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The format ion of titanium coatings on the surface of oxide r e f r a c t o r y  mater ia l s  during contact with 
metal l ic  titanium occurs  in the range 600-900~ [1, 2]. In this case there is an increase  in the size of the 
polyhedral  c rys ta l s  of a - T i ,  orientated chiefly in the plane of the substra tum. X - r a y  analysis  showed that 
the external layer  of the coating consists  of metal l ic  titanium. 

The p resen t  authors made thermodynamic calculations of the possible react ions ,  and studied the 
t r ansve r se  sections of titanium coatings on the r e f r ac to r i e s .  

The main react ions  between oxides p resen t  in the composit ion of r e f r a c t o r y  mater ia l s ,  and metal l ic  
titanium can be considered to be the following: 

sio2 ~- Ti~_TiO2 -{- Si, 
SiO~ ~- 2Ti~_2TiO ~ Si, 

2Fe~O~q-3Ti~.3TiO~ ~ 4Fe, 

Fe~Oa ~ 2Ti~.Ti203 -l- 2Fe, 
Fe~Oa + 3Ti~3TiO -f- 2Fe, 
Cr~Oa -~ 2Ti~-Yi203 -~ 2Cr, 
Cr~Oa -~ 3Ti~_3TiO -~ 2Cr, 

2Cr203 q- 3Ti~3TiO2 -/- 4Cr, 
2AI~O3 + 3Ti~_3TiO2 -]- 4AI, 
AI~O8 q- 2Ti~-Ti~Oz -[- 2A1, 
A1203 -[- 3Ti~_3TiO -~- 2A1, 

ZrO~ -- Ti~_TiO2 + Zr, 
ZrOz -}- 2Ti~_2TiO -~ Zr, 

TiO~ q- Ti~_2TiO, 
MgO -q- Ti~_TiO q- Mg, 
CaO -i- Ti~TiO Jr- Ca. 
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The change in f ree energy of react ions  (1)-(8) with an inc rease  in tempera ture  is shown in Fig. 1. 

Starting from the thermodynamic  calculations in the range 298-1200~ the probabil i ty of contact r e -  
action exists for the oxides SiO 2, Fe203, Cr203, and TiO2; for the oxides AlzO 3, ZrO 2, MgO, CaO, the p r o -  
bability of react ion with metal l ic  titanium is low. Reactions a re  mos t  possible with the formation of tita.ni- 
um monoxide, TiO. 

L i te ra tu re  data has been published to confirm the resu l t s  o f  thermodynamic  calculations (for example,  
[3]); however,  they r e fe r  usually to high tempera tures ,  as a rule,  above the melt ing point of titanium. It is 
stated [4] that at a t empera tu re  of about l l00~ titanium reac t s  with quartz according to the following r e a c -  

tion 

7Ti ~ 3SiO~ = 3TiSi -}- 2Ti~Oz. 

On the basis  of the resu l t s  of thermodynamic calculations we should expect the formation on the sub-  
s t r a t u m - t i t a n i u m  boundary of a t ransi t ion layer  of titanium monoxide with the oxides SiO 2, Fe203, CruO 3, 

and TiO 2 . 
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Fig. i. Change in the free en- 
ergy AF of the reactions (1)-(8) 
depending on the temperature. ary with the titanium coating we noted an appreciable transition 

layer. It takes the form of bands of orange color in which darker 
and lighter spots can be seen. The band contains tongues of unreacted ceramic material of a gray color. 
On the boundary with this band the titanium coating is yellow in color, the density of which away from the 
transition layer is reduced. 

Metallographic studies were  car r ied  out on the thin slides of 
titanium coatings formed on the surface of cer tain re f rac to r i es .  

The study of the c ros s  section of the slides of titanium coat-. 
ings obtained on alumina showed that at 500-900~C in mos t  cases  
there is no noticeable t ransi t ion layer  between the metal and the 
ceramic ,  or it is ve ry  ve ry  slight~ We observed penetrat ion of 
titanium between the separa te  c rys ta ls  of the oxide (Fig. 2). 

