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Boron carbide,  owing to its many at t ract ive proper t ies ,  including high hardness ,  goodwear  res is tance ,  
arid res i s tance  to chemical  attack, is finding extensive application in modern  industry both in pure form and as 
a component of ee rmets .  Alloys based orl the diborides of t rans i t ion  metals  with additions of iron and boron 
carbide (5-15 wt.%) a re  employed as facing mate r i a l s  [1], while boron carbide with 5 wt.% titanium, which, 
according to [2], is super ior  in hardness  to all other mater ia l s  based on boron carbide and Groups IV-V metals  
(0.5-10 wt.% of metal),  is used for h igh- tempera ture  mierohardness  measurement  indenters [3]. Boron c a r -  
bide with an addition of a r e f r a c t o r y  metal  such as t i tanium may  also be assumed to have potential as a wea r -  
res is tant  facing mate r ia l  suitable for application by gasothermie  spraying methods.  During the gasothermic  
deposition of such a composi te  its components may reac t  with each other, with the formation of t i tanium c a r -  
boborides,  which surpass  in mechanical  proper t ies  both ti tanium carbide and ti tanium boride.  It is repor ted  
[4] that the lowest values of coefficient of fr ict ion and the least wear in this sys tem are  exhibited by alloys of 
eutect ic t empos  it ion. 

To find the optimum coating composit ion and deposition pa ramete r s ,  a study was made, using the methods 
of thermodynamic,  differential  thermal ,  and x - r a y  phase analysis  and mic rohardness  measurement ,  of the r e -  
action of boron carbide with t i tanium. 

Data on the react ions in the t e rna ry  sys tem T i - B - C  and an isothermal  section through the system at 
1400~ (Fig. 1) a re  given in [5]. The sys tem contains rio t e rna ry  compounds, the borides TiB and TiB 2 being 
in direct  equilibrium with TiC. The quasibinary section TiB2-B4C is charac te r i zed  by the formation, at 1900~ 
o l a  simple euteetic containing 70mole% B4C [6]. In the quasibinary section T i C x - T i B  2 a euteetie forms,  de-  
pending on the composit ion of the carbide,  at 2520 (TIC0.95) o r  2380~ (TIC0.68) [7]. 

The react ion of boron carbide with t i tanium was studied by the DTA (differential thermal  analysis) method, 
as descr ibed in [8], at t empera tu res  of up to 2200~ Powder mixtures  of three  composit ions were  em-  
ployed (Table 1). The powders were thoroughly mixed under alcohol and then pressed  under a p re s su re  of 50 
kg f / cm 2 into 8-mm-diameter ,  10-ram-high cyl indrical  specimens.  Heating and cooling during DTA were pe r -  
formed,  using hafnium oxide crucibles ,  at a constant ra te  of 80 deg C/min  in a "v .ch ."  ("high-purity") grade 
helium atmosphere  (under a p r e s su re  of 0.5 arm). 

Thermodyrmmic calculations showed that in the t empera tu re  range investigated all the three react ions 
listed in Table 1 are  possible (Table 2, AZ~7 < 0), the least probable being the formation of t i tanium carbide 
and boron, and the most  probable, the formation of t i tanium boride and carbon; the grea tes t  t he rma l  effect 
per unit amount of mixture accompanies  the format ion of a mixture of t i tanium carbide and ti tanium boride 
(Table 1). 

DTA curves  obtained for the mixtures  investigated a re  shown in Fig.  2. The t empera tu res  co r respond-  
ing to the f i rs t  exothermic peaks for mixtures  1, 2, and 3 were found to be very  close: 1440, 1475, and 1490~ 
respect ively .  The greates t  peak height was recorded  for composit ion No. 3, calculated to give a mixture of 
t i tanium diboride and titanium carbide, and the smal les t  for eompos ition No. 1, calculated to yield t i tanium 
carbide and free boron. Thus, there  is a qualitative cor re la t ion  between the height of the peak on a DTA curve 
arid the magnitude of the thermal  effect of a react ion per  1 kg of mixture  (Table 1). 

The endothermie effects observed on the DTA curves  at 1800-1820~ were caused by a polymorphie 
t rans i t ion  in the mate r ia l  of the crucible .  At still higher t empera tures  each of the three  DTA curves  shows 
a weak exothermic effect indicative of a slow ra te  of react ion in the concluding stage. It is interesting to note 
that the DTA curves  exhibit no the rma l  effects at tr ibutable to the melt ing of t i tanium (1670~ 
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Fig .  1. I s o t h e r m a l  sec t ion  through t e r n a r y  d i ag ram of T i - B - C  
s y s t e m  at 1400~ [5]. 

