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Al loy ing  of t i t a n i u m  with tin l o w e r s  i t s  hea t  r e s i s t a n c e  [1, 2]. The hea t  r e s i s t a n c e  of t i t an ium a l l o y s  
with t in (up to 9% ) a t  700-1000~ was  i n v e s t i g a t e d  in [1]. It was  found that  the hea t  r e s i s t a n c e  of t i t an ium 
d e c r e a s e s  wi th  the add i t i on  of t in ,  p a r t i c u l a r l y  wi th  9% Sn. 

The hea t  r e s i s t a n c e  of t i t a n i u m  a l l o y s  wi th  t in (up to 20% ) was  i n v e s t i g a t e d  in [2], w h e r e  i t  was  found 
that  t in  l o w e r s  the s c a l e  r e s i s t a n c e  of t i t a n i u m .  

An i n v e s t i g a t i o n  of p h a s e  e q u i l i b r i u m  in the T i - S n - O  s y s t e m  showed the p r e s e n c e  of a b r o a d  r ange  
of  o~ s o l i d  s o l u t i o n s .  A l loys  l o c a t e d  in th is  r e g i o n  (up to 5% O) m a y  be of  i n t e r e s t  as  s e c o n d a r y  a l l o y s  b a s e d  
on o x i d i z e d  t i t a n i u m  w a s t e s  con t a in ing  t in,  and t h e r e f o r e  i t  is  of i n t e r e s t  to d e t e r m i n e  the e f f e c t  of oxygen  
on the properties of binary titanium alloys with tin, particularly the heat resistance [3]. Preliminary stud- 
ies of the heat resistance and mechanical properties of Ti-Sn-O alloys showed that the optimal amount as 
an alloying addition is 0.35% (i at.% ). 

This work concerns the effect of 0.35% O on the scale resistance of binary titanium alloys with tin 
under the same conditions in which the scale resistance was determined for binary Ti-Sn alloys, i.e., at 

700-I000~ in air. 

We investigated Ti-Sn-O alloys with 0, 2.5, 5, 7.5, and 10%Sn and 0.35% O. Alloys weighing 0.5 kg 
were prepared by melting with a noneonsumable electrode in an atmosphere of purified argon. To obtain a 
homogeneous composition the ingots were remelted three times. The original materials were iodide titan- 
ium, ChDA tin, a Ti-Sn alloy with 45.4% Sn, and a Ti-O alloy with 20.5% O. The alloys were forged at 
i000 ~ and annealed at 800 ~ 

Ground cylindrical samples with a diameter of 5 mm and height of 20 mm were oxidized to constant 
weight at II00 ~ They were heated in muffle furnaces without forced circulation of air. The alloys were 
oxidized at 700, 800, and I000 ~ for 1-20 h. 

Figure 1 shows the variation of weight gain with time for Ti-Sn-O alloys oxidized at 700, 800, and 
i000 ~ The weight increase Ap (the ratio of the absolute weight increase, mg, to the total surface of the 
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Fig. I. Weight increase vs oxidizing time for Ti-Sn alloys 

with 0.35% O at different oxidizing temperatures, a) 700~ b) 
800~ c) 100O~ 
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Fig. 2. Average oxi- 
dation r a t e s  at  dif- 
ferent t e m p e r a t u r e s  
vs  tin content of Ti 
- S n  + 0.35% O a l loys  
(a) and T i - S n  a l loys  
(b) ( acco rd ing  to da ta  
f rom [2]). 

sample, cm 2) is plotted along the x axis. The samples were weighed on analytical 
balances with an accuracy of 0.0002 g before and after oxidation. 

The results indicate that Che scale resistance of the alloys decreases with 
increasing concentrations of tin at all temperatures tested. However, the rate of 
decrease of the scale resistance is substantially lower for the ternary alloys than 
for binary alloys of titanium with tin. Comparison of the oxidation curves of bina- 
ry Ti-Sn alloys [2] with the results from the present investigation indicate that the 
addition of 0.35% O to titanium alloys with 5-7% Sn lowers the susceptibility to oxi- 
dation by a factor of 3-5.5 at 800~ and a factor of 1.5 at 1000 ~ in tests for 20 h. 

From the variation of the weight gain with time we calculated the average 
oxidation rate of Ti-Sn alloys with 0.35% O at the three temperatures indicated 
after the initial oxidation period, defined as the linear portion of the curve. Fig- 
ure 2a shows the variation of the average oxidation rate with the tin content of the 

alloys. Figure 2b shows the average oxidation rate of binary Ti-Sn alloys as a 
function of tin content, which was calculated in the same manner from data in [2]. 

The comparison indicates that the presence of 0.35% O in solid solutions of Ti-Sn 
increases the resistance of the alloys to oxidation. 

The outward appearance of the samples after oxidizing for 20 h at these tem- 

peratures showed Chat all alloys are coated with a thin silvery film after oxidation 

at 700 ~ The largest weight increase of samples with 10% Sn at this temperature 
was 0.7 mg/cm 2 (Fig. i). 

After  oxidation at 800 ~ the s amp le s  were  coated with a dense  white l aye r  of t ight ly adheren t  s ca l e .  At 
the m e t a l - s c a l e  in te r face  beneath this l a y e r  there  was a b lack  l a y e r  that i n c r e a s e d  in th ickness  with in-  
c r e a s i n g  concen t ra t ions  of tin in the a l loy.  

With oxidation at 1000 ~ there were  no qual i ta t ive  changes in the oxide f i lms ,  although the upper  l a y e r  
became ve ry  loose and was e a s i l y  pee led  f rom the s u b s t r a t e .  

