
m a x i m u m  value (a k = 0.47 k g - m / c m  2) at  500~ As the t e m p e r a t u r e  is fu r the r  r a i s e d  to 650~ the impact  
s t r eng th  d e c r e a s e s ,  but is s t i l l  twice as  high as  the init ial  s t rength .  The inc rease  in impact  s t rength  in the 
t e m p e r a t u r e  range  up to 500~ is a t t r ibu tab le  to ce r t a in  s t r u c t u r a l  changes taking place in the m a t e r i a l  
during heating. Meta l lographic  and x - r a y  s t r u c t u r a l  s tudies  demons t r a t ed  that  in the a s - s i n t e r e d  condition 
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Fig.  5. F r a c t o g r a m s  of Fel~Mo6CaF 2 spec imens  rup tured  in impact  
t e s t s  at t e m p e r a t u r e s  of 20 (a and b) and 400~ (c). Magnification: a) 
x 1000; b) x 16,000; c) x 5000. 

the ma t r i x  of FelsMo6CaF 2 m a t e r i a l  is a supe r sa tu r a t ed  ~ solid solution with prec ip i ta ted  ~ phase par t ic les ,  
located both in the g ra ins  and a t  the i r  boundar ies .  During heating the molybdenum in the m a t e r i a l  may m i -  
g r a t e  f r o m  the g ra in  boundar ies  into the g ra ins ,  br inging about an inc rease  in impact  s t rength.  Metallo-  
graphic  examinat ions  of m i c r o s t r u c t u r e s  of FelsMo6CaF 2 spec imens  p r e s e r v e d  by quenching in wa t e r  f r o m  
tes t ing  t e m p e r a t u r e s  es tab l i shed  that r a i s ing  the test ing t e m p e r a t u r e  to 500~ substant ia l ly  a l t e r s  the con- 
dition of the g ra in  boundar ies .  In the initial  condition the e phase  f o r m s  a continuous network of pa r t i c les  
d is t r ibuted  along the g ra in  boundar ies ,  while at  500~ the pa r t i c l e s  prec ip i ta ted  a t  the gra in  boundar ies  a r e  
f e w e r  in number  and less  thick. A spec imen  of the m a t e r i a l  tes ted  a t  500~ contains the bulk of its e phase 
in its g ra ins ,  and consequent ly  exper i ences  m a x i m u m  strengthening (Fig. 4). The s t ruc tu re  of a spec imen  
tes ted  at  650~ di f fers  only sl ightly f r o m  that obse rved  a t  500~ and the fall  in impact  s t rength  a t  650~ is 
evident ly  due to a gene ra l  d e c r e a s e  in the heat  r e s i s t a n c e  of the ma te r i a l .  

The m i c r o h a r d n e s s  of the ma t r i x  of FelsMosCaF 2 m a t e r i a l  was found to r i s e  f r o m  310 k g / m m  2 in the 
a s - s i n t e r e d  condition to 470 k g / m m  2 at  a t e m p e r a t u r e  of 650~ This r i s e ,  too, was due to the a b o v e - d e -  
sc r ibed  p r o c e s s e s  of c phase prec ip i ta t ion  f r o m  the supe r sa tu r a t ed  a solid solution. 

In the t e m p e r a t u r e  range  invest igated spec imens  of FelsMo6CaF 2 m a t e r i a l  ruptured in a br i t t le  man-  
ner ,  showing no s igns  of pe rmanen t  s t ra in .  Examinat ion,  under  a Neophot opt ical  m ic roscope ,  of the f r a c -  
ture  su r f aces  of spec imens  used in r o o m - t e m p e r a t u r e  impact  t e s t s  (Fig. 5a) revea led  that the i r  rupture  had 
a b r i t t l e  in t e rg ranu la r  c h a r a c t e r .  Now, depending on the nature  of the ini t ia tors  inducing it, b r i t t le  in te r -  
g r a n u l a r  rup tu re  can be of one of the following two types:  rup ture  in which there  a r e  f i lms of a prec ip i ta ted  
br i t t le  phase  a t  the g ra in  boundar ies  and rupture  in which the gra in  boundar ies  a r e  embr i t t l ed  by s e g r e g a -  
t ion of impur i t i es  alone,  without the appea rance  of a s epa ra t e  phase  [9, 10]. The p r e sence  in the s t ruc tu re  
of FelsMo~CaF 2 m a t e r i a l  of p rec ip i t a t e s  of the br i t t l e  ~ phase along the gra in  boundar ies  indicates that rup-  
tu re  in this case  is of the f o r m e r  type. 