Fig.  2. Heating t h e r m c g r a m s  for  Ti  + B4C powder m ix tu r e s  of  
var ious  composi t ions  (as shown in Table  1). 

An x - r a y  dif f ract ion ana lys t s  of  spec imens  a f t e r  DTA was c a r r i e d  out, us ing CuIQ~ radiat ion,  by the 
powder method in a 5 7 - r a m - d i a m e t e r  RKD c a m e r a .  The  r e su l t s  of this  investigation (Table 3) show that  the 
reac t ion  products  obtained during the heating of al l  th ree  mix tu r e s  to 1600~ contained, in addition to the ma in  
phases  - TiC and TiB2, sma l l  amounts of boron carb ide .  This ana lys i s ,  like DTA, r evea led  no t i tanium, but 
t r a c e s  of the bor ide  T iB were  detected in the spec imens .  Thus,  during continual heating to 1600~ at a r a t e  
of  80 deg C/ra in  the reac t ions  in the T i - B 4 C  mix tu r e s  invest igated proceeded  a lmos t  identical ly,  failing, 
under these  conditions, to r e a c h  complet ion.  Complet ion of the reac t ions  was obse rved  when the end heating 
t e m p e r a t u r e  was r a i s ed  to 2200~ (Table 3), but ag reemen t  of the composi t ion of reac t ion  products  with a 
ca lcula ted  composi t ion  was found only with mix tu re  No. 3. 

Af ter  DTA the spec imens  were  porous  (Fig. 3a), and consequently m i c r o h a r d n e s s  H# m e a s u r e m e n t s  
could be made  only in ce r ta in  a r e a s .  A spec imen  of composi t ion  No.3 a f t e r  heating to 1600~ was found to 
have  l ight -colored,  gray ,  and d a r k - g r a y  a r e a s ,  with m i c r o h a r d n e s s e s  of 1700 • 100, 3300 *200, and 5100 ~300 
k g f / m m  2, r espec t ive ly .  These  values of H ~ a r e  c lose  to the r e f e r e n c e - b o o k  m i c r o h a r d n e s s  values  of the fol-  

2 2 2 lowing phases:  TiCI_ x (1930-3170 k g f / m m  ), TiB 2 (3370-3480 k g f / m m  ), and B4C (4950 k g f / m m  ) [9]. 

Heating to 2200~ brought  about only a negligible fall  in the poros i ty  of spec imens ,  but changed the 
m i c r o h a r d n e s s  of t h e i r  phase  const i tuents .  In the two-phase  spec imen  of compos ition No. 3 (Fig. 3c) it r a i s ed  
the m i c r o h a r d n e s s  of  the carb ide  gra ins  to 1800 :~100 k g f / m m  2 and lowered that  of the bor ide  gra ins  to 2600 * 
i 00  kgf/mm 2. 

Compar ing  the r e su l t s  of these  meta l lograph ic  examinat ions ,  x - r a y  phase  analys is ,  and DTA, it can be 
concluded that  in the T i - B 4 C  s y s t e m  an act ive  reac t ion  c o m m e n c e s  at 1300~ The reac t ion  p roceeds  in the 
solid phase,  and is accompanied  by apprec iab le  heat  evolution, the amount of heat evolved depending, other  
things being equal, on the compos i t ion  of the mix tu re .  However ,  as the reac t ion  gives r i s e  to cons iderable  
volume changes (the d e c r e a s e  in volume during the fo rmat ion  of a TiC + TiB 2 mix tu re  f r o m  Ti  + B~C amounts  
to about 10%), the r eac tan t s  quickly become  sepa ra t ed  not only by reac t ion  products  but a lso  by a coniinuous 
zone of poros i ty  (Fig. 3d). Under these  conditions the r a t e  of reac t ion  (as can be seen  f rom DTA curves)  
sha rp ly  fal ls .  

A s tudy was made  of the kinet ics  of contact  r eac t ion  between dense t i tanium and boron carb ide  powder 
in a vacuum cor responding  to 10 -4 t o r t  at t e m p e r a t u r e s  in the range  1100-1300~ The reac t ion  r e su l t ed  in the 
fo rmat ion  on the t i tanium su r f ace  of a TiB 2 l aye r  (mic rohardness  2000 * 200 kgf/mm2),  whose th ickness  grew 
as  a function of t ime  according  to the parabol ic  law yn = 2KT (Fig. 4a). The exponent in the equation of the 
parabola  was found to be  equal to less  than 2 (1.5 >_ n - 1.8), which was due to the fo rmat ion  of porous  r e a c -  
t ion products .  The effect ive ene rgy  of act ivat ion of the  reac t ion ,  de te rmined  f rom Fig. 4b, p roved  to be equal 
to 23,800 ~- 200 c a l / m o l e .  