On the specimens of z i rconium dioxide and magnesium oxide 
(see Fig. 2) the react ion between the titanium coating and the m a -  
terial  of the subst ra tum is expressed in the penetrat ion of titanium 
between the c rys ta l s  of ZrO 2 and MgO, and the rupture  of the edges 
of the c rys ta ls  on the boundary of the coating and the ceramic .  In 
some specimens of ZrO 2 we noted in places an orange color in the 
boundary layer  of the coating. However, the transit ion layer  is 
not always formed on the ZrO2~ 

In the specimens of magnesia  spinel (see Fig. 2) on the bound- 

Fig. 2. Microstructure of the thin section of titanium coating 

on Al20 ~ (i), ZrO 2 (2), MgO (3), MgAI204 (4), TiO 2 (5): a)coat- 
ing; b) ceramic; c) transition layer; temperature: 2, 4) 950~ re- 
mainder 850~ soaking: 1-5 h, rest 3 h; x 115 (2); • 340 (i, 
3-5). Reflected light. 
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On the boundary of TiO 2 with titanium coating mutual diffusion of the titanium and the ceramic is to 
be seen (see Fig. 2), and the penetration of the titanium in the ceramic is more intense. The titanium 
penetrates into the crystals, and also fills the space between the crystals and the cracks. The diffusion 
of ceramic into the titanium coating is noted in the form of dark colored points in a layer of titanium. 
There are pores in the titanium coating. 

The most satisfactory explanation of the results of the experiments is given by the theory of diffusion 
welding, developed by a number of researchers, and most clearly formulated for cases of welding in vac- 
uum [5]. 

Diffusion welding of mate r ia l s  is based on the capaci ty of physical ly pure sur faces  to bond to these 
sur faces  due to the p resence  of open atomic bonds. Diffusion p roces se s  occur r ing  as a resul t  of this in- 
c r ease  the s trength of the joint. Boundary diffusion occurs  usually much more  quickly than volume diffu- 
sion, increasing the reliabili ty of the welded joint. An increase  in the welding time increases  the strength 
of the joint (bend) to a cer ta in  l i m i t ,  after  which because of the grain  growth the strength of the bond is 
impaired.  

It is established that the joint is actively made at t empera tures  of 60-80~ below the tempera ture  of 
melting of the metal .  In par t icu lar ,  positive resul ts  were  obtained with the diffusion welding of titanium 
grade VT5-1 in vacuum at 800-850~C. 

The formation of metall ic  coatings on r e f r ac to r i e s  at high tempera tures  is stimulated, or a c c o m -  
panied, by chemical  react ion between the metal of the coating and the mater ia l  of the substratum. It is 
considered [6] that posit ive proof  is the presence  of a chemical bond between the coating and the subst ra tum 
and the format ion of a t ransi t ion layer  between the metal and the nonmetel.  

Studies of the s t ruc ture  of titanium coatings in thin sections showed that the mutual diffusion of t i tani-  
um and ce ramic  occurs  on a front with the simultaneous formation of toothed wedges ensuring the strength 
of the bond between the subst ra tum and the coating. Diffusion layers  cannot be studied in detail but it is 
possible to note the possible signs of its formation,  consist ing in the development under the titanium coat -  
ing of porous intermediate l ayers .  

The format ion of t ransi t ion layers  is of positive value, since owing to this the latt ice p a r a m e t e r s  of 
the mater ia l  of the subst ra tum and the developing c rys ta l s  of titanium tend to approximate to each other.  
This is confirmed by the formation of titanium coatings with identical crys ta l l ine  s t ruc tures  on different 
mater ia ls  and metals .  

The study of the thin sl ides and previous tests  [2] showed that noticeable t ransi t ion l aye rs  of oxides 
of titanium are  formed on r e f r ac to r i e s  made from SiO2, TiO2, and spinel and in some cases  on specimens 
of A120~, MgO, and ZrO 2. It should be borne in mind that the major i ty  of the specimens,  judging f rom ob-  
servat ions  under the microscope ,  contain glass  phase which more  actively reac t s  with metal l ic  titanium 
than c rys ta l s .  

The formations of c rys ta l s  of titanium usually prevai l s  over the diffusion p roces se s ,  so the exter~ml 
surface  of the coating consists  of pure metal l ic  titanium. Prolonged soaking at high tempera tures  may 
cause the breakdown of the c rys ta l s  of titanium coating: diffusion s ta r t s  to predominate  over the separat ion 
of pure titanium. It is necessa ry  also to mention that, as pract ice  has shown with the production of coat -  
ings, when the thickness of the diffusion layer  is increased (more than 3-5 ~) the strength of the bonding 
between the coating and the substra tum is reduced.  
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