As can be seen  f r o m  Fig.  5b and c, the face ts  of the f r a c tu r e  su r f aces  of impac t - rup tu red  spec imens  
w e r e  f a i r ly  smooth  and made up of s m a l l  s teps ,  and thus revea led  the c h a r a c t e r i s t i c  " r i v e r  pa t tern"  of 
b r i t t l e  rupture  [11]. With this type of rup ture ,  accord ing  to [9], the c r ack  sk i r t s  br i t t le  p rec ip i ta tes  and 
p ropaga tes  along f e r r i t i c - m a t r i x / p r e c i p i t a t e  in te r fac ia l  boundar ies .  Some typica l  a r e a s  on the f r a c tu r e  
su r f ace s  of spec imens  tes ted  a t  20 and 400~ w e r e  examined a l so  in a J a p a n e s e - m a d e  JEM-120 e lec t ron  
m i c r o s c o p e .  Photographs  were  taken, using ca rbon  rep l i cas ,  a t  an acce le ra t ing  voltage of 100 kV. The 
examina t ion  r evea l ed  that the f r a c t u r e s  of spec imens  tes ted  a t  400~ (Fig. 5c), like those of spec imens  
tes ted  a t  20~ (Fig. 5a and b), w e r e  quite smooth  and c lose ly  followed g ra in  su r f aces .  The p re sence  of 
some  e phase p rec ip i t a t e s  in the boundary  zones of g ra ins  (Fig. 5b and c) apparen t ly  did not s ignif icant ly  
hinder  c r a c k  propagat ion.  Thus,  our  f r ac tograph ic  study es tab l i shed  that in the t e m p e r a t u r e  r ange  inves-  
t iga ted  the rup tu re  of spec imens  of FelsMOGCaF 2 m a t e r i a l  has a b r i t t l e  in t e rg ranu la r  cha rac t e r .  The en- 
e r g y  expended in c r ack  propagat ion  in this type of rup ture  is, as  is known f rom [10}, much less  than the 
cor responding  ene rgy  needed for  t r a n s g r a n u l a r  rup ture .  This  explains why FelsMoGCaF 2 m a t e r i a l  p o s s e s s e s  
c o m p a r a t i v e l y  low impact  s t rength .  

In the light of what has been said  above it may  be concluded that FelsMo6CaF 2 ma te r i a l ,  which has 
been  found to be s u p e r i o r  in heat  r e s i s t a n c e  to the o ther  CaF2-eontaining i ron -base  m a t e r i a l s  investigated,  
a p p e a r s  to show p r o m i s e  for  opera t ion  a t  t e m p e r a t u r e s  of up to 650~ in f r ic t ion  units which a r e  not sub- 
jec ted  to s e v e r e  shock loads.  
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CONCLUSIONS 

1. It has been established that the alloying of sintered Fe-CaF~ materials with molybdenum (15 
wt. %) increases their hardness 2.5-8,6 times and raises their transverse rupture strength to 70-60 kg/mm 2 
and their compressive strength to 110-70 kg/mm 2 at temperatures of up to 650~ 

2. Raising the CaF 2 content of sintered iron decreases its impact strength at temperatures of up to 
6507C. It was found that for FeGCaF~, FesCaF 2, and Fe (porous) materials the variation of impact strength 
as a function of testing temperature is similar in character to that observed with cast Armeo iron. The 
blue-brittleness range for sintered Fe-CaF~ materials extends from 350 to 450~ 

3. It is shown that the impact strength of sintered FelsMo6CaF 2 material, unlike that of unalloyed 
materials, increases up to a temperature of 500~ as a result of migration of the molybdenum from the 
grain boundaries into the grains. In tests FeisMo6CaF 2 material cracks by a brittle intergranular rupture 
mechanism. 

4. FelsMo6CaF 2 material surpasses in heat resistance all the other sintered CaF2-containing iron- 
base materials investigated, and can therefore be recommended for operation at temperatures of up to 
650~ in friction units which do not experience severe shock loads. 
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