622 



TABLE 1. T h e r m a l  Effects  of React ions in T i - B 4 C  Sys tem 

i 
No L 1 Reaction 

Ti content of 
mixture Thermal effect - A~/~ ~s 

t ~ l Mixture 

1 Ti+B4C=TiC+4B 46,6 17,0 40,5 30,2 30,2 292,7 1,t4 
2 Ti+I/2B4C=TiB,+I/2C 63,4 28,6 57,4 59 ,9  119,9 793,8 3,24 
3 Ti+I/3B4C=2/3TiB,~+I/3TiC 72.2 37,6 66,8 54 ,6  163,8 823,5 3,44 

TABLE 2. Calculated Val -  
ues of  I sobar ic  - I s o t h e r m a l  
Potent ia ls  of React ions in 
T i -B4C Sys t em 

TABLE 3. Resul ts  of X - R a y  Phase  
Analysis  of Spec imens  aficer DTA 

DTA to 1300~ DTA to 2200~ 

AZT, keel/mole, at T. ~K, of 
] I TiCl--x' TiBv B4C' TiB TiCl--x' TiB~' TiB (traces) 

500 looo 1500 2000 TiCI_x, TiB~, B4C , TiB TiB v TiCI_ x (traces) 
TiCl_x, TiBs, B4C , TiB 

--28,80 --27,33 --25,10 --19,52 TiB~, TiCI_ x 
--56,20 --56,50 --55,75 --51,89 
--53,10 --51,50 --50,90 --46,60 

To obtain p l a s m a - s p r a y e d  coat ings f rom a T i - B 4 C  composi te ,  m ix tu re  No. 3, ca lcula ted to give TiC + 
TtB2, was employed.  Powders  for  sp ray ing  were  p r e p a r e d  by the following methods:  

1) rol l ing* of ba tches  of the s ta r t ing  mix tu re  into s t r ip s ,  followed by comminut ion and the separa t ion  
of  the requ i red  fract ion;  

2) rol l ing and s in te r ing  of batches of the s t a r t ing  mix ture ,  followed by comminut ion and the separa t ion  
of the requ i red  fract ion;  the s in ter ing t e m p e r a t u r e  was lower than the initial act ive reac t ion  t e m p e r a t u r e ,  
which ensured  that  c o a r s e  cong lomera t e s  f r o m  the mix tu re  components  were  obtained, but did not allow the 
exo the rmic  r eac t ion  to occur;  

3) c laddingj  of boron  carb ide  pa r t i c l e s  with a fine t i tan ium powder by means  of phenol b inders .  In this 
case  deposit ion was p e r f o r m e d  on bas i s  p la tes  p rehea ted  to 900-t000~ Basis  plates  of  St. 45, 1Kh18N10T, 
and Kh23N18 s tee l s  $ we re  used. 

The m i c r o s t r u c t u r e s  of the p l a s m a - s p r a y e d  coatings a r e  shown in Fig.  5. X - r a y  phase  analyses  showed 
that  in the f i r s t  two ea se s  the p l a sma  coatings contained th ree  phases  - TiCI_x, TiB2, and B4C, although, judg-  
ing by the intensity of x - r a y  l ines,  the amount of boron  carb ide  in the p l a s m a - s p r a y e d  coat ings was much 
higher  c o m p a r e d  with the DTA spec imens .  Unlike the DTA spec imens ,  the coatings were  c o m p a r a t i v e l y  dense.  
When the p r e s i n t e r e d  powder was used  in sp r ay  deposit ion, the coat ings adhered  pa r t i cu l a r ly  s t rongly  to the 
ba s i s  p la tes .  In the th i rd  c a s e  (deposition of the clad powder onto p rehea ted  bas i s  plates)  f ine-gra ined  coa t -  
ings with a typica l  euteet ic  s t ruc tu re  w e r e  obtained, containing, accord ing  to x - r a y  phase  ana lys i s  data, only 
two phases  - TiB 2 and TiCI_ x. The p r e s ence  of t i tan ium carb ide  of  nons to iehiometr ic  composi t ion  in the coa t -  
ings was due to a pa r t i a l  burning out of ca rbon  during deposit ion in a i r .  