The s a m p l e s  were  sec t ioned for  phase  ana lys i s  of the sca le  a f t e r  d i f ferent  oxidizing t r e a t m e n t s  of the 
t e rna ry  a l l oys .  The sca le  was analyzed in the URS-50-IM d i f f r a c t o m e t e r ,  using C u r a d i a t i o n  anda  nickel  
f i l t e r ,  at  a speed of 2 d e g / m i n .  It was found that the outer  l a y e r  of thick white sca le  cons i s t s  only of Tie2,  
while the sca le  next to the meta l  cons i s t s  of T i e  and me ta l l i c  tin with T i e  2. 

F igu re  3 shows the x - r a y  p a t t e r n s  for  the m e t a l - s c a l e  in te r face  in a sample  of Ti  + 10%Sn + 0.35% O 
oxidized at  1000 ~ for  20 h. The da ta  ca lcu la ted  f rom the x - r a y  pa t t e rn s  a re  given in Table 1. 

The da ta  obtained indicate that  the l a y e r  of sca le  at the m e t a l - o x i d e  in te r face  cons i s t s  mainly  of T i e  
and me ta l l i c  tin. It should be noted that the densi ty  of this l a y e r  i n c r e a s e s  with the tin content  of the a l loy.  
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Fig .  3. Dif f rac t ion  p a t t e r n  of Ti + 10% Sn + 0.35% O oxidized at  1000~ 
for  20h .  
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TABLE 1 

20 

2715 
802~ 
315o 
363o 
4230 
4345 
44~3 
54oo 
5500 
568o 
61 ~ 
743o 
7800 

.] 
1350 ] 
15 lo I 
I5~o 
181~ 
211s 
212o 
22-~o 
2700 
2730 
281s 
30so 
3715 
3900 

a?, 

3,25 
2,95 
2,80 
2,45 1 
2,12 
2,06 
2,02 
1,70 
1,66 
1,63 
1,50 
1,27 
1,22 

TiO 

2,41 
2,08 

1,472 

TIO2 

L23 

,68 

,62 

$n 

2,9I 
2,79 

2,05 
2,01 

1,65 

1,48 
1,298 
1,20 

Thus ,  the in t ens i ty  of r e f l e c t i ons  of m e t a l l i c  tin f rom the al loy with 

10% Sn is h igher  than f rom the al loy with 5% Sn oxid iz ing  at the s ame  
t e m p e r a t u r e .  

The r e s u l t s  of the i nves t i ga t i on  c o n f i r m e d  our  a s s u m p t i o n s  
concerning the oxidation meehm~ism of pure titanium and its alloys 
with tin. It was shown in [4-6] that with oxidation of titanium in air 
even at temperatures below 1000 ~ there is not only diffusion of oxygen 
into the metal but also diffusion of titanium ions through the scale, which 
is confirmed by the presence of growth texture in the outer layer of 
scale. At temperatures above 1000~ diffusionof titanium ions in- 
cre ase s; at 1100-i 200 ~ i t become s the de te rmining s rage of oxidation [7]. 

According to [i], two-way diffusion also occurs during oxida- 
tion of binary Ti-Sn alloys, as was confirmed by structural indica- 

t i ons .  The p r e s e n c e  of m e t a l l i c  t in at  the m e t a l -  s c a l e  i n t e r f ace  led these au thors  to conclude that t in ,  d i f -  
fus ing  into the u p p e r  l a y e r  f rom the so l id  so lu t ion  l eaves  v a c a n c i e s  and f ac i l i t a t e s  the d i f fus ion  of t i t an ium.  
F o r  this r e a s o n  the a l loy ing  of t i t an ium with t in  induces  a c o n s i d e r a b l e  r e d u c t i o n  of the sca le  r e s i s t a n c e  at 

700-1000 ~ [1]. 

Our  da t a  on t e r n a r y  T i - S n - O  a l l o y s ,  as  c o m p a r e d  with  T i - S n  a l l o y s ,  ind ica te  that  the ox ida t ion  
mechanism of the alloys is identical, but the oxidation rate is lower when oxygen is added to the binary Ti 
-Sn alloys. Evidently this is explained by the strong interatomie bonds between the binary and ternary o~ 
solid solutions. Alloying of titanium with tin lowers the strength of interatomic bonds [8, 9]. The addition 
of oxygen to binary Ti-Sn alloys increases the modulus of elasticity and reduces the mean-square displace- 
ment of atoms, which indicates an increase in the strength of interatomic bonds in the lattice of the ternary 

ez solid solution. 

Thus, the presence of oxygen in binary Ti-Sn alloys prevents diffusion of titanium to the scale during 
oxidation and lowers the oxidation rate of the alloys due to the higher strength of interatomic bonds in the 

lattice of the solid solution. 

CONCLUSIONS 

i. The scale resistance of Ti-Sn-O alloys at 700-1000 ~ with up to 10% Sn and with 0.35% O indicates 
that the presence of oxygen in Ti-Sn alloys lowers the oxidation rate at all temperatures tested. However, 
the oxidation rate still tends to increase with the tin content of the alloy. 

2. The oxidation mechanism of binary Ti-Sn and ternary Ti-Sn-O alloys at these temperatures is 
the same. An increase in the strength of interatomic bonds due to solution of oxygen in binary solid solu- 
tions of Ti-Sn slows down the diffusion of titanium during oxidation and explains the increase in the scale 

resistance of Ti-Sn-O c~ solid solutions. 
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