Spec imens  with p l a s m a - s p r a y e d  coat ings were  studied with a Calneca e lec t ron  probe  m i c r o a n a l y z e r .  
The r e su l t s  obtained, toge ther  with data yielded by  x - r a y  diffract ion ana lys i s ,  made  it poss ib le  to  a s c e r t a i n  
the phase  composi t ion  of individual s t r uc tu r a l  const i tuents .  In the t h r e e - p h a s e  coatings (Fig. 5a and b) the 
l igh t -co lored  gra ins  contained t i tanium and ca rbon  (Fig. 6, phase  2); the  g r a y  gra ins ,  t i tanium and boron  (phase 
3); and the d a r k - g r a y  gra ins ,  boron  and ca rbon  (phase 1). Thus ,  these  s t ruc tu ra l  const i tuents  w e r e  g ra ins  of  

*Powder rol l ing was p e r f o r m e d  at the Inst i tute  of Mater ia l s  Science,  Academy of Sciences  of the Ukrainian 
SSE, under  the superv i s ion  of O. A. Ka t rus .  
~The cladding of powder was p e r f o r m e d  by Yu. A. Sidorerd<o and V. R. Kalinovskii  at the Be lo russ i an  Inst i tute  
for  the Mechanizat ion o f  Agr icu l ture .  
$0.45% C, T i - s t ab i l i zed  18% C r - 1 0 %  Ni, and 23% C r - 1 8 %  Ni g rades ,  r e s p e c t i v e l y -  T r a n s l a t o r .  
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Fig.  3. M i c r o s t r u c t u r e s  of  products  of  reac t ion  between boron  
carb ide  and t i tanium (mixture No. 3): a) 1600~ x 500; b) 1600~ 
x 1500; c) 2200~ x 200; d) 1600~ x 1500. Microsec t ions :  a,  d) 
unetched; b, e) etched with HF + 2HNO 3 + 2HCI + 4H20 mix tu re .  
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/gK b 
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t5 2,o 19~, m~L~ 45 Zo t/T.tY, ~ 

Fig.  4. Var ia t ion of constant  of reac t ion  between boron carb ide  and 
t i tanium in vacuum with t ime  (a) at  t e m p e r a t u r e s  of 1100 (1), 1200 (2), 
and 1300~ (3) and with t e m p e r a t u r e  (b). 

Fig .  5. Mic ros t ruc tu r e s  of  p l a s m a - s p r a y e d  Ti  + B4C compos i t e  
coatings:  a) f r o m  ro l led  powder,  x 320; b) f rom rol led  and s in te red  
powder,  • 320; c) f rom clad powder,  x 500. Unetched m i c r o s e c t i o n s .  
Phases  in Fig.  5b: 1) B4C; 2) TiC; 3) TiB 2. 
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Fig. 6. Dis t r ibut ion of e lements  in coating produced by 
p l a sma  spray ing  Ti  + B4C compos i te .  The f igures  de-  
note regions  cor responding  to gra ins  of the following 
phases :  1) B4C; 2) TiC; 3) TiB 2. 

the TiCi_ x, TtB 2, and B4C phases, respectively. As can be seen from Fig. 5, only the newly formed phases 
(TiCI_ x and TiB2) had a structure characteristic of plasma-sprayed coatings; the boron carbide grains had re- 
tained their original irregular shape. 

The magnitude of the thermal effect in the B4C-Tt system was found to be greater than that in the pre- 
viously investigated S[3N4-T[ system [8], but this factor is not always critical from the point of view of ob- 
taining plasma-sprayed coatings of high quality. The reaction of boron nitride with titanium is accompanied 
by the appearance of intermediate products in the liquid phase, which sharply intensifies the reaction, In that 
system the reaction proceeds to completion both during continual heating to 1600~ and during plasma 
spraying. With the B4C-Ti system, it proved necessary to intensify the reaction during the application of 
plasma-sprayed coatings by employing additional measures: The reaction surface area was increased by using 
a starting powder of small particle size, from which subsequently composite powder conglomerates of the re- 
quired fraction were obtained, and the basis plates were preheated. As a result, as in the case of the S[3N 4- 
T i system investigated earlier, strongly adherent plasma-sprayed coat ings having the desired compos it ion 
and high density were obtained. 

CONCLUSIONS 

As a result of an investigation into the high-temperature solid-phase reaction of boron carbide with 
titanium under ordinary and plasma heating conditions, it has been established that the reaction, which begins 
at 1300~ is slow in its final stage, which is due to the appearance of a zone of porosity and to disturbed con- 
tact between the reactants. Because of this, in spite of its being accompanied by an appreciable thermal effect, 
the reaction fails to proceed to completion under conditions of both continual ordinary heating (to 1600~ 
and plasma heating. It is possible to obtain spray-deposited coatings of the required composition (TiC + TiB2) 
by employing precenglemerated or clad T i- B4C powders and preheated basis plates. 
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MEASUREMENT OF THE THERMOELECTRIC CHARACTERISTICS 

MATERIALS BY MEANS OF A SMALL CONTACT 

UNDER STEADY-STATE CONDITIONS 

O F  

Y u .  M.  G o r y a e h e v ,  B .  A .  K o v e n s k a y a ,  UDC621.762 
a n d  E .  I .  S h v a r t s m a n  

The method of measu r ing  the t he rm oe l e c t r i c  c h a r a c t e r i s t i c s  of m a t e r i a l s  by means  of a contact of smal l  
su r face  under  pulse conditions, developed by M. Cutler  [1], is s imple  and involves no t h e r m a l  flux m e a s u r e -  
men t s .  The pr inciple  of this method is as follows. When an e lec t r ic  cur ren t  is passed  through a spec imen  
placed between two conducting e lec t rodes  having substant ia l ly  different  a r e a s  of contact (one is a point e l ec -  
t rode,  while the other  has a r e l a t ive ly  la rge  surface) ,  heat due to the Pe l t i e r  and Joule effects  is genera ted  
in the spec imen  in the vicinity of the point contact.  The Pe l t i e r  heat produced on the other  contact  is d i s -  
t r ibuted  over  a la rge  sur face .  The Joule heat,  too, is cons iderable  only in the vicinity of the point contact  
(as a r e su l t  of a sharp  inc rease  in contact  e l ec t r i ca l  r e s i s t a n c e  due to a c o m p r e s s i o n  of cur ren t  l ines).  Local  
heating of a smal l  pa r t  of the spec imen  near  the point contact  leads to the appearance  of a t h e r m o e l e c t r i c  
voltage 6V between that par t  and the remainder  o f the specimen,  

6V= ~ FIV+ 1 _p~_V2 ' 
0• - 5 (i) 

where ~ is the Seebeck coefficient of the specimen relative to the material of the point electrode; p, electrical 
resistivity of the specimen; ~4 ,thermalconduetivity of the specimen; If, Peltier coefficient, II = aT; T, ab- 

solute temperature; and V, voltage applied to the contact. 

From Eq. (i) it can be seen that the magnitude of the thermoelectric voltage 5V is determined by the 
thermoelectric properties of the specimen, and does not depend on the size and shape of the point contact. 

This method is suitable for measurements at various temperatures. To allow for radiant heat losses (at 

temperatures above 1000~ a correction coefficient is introduced into Eq. (i) [i]. 

The main disadvantage of Curler's method is that it cannot be used for measuring the quantities p and 
simultaneously but separately. The authors have developed an apparatus (Fig. i) whose operation is based on 

a combination of two methods: the usual potentiometric measurement of p arid ~ by means of two thermo- 

couple probes attached to specimens and Curler's method used under steady-state conditions. This has en- 

abled the expensive oscillograph to be replaced with a less costly and more accurate instrument - a potentiom- 

eter. Thus, in the course era single experiment independent measurements are made of three quantities - 
p, ~, and ~ = ~/p �9 ~, from which ~4 can readily be calculated. In the determination of ~ by this method use 

is made of the point contact theory, a detailed deseriptbn of which will be found in [I]. The method can be 
employed for measuring the properties of specimens produced by powder metallurgy techniques, and enables 

determinations of the above-mentioned properties to be made at various points on a specimen. 

The specimen i, of diameter more than 6 mm and length 10-30 ram, is placed between two conducting 
electrodes 3 and 4, the former being a point electrode. The design of the point contact drawn on a larger scale 

is shown in the circle. A 0.2-ram-diameter nickel (N) wire 8 bent into a V is held in a two-channel Alundum 

tube 6. To prevent deformation of the V-shaped electrode as a result of the softening of nickel at high tem- 

peratures, a drop of aluminum nitride mixed into water glass 7 is applied to the end of the Alundum tube so 
that the tip of the nickel electrode protrudes from the drop by not more than 0.i ram. One of the leads of the 
V-shaped electrode is conducting and the other potentiometrie. Current supplied to the specimen passes 

through a switch S 3 from a series circuit consisting of a battery B, a resistance box R, and a milliammeter 

Insti tute of Mater ia l s  Science, Academy of Sciences of the Ukrainian SSR. Trans l a t ed  f rom P o r o s h -  
kovaya Metal lurgiya,  No. 9(213), pp. 54-57, Sep tember ,  1980. Original  a r t i c l e  submitted,  a f t e r  revis ion,  
March 29, 1980. 
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